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Abstract

The proliferation of wireless loT sensor nodes across industrial, healthcare, and building
environments creates a critical demand for energy-autonomous operation. The LoLiPoP-loT
project (Long Life Power Platforms for 10T), funded under the Chips Joint Undertaking (EU
Horizon Europe), addresses this challenge by developing energy-harvesting and micro-power-
management solutions that enable long battery life in wireless edge devices, making it practical
to retrofit sensors on, in, or near equipment and infrastructure with minimal maintenance
overhead.

This white paper presents the LoLiPoP-loT Reference Architecture, a structured framework
that captures the common architectural concerns, building blocks, and design patterns
required for long-life 1oT systems. The architecture is grounded in ISO/IEC 30141:2024
(Internet of Things Reference Architecture, Second Edition) and extends it with the specific
characteristics of energy-constrained, long-life 10T deployments. The framework specialises
three of the six ISO/IEC 30141 viewpoints for the long-life IoT domain: a Long-life IoT Viewpoint
that frames the essential characteristics and applicability of long-life loT systems (specialising
the Foundational loT Viewpoint); Viewpoint 01 (VP-01), a system deployment view organised
around four network deployment zones (Sensors, Gateway Devices, Edge Devices, and
Cloud) mapped to the ISO/IEC 30141 network topology (specialising the Construction
Viewpoint); and Viewpoint 02 (VP-02), a functional stratum view that cross-cuts the
deployment columns with three horizontal layers (Power Modules & Specific Components,
Decentralised Component Communications & Control, and Algorithms & Al) capturing the
power, sense, connect, think, and sustain dimensions of every use case (specialising the
Functional Viewpoint).

The framework has been applied across ten diverse use cases spanning asset tracking,
condition monitoring, and energy efficiency and comfort optimisation in industrial and building
environments. A catalogue of fourteen Architecture Building Blocks (ABBs), aligned with the
LoLiPoP-loT work packages and instantiated by Solution Building Blocks (SBBs) drawn from
the project component library, provides the basis for Architecture V2.0. This paper documents
the framework and demonstrates its application in depth through three worked examples
spanning all three application domains (UC1: Medical Technology Asset Tracking; UCS5:
Condition Monitoring in a Paint Drying Facility; UC8: District Heating Optimisation), and
provides a reusable template for EU SMEs and research organisations deploying long-life loT
systems.

A key empirical finding from applying the framework across all ten use cases is that hybrid
energy architectures, combining energy harvesting transducers (BB4.2) with energy storage
elements (BB4.1), are essential for achieving long operational lifetime in retrofittable WSN
nodes. Neither harvesting nor storage alone is sufficient under real-world ambient energy
variability; the two building blocks are structurally coupled across the project portfolio and must
be co-designed to achieve reliable, maintenance-free operation.

1. Introduction

I Background and Motivation

Wireless loT sensors are a key technology platform for collecting the data needed to enable
anomaly detection, performance monitoring, energy efficiency optimisation, and asset
management across industrial and built environments. However, the practical deployment of
large-scale wireless sensor networks is frequently constrained by the energy demands of the
sensor nodes themselves. Battery replacement or wired power infrastructure carries significant
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operational cost and logistical difficulty, particularly when sensors must be retrofitted on or near
equipment that is in active service.

Long-life power platforms, combining energy harvesting from ambient sources (light, vibration,
thermal gradients, RF fields) with advanced micro-power management, offer a route to near-
maintenance-free sensor operation. Realising this potential requires not only component-level
advances in energy harvesting and storage, but also a coherent system architecture that
places the right intelligence, communication, and power management capabilities at the right
points in the system.

Il The LoLiPoP-loT Project

The LoLiPoP-loT project (Long Life Power Platforms for the Internet of Things) is a Chips Joint
Undertaking (Horizon Europe) research and innovation project whose overall vision is to
develop energy-harvesting and micro-power-management solutions for wireless loT edge
devices that enable long battery life sensors to be retrofitted on, in, or near equipment and
infrastructure. The project brings together a consortium of European research institutions,
universities, and industry partners to develop and demonstrate the necessary hardware,
software, communication, and algorithmic capabilities.

The project runs from 1 June 2023 to 31 May 2026 (grant agreement No. 101112286) and is
coordinated by Cognitechna (COG, Czechia). It brings together a consortium of 35 participants
and 5 partners across ten countries. The 35 participants are: Analog Devices (ADI), Arcelik
(ARC), BigTRI (BTR), Boston Scientific (BSL), Brno University of Technology (BUT), Centria
University of Applied Sciences (CEN), CNet Svenska AB (CNET), Consiglio Nazionale delle
Ricerche (CNR), DePuy Ireland (DPS), Eindhoven University of Technology (TUE), Fersa
Innova (FERSA), Fraunhofer-Gesellschaft (FhG), HTEC (HTEC), IMEC Netherlands (IMEC),
Infineon Technologies (IFAG), INS (INS), IUNET (IUNET), Luna Geber Engineering (LGE),
Marmara University (MarUn), MeshWorks Wireless (MWW), Mid Sweden University (MiUN),
Noldus Information Technology (NOL), Offcode (OFC), Signify Netherlands (SIG), Sim4Future
(S4F), SYSGO (SGO), Taua (TAU), Technische Hochschule Nirnberg Georg Simon Ohm
(THN), TST Sistemas (TST), Tyndall National Institute / University College Cork (TYN),
Universidad Politécnica de Madrid (UPM), University of Bologna (UBO, a linked third party of
IUNET), University of Perugia (UPG, a linked third party of IUNET), Yongatek Microelectronics
(YON), and Zens Group (ZEN). The 5 partners are: CSEM (CSEM, Switzerland), Miromico
(MIM, Switzerland), Swiss Airtainer (SAT, Switzerland), Abatec Mikrosysteme (ABM,
Germany), and Fersa Innova (FERSA, Spain). The project website is https://www.lolipop-
iot.eu/. The technical work is organised across the following work packages:

WP2 Requirements and Specifications: elicitation and management of use-case-level and
project-level requirements, and maintenance of the Component Library and Standards
Library (Deliverables D2.7, D2.8).

WP3 Algorithms and Al: development of application-specific algorithms for asset tracking,
condition monitoring, and energy efficiency, including ML-based anomaly detection,
energy-aware scheduling, and data analytics.

WP4 Power Source: development of energy harvesting transducers, energy storage
elements, and micro-power management modules (PMIC/MPM) for each use case
(Deliverable D4.6).

WP5 Power Modelling and Simulation: design-time and run-time models for energy
harvesting, energy storage, and WSN node power consumption (Deliverable D5.4).

WP6 WSN Modules and Communication: development of wireless sensor network
modules, communication protocols, processing units, and sensor interfaces (Deliverable
D6.7).
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WP7 Use Case Integration and Validation: integration, demonstration, and validation of the
ten use case platforms in laboratory and field settings, reported in the final use case
reports (Deliverables D7.6, D7.7).

WP8 Dissemination, Exploitation and Communication: project-level dissemination,
including the LoLiPoP-loT White Paper on technological advancements (Deliverable
D8.6).

Il Use Case Overview

The LoLiPoP-loT project targets three primary application domains, which define the functional
scope of the reference architecture:

A: Asset Tracking (from raw materials to finished goods and equipment): optimising the flow,
management, and throughput of assets throughout their lifecycle.

B: Condition Monitoring (predictive maintenance): monitoring parameters such as vibration
and temperature in machinery to identify significant changes indicative of developing
faults, enabling intervention before failure occurs.

C: Energy Efficiency and Comfort Optimisation: using key sensory data to predict,
understand, and adjust energy loads in equipment and buildings, optimising the work
environment for human needs while avoiding unnecessary energy consumption.

The project instantiates these domains through ten use cases (UCs), each owned by a project
partner and supported by a cluster of contributing partners. A subset of use cases is conducted
in real field settings, while four are laboratory-based: UC2, UC3, UC9, and UC10 (see
Appendix B). UC3 (ADI Catalyst) provides a sandbox environment for initial technology testing
before field deployment, and UC10 (Vitality Hub, supported by Signify) demonstrates scalable
impact across commercial buildings.
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IV Scope and Objectives of This Paper

This white paper documents the LoLiPoP-loT Reference Architecture, the common
architectural framework developed to guide the design, development, and documentation of
all project use cases. Its primary audiences are: technical partners within the LoLiPoP-loT
consortium; evaluators and programme officers; and external organisations (particularly EU
SMEs) who wish to adopt the framework or the underlying component catalogue for their own
long-life 1oT deployments.

The paper is structured as follows. Section 2 surveys related architectures and standards and
justifies the selection of ISO/IEC 30141:2024 as the foundational standard. Section 3 provides
a summary of ISO/IEC 30141:2024 sufficient for the reader to follow the subsequent mapping,
and identifies the three viewpoints that the framework specialises. Section 4 describes the
LoLiPoP-loT requirements elicitation and the resulting component and standards libraries.
Sections 5 and 6 present Architecture V1.0 in detail, including the VP-01 and VP-02 viewpoints
and their application to Use Case 1 (Medical Technology Asset Tracking). Section 7 defines
the Architecture Building Block catalogue. Section 8 presents Architecture V2.0 and
demonstrates it through two further worked examples: UC5 (Condition Monitoring) and UC8
(District Heating Optimisation), followed by a cross-use-case analysis. Section 9 discusses the
framework's contributions, lessons learned, and limitations; Section 10 concludes and sets out
directions for future work.

2. Background and Related Work

V Related loT Reference Architectures and Frameworks

Several loT reference architectures and frameworks have been proposed by standards bodies,
industry alliances, and research projects. The most relevant to LoLiPoP-loT are summarised
below.

lIC/IRA (Industrial Internet Reference Architecture) - The Industrial Internet Reference
Architecture, published by the Industrial Internet Consortium (IIC), is a standards-based open
architectural framework for Industrial Internet of Things systems [7]. (The architecture is
published as a living document; the current version at the time of writing is v1.10.) It organises
lloT systems using four viewpoints (Business, Usage, Functional, and Implementation) and
defines a three-tier deployment model (Edge, Fog, Cloud) as the horizontal axis against which
five functional domains (Control, Operations, Information, Application, Business) cross-cut
vertically. A key design principle of the [IRA is that its three tiers represent network deployment
zones rather than physical device categories: a single physical node may span multiple tiers
depending on which of its functions are under consideration. This principle is reflected in the
VP-01 column structure of the LoLiPoP-loT framework, where columns represent network
deployment zones (proximity, access, and services) rather than physical enclosures.

oneM2M - oneM2M is a global standardisation initiative, supported by eight major national
standards development organisations, that has produced a horizontal loT service layer
standard (ETSI TS 118 series) [8]. Its functional architecture classifies nodes by the software
entities they host: an Application Dedicated Node (ADN) hosts application logic but no
Common Service Entity (CSE); a Middle Node (MN) hosts a CSE and optionally application
logic, typically realised as an M2M gateway; and an Infrastructure Node (IN) hosts the platform-
side CSE. These are logical classifications, not physical device categories. An Application
Entity (AE) and the CSE with which it communicates may or may not be co-located on the
same physical device, and nodes may be virtualised or physical instances. The relevant
architectural principle for LoLiPoP-1oT is that node-type classification in oneM2M is determined
by functional role (which software components are present and which network domain they
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serve) independently of which physical enclosure hosts them. This is analogous to the VP-01
principle that the column in which a component appears describes its network deployment
zone, not its physical housing, and that a single physical device may have components in more
than one column.

ISO/IEC 30141:2024 (loT Reference Architecture) - ISO/IEC 30141:2024 is the second
edition of the international standard for loT reference architecture, published jointly by ISO and
IEC [1]. It defines a conceptual model, a reference model, and a set of six viewpoints
(Foundational, Business, Usage, Functional, Trustworthiness, and Construction) grounded in
ISO/IEC 42010. The standard organises loT systems around six domains (Physical, Sensing,
Control, Operations and Management, Application Services, and User) connected by four
network types: proximity, access, services, and user networks. ISO/IEC 30141 is the primary
normative foundation for the LoLiPoP-loT reference architecture; the VP-01 and VP-02
viewpoints, the network deployment zone structure, and the Building Block taxonomy are all
grounded in this standard. A full treatment of ISO/IEC 30141:2024 is provided in Section 3.

RAMI 4.0 (Reference Architecture Model Industrie 4.0) - RAMI 4.0 is a three-dimensional
reference architecture model developed by the German industry associations VDI and ZVEI
under the Plattform Industrie 4.0 initiative, published as DIN SPEC 91345 and subsequently
as IEC PAS 63088:2017 [9]. Its three axes are: a layer axis with six strata (Asset, Integration,
Communication, Information, Functional, Business) describing the decomposition of an
industrial component from its physical form to its business representation; a hierarchy axis
derived from IEC 62264 (enterprise-control system integration) covering product, field device,
control device, station, work centre, enterprise, and connected world; and a life cycle axis
based on IEC 62890 distinguishing type from instance across the development-to-operation
lifecycle. RAMI 4.0 is targeted at the manufacturing and industrial automation domain; it
addresses loT primarily through the lens of cyber-physical systems and Industry 4.0 smart
manufacturing rather than generic 10T deployments. Its concept of the Administration Shell (a
standardised digital representation encapsulating an asset's data, functions, and interfaces) is
directly relevant to LoLiPoP-loT use cases that involve digital twin or asset management
capabilities. RAMI 4.0 does not specifically address energy harvesting or ultra-low-power
operation.

FIWARE - FIWARE is an open-source platform and ecosystem, initiated under the European
Commission's Future Internet Public Private Partnership and maintained by the FIWARE
Foundation, that provides a curated catalogue of reusable software components (Generic
Enablers) for building smart solutions [10]. Its central architectural element is the Context
Broker, which implements the NGSI-LD API (standardised by ETSI as ETSI ISG CIM NGSI-
LD), providing a uniform interface for managing and exchanging context information, real-time
data describing the state of entities in a system. IoT devices are connected via loT Agents,
which act as protocol-translating middleware between device-native protocols (such as MQTT,
LoRaWAN, or OPC-UA) and the NGSI-LD interface. FIWARE is primarily a platform and
integration architecture rather than a system-level loT reference architecture in the sense of
ISO/IEC 30141; it operates above the network deployment level, focusing on data
interoperability and application-layer context management. Its application domain is broad,
covering smart cities, smart agriculture, smart manufacturing, and smart energy. FIWARE
does not address energy-constrained operation, power management, or energy harvesting.

IMOCOA4.E - IMOCOA4.E (Intelligent Motion Control under Industry 4.E) was a European
ECSEL Joint Undertaking project (Grant Agreement No. 101007311, Horizon 2020) involving
46 partners from 13 countries, running from September 2021 to August 2024 [11]. The project
delivered a layered reference architecture for vertically distributed, edge-to-cloud intelligence
in industrial motion control systems, machines, robots, and cyber-physical systems with
actively controlled moving elements. Building on the earlier I-MECH framework, the IMOCO4.E
architecture defines four layers: an instrumentation and sensing layer (Layer 1), a real-time
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control layer (Layer 2), a system behaviour and condition monitoring layer (Layer 3), and a
supervisory control and digital twin layer (Layer 4). At each layer, Al and machine learning
techniques are applicable, and the architecture explicitly targets long-term energy efficiency,
secure connectivity, and digital twin integration across the full product lifecycle. The IMOCO4.E
building block approach, hardware and software building blocks with standardised interfaces,
verified in semiconductor, packaging, robotics, and healthcare pilots, is structurally analogous
to the LoLiPoP-loT ABB/SBB model. Energy efficiency is a stated project concern at the edge
layer, though the IMOCO4.E focus is on motion control performance rather than energy
harvesting or long battery life.

InSecTT (Intelligent Secure Trustable Things) - InSecTT was a European ECSEL Joint
Undertaking project (Grant Agreement No. 876038, Horizon 2020) involving 52 partners from
12 countries, running from June 2020 to September 2023 [12]. The project addressed the
convergence of Al and loT, termed Atrtificial Intelligence of Things (AloT), with a specific focus
on security, trustworthiness, and edge intelligence across nine industrial domains: health,
smart infrastructure, urban public transport, aeronautics, automotive, railway, manufacturing,
maritime, and building. The InSecTT AloT reference architecture, developed in WP4 of the
project, organises AloT systems around intelligent edge processing, end-to-end security,
trustworthy Al, and cross-domain connectivity. It is grounded in the principle that Al inference
should be moved to the edge of the network to enable real-time, safety-critical operation with
reduced data transmission requirements. The reference architecture is described in the
project's published book and in peer-reviewed publications by Ramli et al. (2021, 2022).
InSecTT is relevant to LoLiPoP-loT in that both projects address edge intelligence in resource-
constrained loT deployments; InSecTT's emphasis on trustworthiness and security at the edge
complements the LoLiPoP-loT focus on energy-constrained long-life operation.

The following table summarises the key characteristics of the architectures discussed above
in relation to the LoLiPoP-loT framework.

Architecture Standard / Basis

loT-specific

Power / Energy
concern

ISO/IEC 30141:2024 | Generic loT systems | Yes No ISO/IEC 30141:2024

IIC/IIRA Industrial 1loT, cross- | Partial (lloT focus) No IIC IRA v1.10 [7]
domain

oneM2M loT service layer, | Yes No ETSI TS 118 101 /
M2M oneM2M TS-0001 [8]

RAMI 4.0 Manufacturing, Partial (CPS/14.0 | No IEC PAS 63088:2017
Industry 4.0 focus) [9]

FIWARE Smart solutions, | Partial (platform | No ETSI NGSI-LD /
smart cities focus) FIWARE [10]

IMOCO4.E Industrial motion | Partial (lloT edge) Partial (energy | EU ECSEL project
control, CPS efficiency at edge) [11]

InSecTT AloT, security, cross- | Yes No EU ECSEL project
domain (9 domains) [12]

LoLiPoP-loT Long-life, low-power | Yes Yes (primary focus) | ISO/IEC 30141:2024
loT, energy-
harvesting

Table 1: Comparison of loT Reference Architectures and Frameworks Relevant to LoLiPoP-loT
WP2 LoLiPoP-loT — Non-Confidential 13.06.2026
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VI Architecture Description Standards

The design of the LoLiPoP-loT architecture framework draws on two key architecture
description standards and one enterprise architecture framework.

ISO/IEC 42010:2022 (Systems and Software Engineering - Architecture Description) provides
the foundational vocabulary for architecture description, including the concepts of architecture,
architecture description, viewpoint, view, and concern. The LoLiPoP-loT viewpoints VP-01 and
VP-02 are defined in the sense of ISO/IEC 42010: each viewpoint addresses a specific set of
stakeholder concerns, and together they form an architecture description of a long-life 10T
system.

TOGAF 10.0 (The Open Group Architecture Framework) introduces the distinction between
Architecture Building Blocks (ABBs), which capture architecture requirements and guide
development, and Solution Building Blocks (SBBs), which define the products and components
that will implement the required functionality. This distinction is directly adopted in the LoLiPoP-
loT framework: the Building Blocks defined in Section 7 are ABBs, and the specific components
catalogued in the project (Section 4) are SBBs. Unlike the TOGAF definition of a Business
Building Block, LoLiPoP-loT Building Blocks do not encompass people or processes; they are
purely technical.

The LoLiPoP-loT concept of a Building Block is also related to the notion of a 'Business
Component' as defined by Barroero et al. (2010), a business unit encompassing a coherent
set of activities supported by assets including people, processes, and technology, and to
'‘Business Building Blocks' as defined by Hess et al. (2013) as essential business elements
independent of their implementation, with granularity suitable for reuse within and across
domains. The LoLiPoP-IoT definition differs in that it is purely technical and excludes people
and processes.

VIl Rationale for Selecting ISO/IEC 30141:2024

ISO/IEC 30141 was selected as the foundation for the LoLiPoP-loT reference architecture for
the following reasons. First, it is the only international standard specifically dedicated to loT
reference architecture, providing an authoritative and widely recognised vocabulary, domain
model, and viewpoint set. Second, the standard's Second Edition (2024) [1] is substantially
updated from the First Edition (2018) [6], refining the six loT domains, the four network types,
and the six viewpoints to reflect current loT practice. Third, the standard's loT component
taxonomy provides a precise vocabulary for naming and classifying the hardware and software
components developed by project partners. Fourth, alignment with an international standard
supports the external applicability of the LoLiPoP-loT framework beyond the project
consortium. Fifth, the ISO/IEC 30141 network topology (proximity, access, and services
networks) provides the same horizontal deployment-zone structure independently adopted by
the IIC/IIRA three-tier model and the oneM2M node-type classification (Section 2.1),
confirming that this organisational principle reflects broad consensus across major loT
architecture frameworks.

The principal extension that LoLiPoP-loT makes to ISO/IEC 30141 is the addition of long-life
power platform concerns. The standard addresses loT system architecture in general; it does
not specifically treat energy harvesting, energy storage, micro-power management, or the
associated algorithmic requirements for energy-constrained operation. These are the primary
concerns added by the LoLiPoP-loT framework, reflected in the Power Modules & Specific
Components stratum of VP-02 and in the Building Block catalogue.

This type of domain-specific extension is consistent with the intended use of ISO/IEC 30141.
The standard's Construction Viewpoint (§6.7) is designed to be specialised into domain-
specific construction patterns, concrete reference architectures that instantiate the standard's

WP2 LoLiPoP-loT — Non-Confidential 13.06.2026



Reference Architecture

White Paper LoLiPoP-loT Page: 11

general structure for a particular class of loT system. RAMI 4.0, discussed in Section 2.1, is
cited in ISO/IEC 30141 Annex A as an example of such a construction pattern for the
manufacturing and Industry 4.0 domain. The LoLiPoP-loT Reference Architecture follows the
same approach for the long-life, energy-harvesting loT domain: it specialises the standard's
network topology, viewpoint framework, and component taxonomy with the concerns specific
to energy-constrained deployments, producing a construction pattern that is both standards-
conformant and domain-appropriate.

3. ISO/IEC 30141:2024 loT Reference Architecture
Overview

Viil Scope and Purpose

ISO/IEC 30141:2024, Internet of Things (IoT) - Reference Architecture (Second Edition),
captures the most important concerns and concepts of 0T systems and provides support for
designing architectures for loT systems. It comprises a set of viewpoints (defined in
accordance with ISO/IEC 42010) that capture essential concerns across six perspectives. The
standard covers the main characteristics of IoT systems (network connectivity, real-time
capability, context-awareness, accuracy, and others) providing a common language for loT
system architects and enabling interoperability and consistency across implementations.

IX loT Domains

ISO/IEC 30141:2024 identifies six domains in an loT system, representing the primary
partitioning of functionality and physical deployment:

Physical Domain: the physical world entities (objects, phenomena, environments) that the
lIoT system monitors or acts upon.

Sensing Domain: devices that sense or actuate in the physical domain, including IoT devices
(sensors, actuators, smart objects) and IoT gateways providing local connectivity.

Control Domain: local control systems and gateways that aggregate, pre-process, and relay
data, and may include edge computing capabilities.

Operations and Management Domain: systems responsible for managing the loT
deployment, including device management, network management, and data
management.

Application Services Domain: application-level services that process loT data to deliver
business value (analytics, visualisation, decision support).

User Domain: end-users and business stakeholders who interact with loT applications.

X Network Types

The loT enterprise system deployment pattern of ISO/IEC 30141:2024 uses four kinds of
networks to connect the physical components across the six domains:

Proximity Network: connects loT devices and local gateways in the physical and sensing
domains at close range (e.g., Bluetooth, ZigBee, UWB, RFID, NFC).

Access Network: connects local gateways to the wider infrastructure (e.g., Wi-Fi, cellular,
Ethernet, LoORaWAN).

Services Network: connects infrastructure components to application services and cloud
platforms.
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User Network: connects end-users to applications (typically via internet-facing interfaces).
This network is outside the scope of LoLiPoP-loT and is not addressed in the framework.

Xl Viewpoints

ISO/IEC 30141:2024 defines six viewpoints for describing an IoT system architecture. Each
viewpoint addresses a specific set of stakeholder concerns:

Foundational IoT Viewpoint: addresses the fundamental properties and characteristics of loT
systems.

Business Viewpoint: addresses business objectives, stakeholders, and value propositions.

Usage Viewpoint: addresses the ways in which users and external systems interact with the
loT system.

Functional Viewpoint: addresses the functional decomposition of the loT system.

Trustworthiness Viewpoint: addresses security, safety, reliability, resilience, and privacy
concerns.

Construction Viewpoint: addresses the physical and technical implementation of the system.

Of these six viewpoints, the LoLiPoP-loT Reference Architecture specialises three for the
concerns of long-life, energy-constrained loT systems:

The Foundational loT Viewpoint is specialised as the Long-life loT Viewpoint, which
frames the essential characteristics of long-life 0T systems, what distinguishes them
from conventional battery-powered deployments, when the long-life 10T pattern is the
appropriate architectural approach, and what fundamental constraints (operational
lifetime target, power budget, ambient energy availability) govern all subsequent
architecture decisions. This viewpoint is the entry point to the LoLiPoP-loT RA: it
establishes whether a given deployment is a candidate for the long-life loT pattern before
VP-01 and VP-02 are applied. The full viewpoint specification is given in Appendix C.

The Construction Viewpoint is specialised as VP-01 - Deployment Topology Viewpoint,
which organises the system around four network deployment zones (Sensors, Gateway
Devices, Edge Devices, Cloud), mapped to the ISO/IEC 30141 network topology (Section
5.3).

The Functional Viewpoint is specialised as VP-02 - Functional Strata Viewpoint, which
overlays three horizontal strata (Power Modules & Specific Components,
Communications & Control, Algorithms & Al) on the VP-01 columns (Section 5.4).

The Business and Usage viewpoints are inherited from ISO/IEC 30141 without LoLiPoP-loT-
specific specialisation; their concerns are refined for the long-life loT domain but do not require
a project-specific viewpoint definition. The Trustworthiness Viewpoint is relevant to long-life
loT deployments (particularly in industrial settings) but is not fully elaborated in the current
LoLiPoP-loT architecture; it is identified as a direction for future work in Section 10. Appendix
D summarises the full set of viewpoints, together with their LoLiPoP-loT relationship (inherited,
specialised, or partially addressed), typical stakeholders, and concerns.

In the ISO/IEC 30141:2024 enterprise system deployment model, the six loT domains (Section
3.2) are connected by the four network types (Section 3.3): the proximity network links sensing-
domain devices and local gateways; the access network connects those gateways to the wider
infrastructure; the services network links infrastructure components to application services and
cloud platforms; and the user network connects end users to applications. The normative
deployment diagram is given in ISO/IEC 30141:2024 §6. The LoLiPoP-loT VP-01 viewpoint
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(Section 5.3) is a direct specialisation of this deployment structure, mapping its four network
deployment zones onto the proximity, access, and services networks of the standard.

4. Requirements, Component Library, and Standards

Xl Requirements Elicitation Process

As the LoLiPoP-loT project advanced during its early months, and specifically in relation to the
technical work carried out under Work Package 2, it became clear that a structured elicitation
of requirements would be necessary to ensure that the diverse use cases could be coherently
described and compared within a common architecture. The pre-elicitation process identified
focus areas relevant to the technical work packages that were to develop the sensors, power,
and communication components for the use cases.

Requirements were elicited per use case and subsequently analysed to identify common
requirements applicable across multiple use cases. These common requirements were refined
into a set of project-level requirements generally relevant to long-life 10T projects. The
requirements library is maintained as a living document, updated regularly by use case owners
and relevant partners.

The requirements elicitation was organised in three stages. First, domain experts in each use
case team selected architecturally significant requirements (ASRs) (requirements judged to
have the greatest impact on the system architecture) building a structured questionnaire for
pre-elicitation of requirements. Second, per-use-case requirements templates were elaborated
collaboratively, capturing functional, non-functional, and interface requirements in a common
format (documented in ten UC requirements templates, UC1 through UC10). Third, the per-
use-case requirements were analysed to extract a set of twenty project-level requirements
(REQ-PRJ-001 through REQ-PRJ-020) that apply broadly across the long-life IoT domain.

The requirements work is documented in Deliverable D2.7 (Post-deployment assessment of
tech platforms for exploitations) and Deliverable D2.8 (Standardization for Technology
Platforms - Outcome from Tests and Recommendations). D2.8 includes traceability matrices
mapping each use case's requirements to the project-level requirements, providing a
systematic account of which project-level concerns are addressed by which use cases.

X Component Library

The library of components developed by project partners has been organised as
implementations of a set of architectural building blocks covering the five core domains of long-
life loT systems:
e Sensing: physical sensor types deployed across use cases (vibration, temperature,
light, proximity, RFID, UWB).
e Energy Harvesting: transducers and associated circuits for photovoltaic,
thermoelectric, vibrational, and RF energy harvesting.
e Energy Storage: super-capacitors, thin-film batteries, and hybrid storage solutions.
e Communication: short-range (UWB, BLE, ZigBee), medium-range (Wi-Fi, LoRa), and
backscatter communication (RFID EPC Gen 2) components.
¢ Algorithms and Al: edge and cloud algorithms for asset tracking, condition monitoring,
energy efficiency optimisation, and user experience/comfort.

The Component Library is based on templates from the EnABLES EU project. Each
component in the library is specified with quality attributes (interface specifications, operating
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ranges, power consumption, and performance characteristics) so that it can be matched
directly to non-functional requirements from the UC requirements templates. The component
library uses a structured identifier system: EH- for energy harvesting transducers, ES- for
energy storage elements, PM- for power management modules, SE- for sensors, PU- for
processing units, EU- for radio/communication extension units, and ST- for standards. This
identifier system links each component to its corresponding Architecture Building Block
(Section 7) and to the relevant UC requirements.

The Component Library and the companion Standards Library are maintained as living
documents within WP2 and are documented in Deliverable D2.7. The WP2 Libraries Overview
provides a consolidated view of the component categories, their assigned identifiers, and the
use cases in which they are deployed.

XV Standards Library

The standards library captures the standards selected to govern the design and interoperability
of components and subsystems across use cases. It is maintained as part of the WP2 libraries
and is documented in Deliverable D2.8 (Standardization for Technology Platforms). The
standards are organised into the following categories:

Communication protocols form the largest group and reflect the diversity of deployment
environments across the ten use cases. The WP2 library includes: GSM/NB-IoT/LTE Cat-M1
(ST-1, ST-11) for wide-area cellular connectivity (UC2, UC4); RFID EPC Gen 2 (ST-2) for
backscatter-based asset identification (UC1); Mioty (ST-3) for ultra-reliable LPWAN (UC7);
IEEE 802.15.4 (ST-4) for low-rate wireless personal area networks; Wi-Fi (ST-5) for local-area
data transfer (UC1, UC5, UCS8); Bluetooth Low Energy (ST-6) for short-range sensor
communication (UC1, UC6, UC8, UC9, UC10); LoRa (ST-7) for long-range low-power
communication (UC4, UC5, UC8); and UWB via IEEE 802.15.4z (ST-8), FiRa (ST-9), and IEEE
802.15.4ab (ST-10) for precision indoor localisation (UC1, UC10).

Aviation and safety certification standards apply to UC4 (air cargo): DO-160 (ST-12) for
airborne equipment environmental conditions, ETSO-C90d (ST-13) for European aviation
technical standard orders, and lithium-ion battery safety certification (ST-14).

Architecture and loT standards are not part of the WP2 component-level library but form the
foundational framework for the reference architecture: ISO/IEC 30141:2024 (Internet of Things
Reference Architecture), ISO/IEC/IEEE 42010:2022 (Architecture Description), and the
TOGAF ABB/SBB distinction used throughout the Building Block catalogue.

XV Traceability

A key benefit of the LoLiPoP-loT architecture framework is the ability to trace from project use
cases through requirements to architecture building blocks, to specific components, and to the
standards that govern those components. This full traceability across the project architecture,
in terms of technical deliverables and capabilities, was a design objective of the framework
from the outset. Figure 2 illustrates the traceability structure.

WP2 LoLiPoP-loT — Non-Confidential 13.06.2026



Reference Architecture

White Paper LoLiPoP-loT Page: 15

I ISO/IEC/IEEE 42010:2022 |

Confgrms to

| ISO/IEC 30141 Edition2 |

Captures (a subset of) . | oL iPoP-IoT Project Level
Requirements

Confgrms to

LoLiPoP-loT BB

LoLiPoP-loT Reference
Architecture

Frames (a subset of)
: LoLiPoP-loT Component &

Standards Library

LoLiPoP-loT View(s)

Reflects aspect of

Applies|to . Implements
Guides functionality of
- - I implementation of | -
Long Life loT Architecture | | Long Life loT System

Fig. 2 : LoLiPoP-loT Traceability Structure

5. LoLiPoP-loT Reference Architecture, Version 1.0

Xvi Design Rationale and Objectives

When the consortium presented its technical milestones, the reviewers observed that the
individual component results were strong but that the commonality across use cases (the
shared platform) was not visible. This feedback confirmed that the project needed an
instrument that could make the common structure explicit at the right level of abstraction. The
direction was consistent with a need already recognised within the project; that a shared
architecture framework could deliver significant value, providing a unified high-level
representation that all partners could reason about, enabling the identification of common
components and interfaces across the diverse use cases, and supporting the organisation and
reporting of work across the project's technical work packages.

The choice of a reference architecture (rather than a detailed platform interface specification
or an informal pattern collection) was deliberate. A prescriptive interface specification would
have required aligning the implementation details of ten heterogeneous use cases across
different hardware, protocols, and deployment constraints; that would have been a different
project. An informal catalogue of patterns or guidelines would have lacked the structural rigour
to claim standards compliance or to serve as a traceable engineering artefact. A reference
architecture occupies the middle ground: it defines common structure and vocabulary,
anchored in established standards, at a level of abstraction that any project team can
instantiate for their own system without being constrained in their implementation choices. This
positioning directly informed the design objectives below.

Architecture V1.0 was engineered to deliver the following specific objectives:

Provide a common high-level representation (a 'big picture' that organisations can easily
identify with) for each project use case.

Enable the architecture diagrams to be used as a communication tool throughout the project
lifecycle, as research, engineering, and development takes place.

Define a set of core layers common to all use cases, ensuring general commonality across
the diverse deployments.
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Allow readers to see, at a glance, all core use case hardware and software components and
how they relate to power management, communications and control, and algorithms and
Al.

Support traceability from use cases through components, requirements, and standards
libraries (developed in WP2), delivering full traceability across the project architecture.

Provide a foundation for the identification of reusable Building Blocks in Architecture V2.0.

Outside the project lifecycle, serve as a reusable framework to assist EU SMEs and larger
organisations with deploying their own long-life loT systems.

XVl Building Blocks: Definitions and Concepts

The LoLiPoP-loT architecture framework uses the concept of a Building Block as its primary
compositional element. Two categories are distinguished, following the TOGAF framework:

Definition: Architecture Building Block (ABB) An Architecture Building Block captures architecture requirements
and guides the development of Solution Building Blocks. An ABB defines what functionality is required; it is an
abstract specification of a capability. In LoLiPoP-loT, an ABB identifies a functional need (e.g., 'asset tracking', 'energy
storage') that must be fulfilled by one or more concrete components, independently of which specific technology is
selected.

Definition: Solution Building Block (SBB) A Solution Building Block defines what products and components will
implement the functionality specified by an Architecture Building Block. An SBB is a concrete, implementable element
(a specific sensor, algorithm, communication module, or energy management IC) that realises the intent of an ABB.
SBBs are catalogued in the LoLiPoP-loT component library (Section 4.2).

This distinction allows a single ABB to have multiple competing SBB implementations, for
example, asset tracking (ABB BB3.1) may be implemented by UWB-based localisation or by
RFID-based backscatter positioning, depending on the specific requirements of the use case.
The choice of SBB is governed by the use case requirements and the quality attributes (range,
accuracy, power consumption, cost) applicable in each context. The IoT components used in
LoLiPoP-loT are those defined in ISO/IEC 30141:2024.

XVl Viewpoint 01 (VP-01): System Deployment View

As described in Section 3.4, the Long-life IoT Viewpoint establishes whether a given
deployment is a candidate for the long-life 0T pattern and defines the fundamental constraints
(operational lifetime target, power budget, ambient energy availability) that govern subsequent
architecture decisions. Once this framing is established, the two complementary viewpoints
VP-01 and VP-02 are applied sequentially: VP-01 first, to establish the deployment topology,
and VP-02 on top, to overlay functional strata per deployment zone.

VP-01 presents an loT use case as a set of four vertical columns, representing the primary
network deployment zones in which components operate, logically flowing from left to right
across the system. The columns correspond to the layers of an IoT deployment as defined in
ISO/IEC 30141:2024, and map directly to the standard's network topology.
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Fig. 3 : VP-01: LoLiPoP-loT Reference Architecture Framework Viewpoint 01, System Deployment View.
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Fig. 4 : VP-01 with ISO/IEC 30141 Network Topology: Proximity Network (Sensors and Gateway Devices),
Access Network (Gateway Devices and Edge Devices), Services Network (Edge Devices and Cloud). The User
Network is outside the scope of LoLiPoP-IoT.

The four columns of VP-01 are defined as follows:

Sensors: |dentifies the hardware sensors (and actuators, though actuators are not used in
LoLiPoP-loT use cases) that interact with the physical domain. Sensors are located in the
proximity network. In ISO/IEC 30141 terms, this column corresponds to the Physical Domain
and the Sensing Domain, comprising l0T devices such as smart sensors and RFID tags.

Gateway Devices: Identifies the core hardware and software networking components that
connect devices in the proximity network to the access network and/or provide access to the
services network (cloud). In ISO/IEC 30141 terms, this column includes IoT gateways that
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connect the sensing and control domains with other domains. Gateway Devices bridge the
proximity and access networks.

Edge Devices: Identifies use-case-specific edge device components, which may also
incorporate dedicated compute devices. Edge devices are located in the proximity network but
do not interact directly with the physical domain. In ISO/IEC 30141 terms, this column best
corresponds to local control systems that may also act as loT gateways for local connectivity.
Edge Devices bridge the proximity and access networks.

Cloud: Identifies use-case-specific cloud services, located in the services network. In ISO/IEC
30141 terms, this column best corresponds to the Application Services Domain, providing data
storage, analytics, and application-level interfaces.

A single physical device may operate across more than one column. For example, a sensor
node that integrates sensing, local processing, and radio connectivity may have components
that belong to the Sensors, Edge Devices, and Gateway Devices columns simultaneously.
This is consistent with ISO/IEC 30141:2024, which distinguishes between physical hosting and
digital entity roles: the same physical board may act as an loT Device (in the sensing domain)
and as an loT Gateway (bridging to the access network) depending on the function being
described. The columns define where in the network topology a component operates, not
which physical enclosure it belongs to.

VP-01 Column ISO/IEC 30141 Domain(s) ISO/IEC 30141 Network
Sensors Physical Domain, Sensing Domain Proximity Network

Gateway Devices Control Domain (gateway function) Proximity <> Access Network
Edge Devices Control Domain (local control) Proximity <> Access Network
Cloud Application Services Domain Services Network

Table 2: Mapping of VP-01 Columns to ISO/IEC 30141:2024 Domains and Networks

XIX Viewpoint 02 (VP-02): Functional Stratum View

VP-02 overlays a set of three horizontal strata on the VP-01 column structure, organising the
use case components according to their primary functional role. Where VP-01 asks 'where in
the deployment topology does this component live?', VP-02 asks 'what functional purpose
does this component serve?'. The two viewpoints together form a matrix, a two-dimensional
space in which any component can be located both by its deployment position (column) and
by its functional role (stratum).
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Fig. 5 : VP-02: LoLiPoP-loT Reference Architecture Framework Viewpoint 02, Functional Stratum View (VP-01)
columns with three horizontal strata overlaid.

The three strata of VP-02 are defined as follows:

Power Modules & Specific Components (bottom stratum): Represents the power-related
subsystem of the use case: energy harvesting transducers, energy storage elements, power
management ICs, and any power-specific components unique to the deployment. This stratum
is the distinguishing feature of LoLiPoP-IoT architecture relative to general 10T architectures.
It captures how the system is powered and where energy harvesting and management
components fit into the overall use case.

Decentralised Component Communications & Control (middle stratum): Describes how
the system connects its components and indicates the core communication components for
the use case. This stratum may also include control and communications intelligence that is
use-case-specific, non-LoLiPoP-loT control and communications hardware/software, or other
related control and communications components. It corresponds broadly to the connectivity
and protocol stack layer of the system.

Algorithms & Al (top stratum): Identifies where project-developed algorithms and Al
components fit into the logical flow of the use case, where the 'thinking' is done. This stratum
captures the data processing, machine learning, and decision-support functionality, from edge
inference on a microcontroller to cloud-based predictive analytics.

XX Combined Framework: Power, Sense, Connect, Think, Sustain

The two viewpoints together express the essential dimensions of a long-life 10T system. As
illustrated in Figure 6, the framework can be summarised by five verbs that capture what a
complete long-life loT system must do:

Power: the system harvests energy from ambient sources and manages it efficiently to
sustain operation (Power Modules & Specific Components stratum, primarily in the
Sensors column).

Sense: the system observes the physical world through sensors (Sensors column, across all
strata).
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Connect: the system moves data between nodes across the network topology
(Communications & Control stratum, across Gateway Devices and Edge Devices
columns).

Think: the system processes data to extract insight, detect anomalies, and take decisions
(Algorithms & Al stratum, primarily in Edge Devices and Cloud columns).

Sustain: the system maintains operation over its intended lifetime through the integration of
power, communication, and algorithmic strategies across all nodes and strata.

T ¥,
SENSE

Fig. 6 : 'Power, Sense, Connect, Think, Sustain': the five operational dimensions of a long-life loT system as
represented in the LoLiPoP-loT Architecture Framework.

6. Application of Architecture V1.0: UC1 Medical
Technology Asset Tracking

XXI Use Case Overview

Use Case 1 (UC1) addresses asset tracking in a medical technology environment. The use
case focuses on tracking the location and movement of medical equipment within a healthcare
facility using wireless, energy-harvesting sensor tags with a target operational lifetime of at
least two years without battery replacement. Tags operate in a fully battery-less mode during
WPT-energised RFID read events; for continuous background monitoring (shock detection via
accelerometer between localisation events), a supercapacitor primary buffer combined with a
backup primary battery ensures reliable operation across variable light and RF energy
availability. The absence of battery replacement requirements is particularly important in
healthcare settings where device reliability and minimal maintenance overhead are critical.

Key operational parameters of the UC1 system (D6.7, February 2026): wireless power transfer
range exceeding 10 m from the RFID reader; UWB localisation performed at a rate of a few
times per hour; ultra-low-power accelerometer for continuous shock event detection between
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localisation cycles; backscatter communication via EPC GEN2 protocol at comparable range
to WPT.

The UC1 solution introduces wireless asset tracking tags that enable automated alerts for
unauthorised activities and precise location identification of tracked assets. The system was
deployed in two phases (D8.6). Phase | deployed a UHF RFID-based system using off-the-
shelf Zebra readers and 10 cm x 5 cm RFID labels to achieve basic coverage. Phase I
introduced the LoLiPoP-loT smart tag, a device with multi-source energy harvesting (indoor
photovoltaic and RF energy via UHF), a custom dual-input PMIC (PM-1), and onboard
intelligence including sensors and a UWB radio for precise localisation.

The UC1 partner cluster comprises BSL (use case provider), BUT, CNR, DPS, CSEM, IUNET-
UBO, IUNET-UPG, LGE, MIM, and TYN (D2.7). This use case demonstrates a blueprint for
retrofitting existing factories with smart tracking without replacing existing infrastructure, as the
tags are designed to integrate with the facility's existing RFID middleware and enterprise IT
systems (D8.6). At project end (M36), the Phase | RFID receiving application is operationally
deployed at the BSL facility, providing last-seen location visibility and a metrics dashboard for
received packages; the Phase Il hybrid tag, rectenna, and UWB localisation have been
validated in laboratory and representative conditions (D7.6).

XXl Architecture Diagram

4 N/ \ 4 3 4
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ER 3.1.2: Data collection for Hybrid Vision Based Asset Tracking (TYN & ADI)

Fig. 7 : UC1 Architecture Diagram (VP-01/VP-02 populated for Medical Technology Asset Tracking)

XX Component Walkthrough

The following describes each component in the UC1 architecture, identified by their position in
the VP-01/VP-02 matrix. Component numbering follows the UC1 BSL architecture diagram
(February 2025). Where a WP2 component library identifier is confirmed from the UC
Requirements Template or D2.7, it is shown in brackets. Component 9 is absent from the BSL
diagram (the numbering gap between 8 and 10 is intentional). Component 3 is sub-divided into
3.0 (UHF Antenna) and 3.1 (Rectifier) following the BSL diagram. Component 8 appears in two
strata: Power Modules (MPM/PMIC role) and Decentralised Component Communications &
Control (MCU role).
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Gateway Devices, Power Modules & Specific Components

0. RFID Reader [COTS]: An off-the-shelf Zebra RFID reader connected to four antennas is
used for both power delivery and communication. This device both powers the passive/semi-
passive tags via RF energy transmission and reads their transmitted data, providing the dual
role of energy source and communication interface in the proximity network. This is a
commercial off-the-shelf device with no WP2 library identifier.

Gateway Devices, Decentralised Component Communications & Control

1. RFID EPC Gen 2 [ST-2]: The EPC Gen 2 protocol governs communication between the
RFID reader and the custom-designed sensor tags. Custom nodes with off-the-shelf
components have been implemented to increase functionality and system versatility beyond
standard EPC Gen 2 passive tags.

2. Backscatter Switch (BS) [EH-WPT-1 system]: RFID tags are read using an Ultra-Wide
Backscattering algorithm. The Ultra-High Frequency (UHF) port is integrated with an antenna
and a backscattering switch, which facilitates data transfer by modulating the reflection of the
reader's RF signal rather than generating an independent transmission. The backscatter switch
is part of the wireless power transfer tag assembly (EH-WPT-1).

4. UHF Antenna & Matching Network (MN): The Ultra-High Frequency antenna and
matching network on the reader side ensure efficient power transfer between the RFID reader
and the tag. This setup maximises energy delivered to the tag via the wireless power transfer
link (EH-WPT-1).

Gateway Devices, Algorithms & Al

11. GUI: A graphical user interface for system monitoring and configuration. At the time of
writing, this component is under development and will provide an operator-facing interface for
the asset tracking system.

Sensors, Decentralised Component Communications & Control

3.0, UHF Antenna [EH-WPT-1]: A collaboration between partners UBO (with UPG & CNR),
the tag-side UHF antenna forms part of the 'rectenna’ used for wireless power transfer (energy
harvesting) and asset localisation. It receives both data and power from the external RFID
reader and is the primary RF input of the EH-WPT-1 harvesting assembly.

3.1, Rectifier [EH-WPT-1]: The rectifier converts the alternating RF signal received by the
UHF antenna into a DC voltage, stabilising the harvested wireless energy for input to the
DC/DC converter. Together with component 3.0, it constitutes the rectenna and forms the core
of the EH-WPT-1 wireless power transfer harvesting system.

Sensors, Power Modules & Specific Components

5. DC/DC Converter /| PMIC [PM-1]: Part of the Power Management IC (PMIC), this
component converts low-voltage DC signals from the PV cell and the rectenna into usable
supply voltages (1-5 V) for the tag electronics. The DC/DC converter functions as a wake-up
controller, converting harvested RF and solar energy into power for the MCU and UWB
subsystems.

6. PV Cell: Developed by CSEM, this photovoltaic cell converts ambient light energy inside
the facility into electrical energy, providing supplemental energy input to the power
management subsystem for active and hybrid tags. The cell is optimised for indoor ambient
light levels.

7. Energy Storage (ES): UC1 deploys supercapacitors as the primary energy buffer, storing
harvested PV and RF/WPT energy and supplying short peak currents during radio activity.
Supercapacitors are preferred for their high cycle lifetime, rapid charge acceptance, and wide
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temperature range. However, owing to variability in asset usage patterns and the resulting
gaps in harvesting availability, a primary battery is retained as backup storage to ensure
system reliability (D4.6, April 2026). The supercapacitor and backup battery are managed by
the PMIC (component 8) to maintain operation across varying energy conditions. Final sizing
of supercapacitors and batteries is iterative, depending on WSN power profiles, localisation
workload (UWB versus RFID backscatter duty cycle), and algorithmic activity.

Edge Devices, Power Modules & Specific Components

8 (MPM), Micro Power Module [PM-1]: The PMIC, as part of the Micro Power Module (MPM),
manages all power requirements of the tag. Developed by TYN, the PMIC interacts with the
energy harvesting and energy storage components to accumulate energy and supply it to the
MCU. This component appears in both the Power Modules stratum (MPM/PMIC power
management role) and the Communications & Control stratum (MCU processing role) of the
BSL architecture diagram; see component 8 (MCU) below.

Edge Devices, Decentralised Component Communications & Control

8 (MCU), MCU [PU-2, PU-3]: The microcontroller unit manages communication, runs the
protocol stack for UWB communication and the EPC Gen 2 protocol, and coordinates the
energy management firmware. Two SoC variants (PU-2 and PU-3) are confirmed in the UC1
requirements template.

12.1, UWB Transceiver [EU-1, EU-2] [COTS]: The UWB transceiver hardware module
(e.g. DWM1000) provides the physical-layer Ultra-Wideband radio capability for the tag. It
communicates with the UWB Anchors to enable time-of-flight ranging measurements used by
the localisation algorithm (component 12). This is a COTS module.

Edge Devices, Algorithms & Al

10. Energy Efficiency Algorithm (EE Algorithm) [ER3.1.3]: This algorithm runs on the MCU
and PMIC, integrating with the hardware to provide dynamic energy management, adapting
the duty cycle, communication frequency, and processing load of the tag to match the available
harvested energy, maximising operational lifetime. ER3.1.3 (Algorithms for UWB Positioning
System, including a portable energy scheduling subcomponent) is confirmed in the UC1
requirements template (REQ-UC1-006).

12. UWB Localisation [EU-1, EU-2, ER3.1.3]: This software module uses the UWB
Transceiver (component 12.1) and UWB Anchors to determine the precise location of tagged
assets. The UWB Anchors provide time-of-flight measurements that the localisation algorithm
uses to compute tag position. EU-1 and EU-2 are the UWB hardware modules; ER3.1.3
provides the positioning algorithm including the energy scheduling component.

Cloud, Decentralised Component Communications & Control

13. Server: A server containing scripts for data management and tracking used by the BSL
partner. The LoLiPoP-loT module integrates into the existing facility infrastructure, including
fixed RFID readers. A Laravel-based cloud API is being developed to manage asset data,
tracking records, and system configuration.

Cloud, Algorithms & Al

14. HTTP API & Visualisation: A web-based script layer providing visualisation of tracking
results and asset data, enabling operators to understand and analyse the location and
movement of tracked assets.
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Table 3 summarises the UC1 components, their position in the VP-01/VP-02 matrix, their WP2
component library identifier where confirmed, and the corresponding ISO/IEC 30141:2024
component type. Component placements follow the BSL architecture diagram (February 2025)
as the authoritative source. A dash (-) in the WP2 ID column indicates no confirmed WP2
library identifier; 'COTS' indicates a commercial off-the-shelf item outside the WP2 catalogue.

# Component VP-01 Column VP-02 Stratum WP2 ID ISO/IEC 30141
Type
0 RFID Reader Gateway Devices Power Modules COTS loT Gateway
1 RFID EPC Gen 2 Gateway Devices Communications & | ST-2 Protocol Stack
Control
2 Backscatter Switch | Gateway Devices Communications & | EH-WPT-1 loT Device
Control (system)
3.0 UHF Antenna Sensors Communications & | EH-WPT-1 loT Device / EH
Control Component
3.1 Rectifier Sensors Communications & | EH-WPT-1 loT Device / EH
Control Component
4 UHF Antenna & MN | Gateway Devices Communications & | - loT Device / EH
Control Component
5 DC/DC Converter / | Sensors Power Modules PM-1 loT Device (PM)
PMIC
6 PV Cell Sensors Power Modules - (gap) loT Device / EH
Component
7 Energy Storage Sensors Power Modules - (gap) loT Device (ES)
8 MPM (PMIC) Edge Devices Power Modules PM-1 loT Device
8 MCU Edge Devices Communications & | PU-2, PU-3 loT Device
Control
10 EE Algorithm Edge Devices Algorithms & Al ER3.1.3 loT Service (Edge)
11 GUI Gateway Devices Algorithms & Al - loT Application
12 UWB Localisation Edge Devices Algorithms & Al EU-1, EU-2, | loT Service (Edge)
ER3.1.3
121 UWB Transceiver Edge Devices Communications & | EU-1, EU-2 (COTS) | loT Device
Control
13 Server Cloud Communications & | - loT Server
Control
14 HTTP API & | Cloud Algorithms & Al - loT Application
Visualisation
Table 3: UC1 Component Summary with VP-01/VP-02 Position, WP2 Component ID, and ISO/IEC 30141:2024
Mapping. Source: BSL UC1 Architecture Diagram, February 2025; WPZ2 identifiers from UC1 Requirements
Template v1.0 and D2.7 v0.02.
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7. LoLiPoP-loT Architecture Building Block
Catalogue

XXV From Architecture V1.0 to Building Blocks

Architecture V1.0 clearly categorised and represented, in the form of a reference architecture,
the goals, objectives, and expected outcomes of the LoLiPoP-IoT project. In alignment with
project objectives, the work was organised into three functional domains (Power Modules &
Specific Components, Decentralised Component Communications & Control, and Algorithms
& Al) and positioned across four deployment columns. The primary benefit of V1.0 was the
ability to identify the functional group and deployment position of any project outcome.

While V1.0 was effective as a communication and documentation tool, it did not directly support
the selection and composition of architectural elements by organisations wishing to build a
long-life 10T system. Different use cases may require the same high-level functionality (e.g.,
asset tracking) but implement it through very different technical solutions. The Building Block
concept addresses this need: solutions serving the same purpose are grouped into a Building
Block, and a system architect selects the relevant Building Blocks for their use case, then
chooses appropriate SBBs (components) to implement each ABB.

The Building Blocks were derived from the outputs of the LoLiPoP-loT technical work
packages. WP3 outputs constitute the Building Blocks of the Algorithms & Al layer; WP4 and
WP5 outputs constitute the Building Blocks of the Power Modules & Specific Components
layer; and WP6 outputs constitute the Building Blocks of the Decentralised Component
Communications & Control layer. All approaches built upon V1.0 constitute Architecture V2.0,
described in Section 8.

XXVI Building Block Catalogue

The following table lists all defined Architecture Building Blocks, their associated work
package, VP-02 stratum, a brief description of the functionality they represent, and the key
interfaces with other building blocks. Each ABB can be instantiated by selecting one or more
Solution Building Blocks (SBBs) from the component library.

BB ID Name WP Stratum Description Key Example SBBs
Dependencies
BB3.1 Asset Tracking | WP3 Algorithms & Al | Localisation and | BB6.1 ER3.1.1-
identification of | (execution), ER3.1.6 (e.g.,
assets using | BB6.2 (comms) | ER3.1.3 UWB
position sensing positioning)
and tag
communication
technologies.
BB3.2 Condition WP3 Algorithms & Al | Processing  of | BB6.1 ER3.2.1-
Monitoring & sensor data | (processing), ER3.28 (e.g.,
Predictive Maint. streams to | BB6.3 (sensor | ER3.2.8 ML for
detect data) bearings)
anomalies,
classify machine
condition, and
predict
maintenance
needs.
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BB3.3 Energy WP3 Algorithms & Al | Algorithms  for | BB4.3  (power | ER3.3.1—

Efficiency dynamic energy | budget), BB4.4 | ER3.3.3
management, (FW)
duty-cycle
optimisation,
and load
prediction on
edge and cloud
nodes.

BB3.4 User Experience | WP3 Algorithms & Al | Algorithms and | BB6.3 ER3.4.1-

& Comfort interfaces for | (environmental ER3.4.7 (eg.,
monitoring and | sensors) ERS3.4.1 lighting)
adjusting
environmental
comfort
parameters
(lighting,
temperature, air
quality).

BB4.1 Energy Storage | WP4 Power Modules | Storage of | BB4.2  (input), | ES-1 (Li-ion
harvested or | BB4.3 battery), ES-2
supplied energy | (managed by | (polymer Li-ion)
using PMIC), BB5.2
capacitors, thin- | (sizing model)
film batteries, or
hybrid solutions.

BB4.2 Energy WP4 Power Modules | Conversion of | BB4.1 (output), | EH-PVP-1 (thin-

Harvesting ambient energy | BB4.3 film PV), EH-

Transducers (light, vibration, | (managed by | TEG-1
thermal, RF)into | PMIC), BB5.1 | (thermal), EH-
electrical (sizing model) EM-1 (VREH),
energy. EH-VEH-1

(vibration), EH-
WPT-1 (RF)

BB4.3 Power WP4 Power Modules | Regulation, BB4.1, BB4.2, | PM-1 (WPT

Management conversion, and | BB4.4, BB6.1 PMIC), PM-2
distribution  of (TEG DC-DC),
power within the PM-4 (VREH
sensor node; EMS), PM-5
PMIC functions. (integrated

PMIC)

BB4.4 Energy WP4 Power Modules | Firmware-level BB4.3 No hardware

Efficiency / energy (hardware SBBs; firmware

Constraint management layer), BB6.1 | runs on PU-*

Optim. FW embedded in the | (FW host)

PMIC or MCU to
enforce power
budgets.

BB5.1 Models for | WP5 Power Modules | Design-time BB4.2 (models | Models for

Energy predictive the harvester) Thermal, PV,

Harvesting models of VREH, VEH,
harvested RF-WPT EH
energy
availability as a
function of
environment
and deployment
context; used to
size the energy
harvesting
transducer
(BB4.2) and
validate the
energy budget.
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BB5.2

Models for
Energy Storage

WP5

Power Modules

Design-time
behavioural and
degradation
models for
storage
elements under
realistic
charge/discharg
e cycles; used to
size storage
capacity and
predict end-of-
life (BB4.1).

BB4.1 (models
the storage)

Models for
batteries,
supercapacitors

BB5.3

Models for WSN
Power
Consumption

WP5

Power Modules

Design-time and
run-time
system-level
models of
wireless sensor
network  node
power
consumption;
used to derive
the node power
budget and
validate  duty-
cycle
assumptions.

BB6.1, BB6.2,
BB6.3 (models
WSN power)

Models for WSN
operational
modes

BB6.1

Processing
Units

WP6

Communication
s & Control

Microcontrollers,
SoCs, and
secure elements
(PU-*) providing
on-node
computation,
protocol
execution, and
energy
management
firmware
hosting.

BB4.3 (powered
by PMIC), BB4.4
(hosts FW)

PU-2 (ESP32),
PU-3
(NRF52833),
PU-5
(EFR32BG22),
PU-8 (BLE 5.4
SoC)

BB6.2

Communication
Components

WP6

Communication
s & Control

Radio extension
units and
integrated radio
subsystems
(EU-*) providing
short- and
medium-range
wireless
connectivity
across proximity
and access
networks.

BB6.1 (protocol
execution)

EU-1
(DWM1000
UWB), EU-6
(LoRa module);
standards: ST-3
(Mioty), ST-6
(BLE)

BB6.3

Sensors

WP6

Communication
s & Control

Sensing
elements (SE-*)
converting
physical
phenomena into
digital signals for
processing by
the node.

BB6.1 (data
processing),
BB3.2
(consumed by
CM algorithms)

SE-5 (CO2), SE-
6 (temperature),
SE-7
(accelerometer),
SE-8 (6-axis
motion)

Table 4: Defined Architecture Building Blocks (ABBs), their VP-02 classification, functional roles, key interfaces,
and mapping to Solution Building Blocks (SBBs).
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XXVl Building Block Interdependencies

The Building Blocks do not operate in isolation. Figure 8 illustrates the key interdependencies:
the Power Modules building blocks (BB4.x and BB5.x) collectively supply the energy budget
within which the communications (BB6.2) and algorithmic (BB3.x) building blocks must
operate. The Energy Efficiency Algorithm (BB3.3) and Energy Efficiency Firmware (BB4.4) are
tightly coupled, coordinating between the application layer and the hardware power
management to adapt the system's behaviour to available energy. Asset Tracking (BB3.1) and
Condition Monitoring (BB3.2) are functionally independent but share the WSN infrastructure
(BB6.1/BB6.2/BB6.3) and the power management subsystem.

BB3.4 BB3.3
UX & Comfort Energy Efficiency

comms execution processing sensor data L0V _Sensars.
power budget

BB6.2 protocol BB6.1 | BB6.3 co-design
Communication Components Processing Units Sensors

x

BB3.1 BB3.2
Asset Tracking Condition Monitoring & PdM

Algorithms &
Al

Comms &
Control

regulated powe: FW host

harvested E storqd E enforces budget
BB4.2 BB4.1 ! BB4.3 BB4.4
EH Transducers Energy Storage Power Management EE / Constraint-Opt. FW

Fn sizes models WSN power

BBS5.1 BB5.2 BB5.3
Models: Energy Harvesting Models: Energy Storage Models: WSN Power

design-time model

Power Modules

, energy/power data / sensing » control / co-design -

Fig. 8 : Building Block Interdependency Diagram

XXVIII  Building Block to Use Case Mapping

Table 5 maps each Architecture Building Block to the LoLiPoP-loT use cases in which it is
instantiated. A filled cell indicates that the use case includes at least one Solution Building
Block implementing the corresponding ABB in a primary role. A half-filled cell indicates a
complementary or supporting role. This matrix provides an at-a-glance view of the commonality
and variation across use cases.

BB3.1 | Asset Tracking | WP3 | e . o . o o o o o 1
BB3.2 | Condition WP3 | o o o 1 . . . 1 . 1
Monitoring &
PdM
BB3.3 | Energy WP3 | 0 ] o . 1 . . . 1 1
Efficiency
BB3.4 | User WP3 | o o o o o o o . o .
Experience -
Comfort
BB4.1 | Energy Storage | WP4 | e . o . . 1 . . . .
BB4.2 | Energy WP4 | o . o . . . . . . 1
Harvesting
Transducers
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BB4.3 | Micro  Power | WP4 | o . o o . . . ° ° °
Management

BB4.4 | Energy Eff. /| WP4 | e . . . . . . ° ° °
Constraint Opt.
Firmware

BB5.1 | Models for | WP5 | e . o . . . ° ° ° 14 )
Energy
Harvesting

BB5.2 | Models for | WP5 | @ ° o ° ° ° ° ° ° °
Energy Storage

BB5.3 | Models for | WP5 | e ° 1) ° ° ° ° ° ° °
WSN Power
Consumption

BB6.1 | Processing WP6 | o . o . . . . ° ° °
Units

BB6.2 | Communication | WP6 | e . o . . . . ° ° °
Components

BB6.3 | Sensors WP6 | o o o o . . . ° ° °

Table 5: Mapping of Architecture Building Blocks (ABBs) to LoLiPoP-loT use cases, indicating whether each ABB
is instantiated in a primary role or used in a complementary/supporting role.

BB4.4 (Energy Efficiency / Constraint Optimisation Firmware) is the only BB active in all ten
use cases, confirming that firmware-level energy constraint management is not optional in any
LoLiPoP-loT deployment. BB4.2 (Energy Harvesting Transducers), BB5.3 (WSN Power
Models), BB6.1 (Processing Units), and BB6.2 (Communication Components) are each active
in nine use cases. UC3 (UAV) is a structural outlier, activating only BB4.4 and BB5.3, as its
power system is external to LoLiPoP-loT scope.

8. LoLiPoP-loT Reference Architecture, Version 2.0

XXIX Evolution from V1.0 to V2.0

Architecture V1.0 established the two viewpoints (VP-01 and VP-02) and demonstrated their
application to individual use cases. Each use case was represented as a set of components
placed within the VP-01 deployment zones and VP-02 functional strata, showing what each
system does, where its components operate, and what functional role each component plays.
V1.0 diagrams were produced by each use case team using a common template, with visual
freedom retained in colour coding, grouping boxes, and connection styles to allow useful
conventions to emerge organically across teams.

Architecture V2.0 builds upon this foundation by integrating the Architecture Building Block
catalogue (Section 7) into the framework. In V2.0, each component in a use case diagram is
additionally labelled with its Architecture Building Block identifier (BB3.1 through BB6.3),
linking the use-case-specific view to the project-wide catalogue. This makes the architecture
not just a documentation and communication tool but a composable, reusable design pattern
for long-life 10T systems: a new use case can be described by selecting the appropriate BBs
from the catalogue and placing them in the VP-01/VP-02 matrix.

The transition from V1.0 to V2.0 was additive rather than disruptive: all V1.0 content was
preserved, with BB labels and, where applicable, WP2 component identifiers overlaid on the
existing VP-01/VP-02 structure. The column and stratum definitions were not changed. Colour
coding to distinguish LoLiPoP-loT-developed components from commercial off-the-shelf
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(COTS) or background elements was standardised during this phase. The process of applying
V2.0 labels retrospectively to existing diagrams and the lessons learned from that process are
discussed in Section 9.2.

XXX Architecture V2.0 Overview

m Networking Devices Gateway Devices

~ ™~ Ve ™, Vs N\

BB3.1 Asset Tracking

BB3.2 Condition Monitoring & PdM
BB3.3 Energy Efficiency

BB3.4 UX & Comfort

BB6.1 Processing Units

BB6.2 Communication Components

i
BB6.3 Sensors

BB4.2 EH Transducers
r—

BB4.3 Power Management
e

BB4.1 Energy Storage

o
] l BB4.4 EE / Constraint-Opt. FW
> NS > N

| . )

NG
a BB5.1 Models: Energy Harvesting BB5.2 Models: Energy Storage BB5.3 Models: WSN Power

Fig. 9 : Architecture V2.0 Overview Diagram

To read a V2.0 architecture diagram, the architect proceeds as follows. The four VP-01
columns define the deployment topology: which components reside at the sensor node, which
at the gateway, which at the edge server, and which in the cloud. The three VP-02 strata define
the functional decomposition within each column: power and physical components at the
bottom, communications and control in the middle, algorithms and intelligence at the top. Each
component box carries its BB label (e.g., BB4.2 for an energy harvesting transducer, BB6.2
for a communication module), linking it to the catalogue in Section 7. Components developed
within LoLiPoP-loT are visually distinguished from COTS or background components by colour
coding. The resulting matrix provides a compact, standards-grounded summary of the entire
use case platform that is directly comparable across use cases. The figure above shows the
typical deployment of building blocks in the architecture. Model building blocks, which are used
to size and validate the power solution building blocks, are shown in a separate stratum below.

XXXI Application of Architecture V2.0: UC5 (Condition Monitoring in a
Paint Drying Facility)

Use Case Overview. UC5 addresses condition monitoring, predictive maintenance, and
energy optimisation in an Arcelik white-goods factory in Eskisehir, Turkiye. The demonstration
site is a spray-painting facility comprising a 400-metre conveyor rack that carries lids, panels,
and vertical cabinets through coating, decontamination, drying, and painting stages. Recurring
breakdowns in the curing ovens occurred approximately monthly, costing the facility an
estimated EUR 48,000-60,000 per year in product scrap, energy, and production idle time,
with maintenance costs of approximately EUR 30 per hour per station (D7.7). The use case
objectives were to minimise breakdowns through Al-based condition monitoring and predictive
maintenance, to optimise oven temperature and gas consumption, and to demonstrate that the
required sensing could be retrofitted wirelessly without disrupting production. The UC5 partner
cluster comprises Argelik (ARC, use case provider), Marmara University (MarUn), BigTRI
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(BTR), BUT, Cognitechna (COG), TST, and Fraunhofer 1IS (FhG-IIS) for energy harvesting
(D2.8, D7.7).

Architecture. The UC5 platform instantiates the full VP-01 deployment topology. In the
Sensors column, PT100 temperature sensors are deployed across the curing and drying
ovens, with vibration sensors on the conveyor rack and motors, water pressure sensors, and
thermographic measurement points (BB6.3). Sensor nodes on the ovens and exhaust
chimneys are powered by thermoelectric energy harvesting (BB4.2: TEG with custom heat
collectors), buffered in a supercapacitor and a high-temperature-tolerant LiPo battery (BB4.1),
under hysteresis-controlled power management (BB4.3) (D4.6). In the Edge Devices column,
edge nodes perform local condition monitoring (ER3.2.2), predictive maintenance inference
(ER3.2.3), energy optimisation (ER3.2.1), and wireless connectivity monitoring (ER3.1.2),
instantiating BB3.2 and BB3.3. In the Gateway Devices column, networking gateways
aggregate sensor data over BLE and Wi-Fi links and route it to the cloud (BB6.2). In the Cloud
column, a Big Data platform (ER3.2.4) manages ingestion and storage, and a Decision Support
System (ER3.2.5) provides real-time analytics and actionable recommendations to operators
(BB3.2, BB3.3).

- N\ N ~ P ~\

ER3.1.2 TRI Er321 @ ER312 TRI ER3.24.. ER325. era21,9,
— MARMAI — —
BB3.1 Asset Tracking BB3.3 Energy Eff. BB3.1 Asset Tracking BB3.1 Asset Tracking ER3.2.4
U IRI
ER322@® ER323,°
T 22 @ Emezs ©® —> o ERazspy
NivKkstY e ER3.24 TRI ER3.2.5TB| as3E .
BB3.2 Condition Monitoring BB3.2 Condition Monitoring RO/
. Y] Y] Rt
« Vibration Edge Device Gateway MS Azure -
« Temperature ==Ss N 7] N
* Termograph Arcelik Configuration Management Configuration Management Configuration Management
* Voltage&Current 4
« Water Pressure BB6.1 WSN (Edge Device) BB6.1 WSN (Gateway Device)
« Water Flow
BB6.1 WSN (Sensors)
TEG Harvesting % fraunhofer
BB4.2 Energy Harvesting (EH) Transducers
- AR _ — >4 ~ J

LoLiPoP-loT COTS Service

ER 3.1.2: Data collection and connectivity monitoring agent, ER 3.2.1: Energy consumption optimization, ER 3.2.2: Condition monitoring of ovens,

ER 3.2.3 Condition monitoring and predictive maintenance of conveyor rack, ER 3.2.4: Big Data Platform, ER3.2.5: Decision Support System

Fig. 10 : UCS5 Architecture Diagram (VP-01/VP-02 populated for Condition Monitoring in a Paint Drying Facility)

Energy subsystem engineering. The UC5 energy subsystem illustrates the design iteration
that the Power Modules stratum makes explicit. Initial field evaluations found that chimney
surface temperatures frequently exceeded 180 °C, damaging standard TEG modules.
Fraunhofer IIS redesigned the harvester by combining COTS TEG modules with custom heat
collectors and heat sinks, and identified alternative mounting locations at approximately 75—
80 °C that preserve an adequate thermal gradient while protecting the electronics. COMSOL-
based simulation (BB5.1) guided iterative optimisation of the heat collector geometry. The
revised prototypes generate usable mW-level power, sufficient to trickle-charge the node
battery between measurement cycles (D4.6). Harvested energy is first stored in a
supercapacitor and transferred to the LiPo battery via a low-startup-voltage DC/DC converter
with hysteresis control, protecting the battery from TEG voltage spikes (BB4.3). Battery sizing
was guided by WP2 power specifications and WP5 simulations (BB5.2, BB5.3).
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Validation results. UC5 progressed from pilot validation (TRL 5-6 at M24) to validated
operation in the production environment (TRL 7 at M36) (D3.3). Measured deployment results
reported in D7.7 and D2.8: approximately 10% improvement in system failure rates;
approximately 5% reduction in gas consumption; greater than 90% fault/anomaly detection
accuracy across the deployed monitoring systems; greater than 99% data availability through
the connectivity monitoring agent under industrial conditions; energy optimisation savings of
approximately EUR 59,000 per year (612,480 kWh/year electricity plus 33,000 m?®/year natural
gas, per D3.3 KPI assessment); and a projected EUR 20,000 per year in maintenance cost
savings per facility. The first large-scale deployment is planned for the Eskisehir facility, with
expansion foreseen across additional Arcelik facilities (D7.7).

Architectural observations. UC5 demonstrates aspects of the framework that UC1 does not.
First, the Algorithms & Al stratum is substantially heavier: six WP3 exploitable results operate
across edge and cloud, and the VP-02 representation makes the edge/cloud division of
algorithmic labour explicit, real-time inference at the edge, model training and fleet analytics in
the cloud. Second, the energy subsystem is thermally driven rather than light/RF-driven, yet
occupies exactly the same Power Modules cells in the matrix as UC1's PV/WPT subsystem,
the structural position of BB4.1/BB4.2/BB4.3 is invariant while the implementing SBBs differ
entirely. Third, UC5 exercises the retrofit constraint at industrial scale: all sensing was added
to operating production equipment without wiring, validating the architecture's core premise
that long-life wireless nodes can be deployed where cabled infrastructure is impractical.

XXXl Application of Architecture V2.0: UC8 (District Heating
Optimisation)

UCB8 was selected as the second V2.0 case study because it represents the third application
domain (Building Energy Efficiency & Comfort) complementing UC1 (Asset Tracking, Section
6) and UC5 (Condition Monitoring, Section 8.3), so that the three case studies in this paper
together cover all three LoLiPoP-loT domains.

Use Case Overview. UC8 addresses energy efficiency and comfort in buildings connected to
district heating networks. The objective is to demonstrate battery-free or maintenance-free
room-level temperature control in radiator-based hydronic heating systems, replacing
conventional battery-powered thermostatic radiator valves (TRVs) with energy-harvesting
equivalents. Energy savings of 10-35% are targeted in residential and non-residential
buildings, achieved by preventing room overheating, integrating weather forecast data,
exploiting natural temperature drops during nights and unoccupied periods, and adapting to
occupancy schedules, with all control actions performed at room level by energy-self-sufficient
TRVs (D7.7). The UC8 partner cluster comprises Centria (CEN, use case lead), MeshWorks
Wireless (MWW), and Offcode (OFC) (D2.8).

Architecture. The UCS8 platform follows a layered structure that maps directly onto VP-01. In
the Sensors column, two wireless node types are deployed: the energy-harvesting TRV node
(sensing room temperature and actuating the valve) and a beacon-type environmental sensor
node (temperature, humidity, optionally CO2) (BB6.3, BB6.1). In the Edge Devices column, an
edge Al system (Jetson-class hardware running CEN algorithms) performs room-level
analytics and heating optimisation (BB3.3, BB3.4). In the Gateway Devices column, a
LoRaWAN gateway bridges the WSN to the cloud over MQTT (BB6.2). In the Cloud column,
services provide visualisation through Grafana dashboards and a 3D digital twin of the building,
integration with district heating company systems via external APIs, and Al-driven optimisation
recommendations (BB3.3) (D2.8). The platform is designed for extension: additional sensor
types integrate via Docker containers and MQTT brokers, and the data-sharing model is
designed to align the incentives of property owners and heating utilities (D8.6).
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Fig. 11 : UC8 Architecture Diagram (VP-01/VP-02 populated for District Heating Optimisation)

Energy subsystem engineering. UC8 presents an energy harvesting problem that is
structurally different from both UC1 and UC5: seasonal variability. Strong thermal gradients
are available from the radiator during the winter heating season, but summer operation (when
radiators are off) must rely on other sources. The UC8 design therefore adopts a triple-source
strategy: thermoelectric harvesting from the radiator pipe gradient (BB4.2: TEG), indoor
photovoltaic harvesting for off-season operation (BB4.2: PV), and NFC-based energy injection
for installation and maintenance situations. Experimental evaluation showed that neither TEG
nor PV alone is sufficient for continuous operation of the smart valve; their combined operation
enables seasonal energy balancing (D4.6). Quantitatively, a 20 x 20 mm TEG module
generates approximately 4 mW at a 12 °C gradient under typical winter conditions, sufficient
to charge a 500 F hybrid lithium supercapacitor (BB4.1) and sustain continuous TRV operation;
the TRV devices were maintenance-free throughout the pilot period (D8.6). The beacon-type
environmental sensor, without harvesting, operates for approximately 42 days at an average
current of 7.69 uA; with a small indoor PV panel and a 40 F supercapacitor, the optimised
sensor achieves sustained operation (D8.6).

Validation. Validation was conducted both in the field pilot and in a dedicated closed-loop
hydronic test laboratory built by MWW, comprising an electric boiler (max 60 °C / 1.5 bar), a
two-circuit distribution manifold, and two panel radiators of differing thermal load, connected
end-to-end through a LoRaWAN gateway to the cloud platform, replicating the full deployment
architecture. The laboratory validates activation thresholds for energy-harvesting nodes,
temperature measurement accuracy against calibrated PT100 references (target +0.5 °C),
wireless link reliability and duty-cycle behaviour, end-to-end control latency from cloud
command to valve actuation, installation time per thermostat (target under 10 minutes), and
valve interface compatibility across standard European M30x1.5 radiator valve bodies (D7.7).
D2.8 reports 25 of 26 collected UC8 requirements fulfilled.

Architectural observations. UC8 contributes three observations to the framework. First, it
demonstrates that the VP-02 Power Modules stratum accommodates multi-source, seasonally
complementary harvesting within the same BB4.2 position, the matrix cell holds a composite
harvesting subsystem rather than a single transducer. Second, UC8 is the only case study in
this paper with an actuation path: the TRV closes the loop from sensing through cloud analytics
13.06.2026
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back to physical control, exercising the bidirectional reading of the VP-01 columns. Third, the
digital twin and external API integration in the Cloud column illustrate how the architecture
connects to systems outside the LoLiPoP-loT scope (district heating operators, building
maintenance), clarifying the system boundary that VP-01 makes explicit.

XXXII  Cross-Use-Case Analysis

The three case studies in this paper (UC1 (Asset Tracking), UC5 (Condition Monitoring), and
UC8 (Building Energy Efficiency & Comfort), together with the full BB-to-UC matrix in Section
7.4 and the final WP7 use case reports (D7.6, D7.7), support several cross-use-case
observations.

The structural positions are invariant; the implementations differ entirely. All three case
studies place energy harvesting, storage, and power management in the same Power Modules
cells of the VP-02 matrix, yet no two share an implementation: UC1 combines indoor PV with
RF wireless power transfer; UC5 uses thermoelectric harvesting from industrial waste heat;
UC8 combines radiator TEG, indoor PV, and NFC injection in a seasonally balanced
composite. The same pattern holds in the Communications & Control stratum (RFID/UWB
backscatter versus BLE/Wi-Fi versus LoRaWAN) and in the Algorithms & Al stratum
(localisation algorithms versus predictive maintenance models versus heating optimisation).
D7.6 draws the same conclusion for the asset tracking domain: the four asset tracking use
cases deliberately do not share a single system architecture, and this diversity demonstrates
that different long-life architectures can be adapted to different operational constraints within
the common framework. The value of the framework is that these substantially different
systems remain comparable cell by cell.

Hybrid energy architectures are universal, confirming the Section 9 finding. Every field
use case combines at least one harvesting source with at least one storage element, and
several (UC1, UC8) combine multiple harvesting sources. No deployed use case relies on
harvesting alone or on a primary battery alone. The seasonal complementarity in UC8 and the
dual light/RF sourcing in UC1 additionally show that multi-source harvesting is not an
optimisation but a reliability requirement when ambient energy availability varies.

The framework supported component reuse under real project stress. A clear instance
of architectural composability arose after the departure of the original UC2 industrial partner.
UC2 was reconfigured as a lab-scale global tracking demonstrator by reusing technology
blocks developed in other use cases: the UC1 wireless power transfer subsystem, the TAUA
low-power node, PV harvesting, and GSM/GPS tracking (D7.6, D6.7). The reconfiguration was
feasible because the building blocks had been specified with defined functionality and
interfaces rather than as monolithic use-case solutions. UC7 and UC9 provide a second,
planned instance of the same effect: both are built on the same modular WSN base board,
with UC9 substituting a vibration harvester and fuel-level sensing for UC7's thermal/vibration
industrial configuration (D7.7).

Validation maturity spans a deliberate spectrum. Per D2.8, the use case outcomes range
from field-validated systems in real operational environments (UC1 asset tracking at BSL, UC4
autonomous tracking device demonstrated as a validated MVP, UC5 deployed in the Argelik
facility at TRL 7), through lab-validated prototypes (UC2 demonstrator, UC3 edge-Al building
blocks, UC6 smart-bearing proof of concept, UC7 modular platform), to prototypes and building
blocks tested in laboratory, representative, or field-study contexts (UC8, UC9, UC10).
Simulation- and model-based assessment (BB5.x) substituted where full-duration validation
was infeasible within the project timeframe, notably for long-term autonomy claims, harvester
sizing, and duty-cycling strategies. The architecture framework applies uniformly across this
maturity spectrum: a VP-01/VP-02 description does not presuppose a deployed system.
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The most shared building blocks are the energy and platform infrastructure, not the
application functions. Consistent with the matrix in Section 7.4, the universally or near-
universally instantiated BBs are BB4.4 (energy efficiency firmware, ten of ten use cases),
BB4.1/BB4.2 (storage and harvesting, nine of ten), BB5.3 (WSN power models, nine of ten),
and BB6.1/BB6.2 (processing and communication, nine of ten). The application-level BBs
(BB3.1 asset tracking, BB3.2 condition monitoring, BB3.4 comfort) partition the use cases by
domain. This confirms the premise of the reference architecture: the long-life power platform
is the common foundation, and the application domains are interchangeable layers above it.

Quantified outcomes accumulate across domains. The validated results reported in the
final deliverables span all three domains: reduced search effort and operational asset visibility
at BSL (UC1, D7.6); approximately EUR 59,000 per year in energy savings, 10% failure-rate
improvement, and over 90% anomaly detection accuracy at Argelik (UC5, D7.7/D3.3);
maintenance-free TRV operation during the heating pilot (UC8, D8.6); sub-25 cm localisation
accuracy and 98% activity classification accuracy in a live office environment (UC10, D6.7);
and continuous battery-free operation of the complete UC9 sensing electronics at up to 55 pA
average load from motorcycle vibration alone (D7.7). These results were produced by ten
differently constituted systems, each described within the same architecture framework.

9. Discussion

XXXIV  Contribution of the LoLiPoP-loT Reference Architecture

The LoLiPoP-IoT reference architecture makes several contributions to the field of loT system
architecture. First, it provides a concrete instantiation of ISO/IEC 30141:2024 that is
specifically tailored to energy-harvesting, energy-constrained loT deployments. While the
standard provides an excellent general framework, it does not prescribe how to address the
specific concerns of long-life power platforms; the LoLiPoP-loT framework fills this gap.

Second, the VP-01/VP-02 combined viewpoint model offers a practical, accessible architecture
documentation tool that is straightforward enough to be adopted by system engineers and use
case owners without extensive architecture training, yet rigorous enough to support traceability
and systematic comparison across a diverse set of deployments.

Third, the Building Block catalogue provides a reusable vocabulary for describing long-life loT
systems that is independent of any specific implementation technology, enabling organisations
to describe and compare their systems at a consistent level of abstraction.

Fourth, the application of the framework across ten use cases has produced an empirically
grounded finding that extends beyond architecture documentation: hybrid energy
architectures, combining energy harvesting transducers (BB4.2) with an energy storage
element (BB4.1), are essential to achieve long operational lifetime in retrofittable WSN nodes
operating under intermittently available ambient energy. In none of the ten project use cases
did energy harvesting alone prove sufficient; temporal and spatial variability in available light,
thermal gradients, and mechanical vibration always necessitated buffering through stored
energy, with supercapacitors and secondary batteries serving complementary roles. This
finding has been documented in WP4 Deliverable D4.6 (April 2026) and constitutes a
transferable design principle for any organisation deploying long-life IoT systems.

The structural evidence for this finding is also visible in the Building Block to Use Case matrix:
BB4.2 (Energy Harvesting Transducers) is active (fully or partially) in nine of the ten use cases,
and BB4.1 (Energy Storage) is active in nine of the ten use cases, with both absent only in
UC3 (UAV, where the power system is outside LoLiPoP-IoT scope). Their near-universal co-
occurrence across the portfolio confirms that the two building blocks are architecturally coupled
and must be co-designed to achieve reliable, maintenance-free operation. Micro-power
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management (BB4.3) and energy efficiency firmware (BB4.4) are the enabling layer that
coordinates this coupling at the system level.

This finding is part of a broader cross-use-case pattern documented in Deliverable D8.6.
Despite the diversity of application domains, energy sources, and communication protocols
across the ten use cases, each use-case-specific solution is composed of the same six
interdependent design variables: an energy source, energy storage, micro-power
management, a sensing workload, a duty cycle strategy, and algorithms or Al. Energy
autonomy is achieved not by optimising any one of these variables in isolation but by co-
designing them as a system, matching the available ambient energy to the workload and the
application's quality-of-service requirements. The evaluation framework in D8.6 assesses each
use case through three corresponding outcome layers: the energy harvested and from what
ambient source; the impact on battery life or autonomy; and the application functionality
retained or enhanced. This six-variable, three-outcome structure provides a systematic basis
for comparing results across use cases that differ substantially in their implementation details,
and it informs the structure of both the Building Block catalogue and the ongoing Concerns
Catalogue development (Section 10.2).

Fifth, the framework addresses a gap that is not covered by the existing major IoT reference
architectures. As the comparative analysis in Section 2.1 shows, none of the frameworks
reviewed (ISO/IEC 30141:2024, IIC/IIRA, oneM2M, RAMI 4.0, FIWARE, InSecTT, or
IMOCOA4.E) treat energy harvesting, energy storage, or micro-power management as first-
class architectural concerns. IMOCO4.E comes closest by addressing edge energy efficiency,
but from a motion control performance perspective rather than from the perspective of energy
autonomy and maintenance-free operation. LoLiPoP-loT raises these concerns to a dedicated
stratum of the VP-02 viewpoint (Power Modules & Specific Components) and a dedicated tier
of Building Blocks (BB4.x, BB5.x). The gap is verifiable directly from the comparison table in
Section 2.1: the only row in the "Power / Energy concern" column marked "Yes (primary focus)"
is LoLiPoP-1oT itself.

Sixth, the VP-01 deployment zone principle, that columns in the reference architecture
represent network environments rather than physical device categories, and that a single
physical device may span multiple columns, is not an arbitrary design decision; it is consistent
with the three most widely recognised loT architecture frameworks. ISO/IEC 30141:2024, the
IIC/IIRA, and oneM2M each arrived at this principle independently: ISO/IEC 30141 defines
network types (proximity, access, services) as the organising topology; IIC/IIRA explicitly
states that its three deployment tiers are network deployment zones and that a single node
may span multiple tiers; and oneM2M classifies nodes by logical functional role rather than
physical housing, with co-location of Application Entity and Common Service Entity stated to
be optional. This convergence (three independent major standards bodies reaching the same
structural conclusion) constitutes a strong validation of the VP-01 foundation. Section 2.3
documents this alignment in full.

Seventh, the framework served its intended function as a cross-consortium communication
and documentation tool during the project. WP6 Deliverable D6.7 (February 2026), which
documents the test and characterisation results for all nine WSN modules developed across
the project, uses the VP-01 column structure as the consistent organisational frame for every
use case architecture diagram, from the wirelessly powered asset tracking tag (UC1) to the
multi-node workplace vitality hub (UC10). In the UC10 DASH module section, D6.7 explicitly
states that the module "implements the Sensors & Actuators and Edge Devices columns in the
common LoLiPoP-IoT reference architecture." The final WP7 use case reports extend this
evidence: D7.6 and D7.7 (May 2026) document all ten use case platforms at M36 within the
same architectural frame, and the final WP2 deliverable D2.8 (May 2026) presents the platform
architecture of every use case using the reference architecture diagrams. This adoption across
independent hardware development teams from diverse European partner organisations,
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sustained across multiple formal project deliverables and work packages, indicates that the
framework provided architectural value beyond the documentation exercise. It gave the teams
a shared language in which to describe and compare their systems without requiring alignment
on implementation technology or domain vocabulary.

Eighth, the framework's ABB/SBB distinction maps directly onto the component taxonomy that
WP6 independently adopted for its WSN modules. D6.7 Figure 1 classifies all WSN module
components into three categories: LoLiPoP-loT developed (new research components),
partner-supplied (technology brought into the project from outside), and COTS (commercial
off-the-shelf). This is structurally equivalent to the ABB/SBB model: an ABB defines the
capability required; the SBB implementing it may be a new LoLiPoP-loT development, a
partner component, or a COTS part. The independent emergence of this same classification
in WP6 supports the view that the ABB/SBB distinction reflects a natural and practically useful
way to organise IoT system components, rather than being an architecture-team construct
imposed on the project from above.

XXXV Lessons Learned

Start architecture framework development earlier. The LoLiPoP-loT reference architecture
framework was not a formally stated task in the original project plan. The work on VP-01, VP-
02, the Building Block catalogue, and the associated matrices was initiated during the project
rather than from the outset. As a consequence, the framework had fewer iterations than it
would have benefited from, and its influence on the early phases of use case development
was limited. In a future project of comparable scope (a multi-partner consortium with diverse
use cases and a shared technology platform) establishing an explicit reference architecture
task from the start, with dedicated time and resources, would significantly increase the
framework's impact on both the technical work and the project's external outputs.

Existing diagrams in WP6 eased VP-01 adoption, but the deployment zone concept
required explanation. Before VP-01 was formally defined, WP6 and several use case teams
had independently developed architecture diagrams with a broadly similar column structure,
hardware nodes arranged horizontally from sensor to cloud. This existing practice made it
relatively straightforward to align those diagrams with VP-01 once the framework was
introduced. However, the explicit framing of columns as network deployment zones rather than
instances of hardware node types was not intuitive to all teams. Renaming the columns to be
more descriptive helped, and targeted explanation was required to establish that a single
physical device can span multiple columns depending on which of its functions are under
consideration. The convergence between VP-01 and the independently validated principle in
ISO/IEC 30141, IIC/IIRA, and oneM2M (Section 9.1, Sixth) provided useful justification that
this framing was architecturally well-grounded rather than an arbitrary choice.

VP-02 was applied retrospectively, but its structure was already latent in existing project
diagrams. VP-02 was developed after VP-01 was already in use across the use case
diagrams, taking partial inspiration from hardware/software stack diagrams developed in UCS8.
Importantly, the three-stratum structure was not imposed on the project from outside, when the
existing WP3 algorithm architecture, the use case hardware stack diagrams, and the WP6
module specifications were examined, the same layering (processing and algorithms at the
top, communications and control in the middle, power and physical components at the bottom)
was already present in various forms. VP-02 formalised and made explicit a structure that had
emerged independently across several work packages. Applying a second viewpoint to
diagrams that had been completed with only the VP-01 horizontal structure in mind
nevertheless added friction. The Algorithms & Al stratum (WP3 outputs, ERXx.y.z identifiers)
mapped clearly onto the existing diagrams and was consistently understood. The Power
Modules stratum was also relatively clear in its scope. However, the middle stratum:
Decentralised Component Communications & Control, corresponding broadly to the
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processing, communication, and system management functions of the WSN node, was less
consistently applied across teams. The abstract nature of VP-02, which is concerned with what
solution has been applied to fulfil a set of requirements rather than how components are
physically wired together, contributed to this: teams accustomed to block diagrams showing
connectivity found the stratum concept less immediately intuitive.

The viewpoints were introduced sequentially, with deliberate room for co-design. VP-01
was applied first: each use case team received a template and written instructions, then
mapped their existing architecture to the four deployment zones. No visual conventions were
prescribed, the choice of colour coding, grouping boxes, legends, and arrow styles was left to
each team, with the deliberate aim of collecting useful ideas from diverse practices before
standardising. VP-02 was then introduced as a second pass: teams overlaid the three
functional strata on their VP-01 diagrams, again with the emphasis on exploration rather than
compliance. Colour coding to distinguish LoLiPoP-loT-developed components from
commercial or background elements was standardised at this stage. This sequential approach
(VP-01 first, VP-02 on top) kept each step simple enough to be adopted without extensive
training, and the co-design emphasis ensured that ideas that emerged in one use case could
spread to others, refining the framework through real use. Full visual consistency across all
use case diagrams remains a work in progress. In a production architecture framework this
would be a gap, but for the purposes of a research consortium it is acceptable as long as the
structural principles are respected, the important outcome is that all use case teams can read
and understand each other's diagrams within a common framework, and that the Building
Blocks can be systematically derived from them. Both of these conditions are met in the current
state of the project.

Grounding the framework in ISO/IEC 30141 added clarity and aided acceptance. The
decision to anchor the LoLiPoP-loT framework in an international standard rather than
developing a bespoke architecture description from scratch had two practical benefits beyond
the technical ones described in Section 9.1. First, it gave the framework development process
a clear reference point: when architectural questions arose (such as what a network
deployment zone means, or how to classify node types) the standard provided an authoritative
answer that could be cited. Second, it aided acceptance within the consortium. Partners who
were initially sceptical of an architecture exercise that was not in the original project plan were
more receptive when the framework was positioned as an application of an established
international standard rather than an internally generated model. The structure also made the
relationships between other project artefacts (the component library, the requirements
templates, the WP3 algorithm deliverables, the WP6 WSN module specifications) more explicit
and traceable, which was a concrete benefit to the project's internal coherence.

XXXVI  Limitations

The current version of the LoLiPoP-loT reference architecture has several limitations that
should be acknowledged.

Actuation is not covered. The LoLiPoP-loT project focused almost exclusively on sensing
and data communication, and as a consequence, the reference architecture work did not focus
on the aspect. Accordingly, the leftmost VP-01 column is labelled "Sensors" but should be read
as "Sensors / Actuators" in any deployment that includes actuation. This is a limitation in the
project-level requirements that propagates into the concerns catalogue, where concerns
related to actuator power consumption, command latency, and fail-safe behaviour are absent.
Extending the framework to cover actuation (particularly relevant for building automation and
industrial control applications) is a clear gap for future work.

Scale and density are not represented in the diagrams. In some deployment scenarios,
particularly industrial and infrastructure monitoring, the number of node instances (potentially
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thousands of sensors) and the distances between network nodes are themselves architectural
concerns that directly influence energy budgets, gateway capacity planning, and
communication protocol selection. The current VP-01/VP-02 matrix diagrams have no
mechanism for expressing these quantitative dimensions: there are no annotations for node
count, coverage radius, or link distance. This means that two architecturally distinct
deployments (one with ten sensors in a single room and one with ten thousand sensors
distributed across a factory floor) are currently indistinguishable in the diagram representation.
The immediate practical workaround used in the project has been to produce multiple
instances of the diagram for architectures with heterogeneous node populations, but this does
not resolve the underlying representational gap.

Ambient energy availability is not represented. Discussions are ongoing within the project
about how to represent the availability and spatial distribution of ambient energy sources
directly within the VP-01 deployment zone diagram, for example, as an annotation layer below
the Power Modules stratum, indicating the energy source type and estimated availability per
deployment zone. This would make energy harvesting feasibility a visible concern in the
primary architectural artefact rather than requiring separate documentation. This
representation is not yet defined or standardised within the framework and remains an open
design question.

The current views are high-level. VP-01 and VP-02 are intentionally high-level views that
prioritise breadth and cross-use-case comparability over implementation detail. For projects
that need to reason about specific hardware interfaces, firmware architecture, communication
protocol stacks, or system timing, more detailed views would be required. Such views (while
consistent with the principles of ISO/IEC 30141) are not currently defined for LoLiPoP-loT and
are out of scope for this project. The framework's utility for detailed design work therefore
depends on its combination with more conventional engineering documentation. A clear path
from the high-level diagrams to more detailed specifications is desirable.

The framework has been validated within a single project context. The LoLiPoP-loT
reference architecture has been developed and tested within one Chips JU research project
and one set of ten use cases. Applying it to a varied selection of long-life 10T projects beyond
LoLiPoP-loT (different domains, different partner organisations, different technology
constraints) will be necessary to identify remaining gaps, validate the generalisability of the
Building Block definitions, and refine the concerns catalogue. The framework as presented
here is a first validated version, not a finished product.

The Trustworthiness Viewpoint of ISO/IEC 30141 (covering security, safety, reliability,
resilience, and privacy) has not been elaborated within this framework. This is a significant gap
for industrial deployments where these concerns are critical, and it is identified as a priority for
future work in Section 10.2.

10. Conclusions and Future Work

XXXVII  Summary of Contributions

This paper has presented the LoLiPoP-loT Reference Architecture for long-life 10T systems.
The framework extends ISO/IEC 30141:2024 with the specific concerns of energy-harvesting,
energy-constrained deployments, a gap that is not addressed by the existing major loT
reference architecture frameworks. It comprises two complementary viewpoints, VP-01 -
network deployment topology and VP-02 - a matrix-based architecture description tool
grounded in internationally standardised vocabulary. It provides a catalogue of fourteen
Architecture Building Blocks aligned with the LoLiPoP-loT work packages, covering algorithms
and Al (WP3), power components (WP4, WP5), and wireless communications (WP6). The
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framework has been applied across ten use cases in a Chips JU consortium, used in formal
WP2, WP6, and WP7 project deliverables, and demonstrated in depth for three use cases
spanning all three application domains (UC1 Asset Tracking, UC5 Condition Monitoring, UC8
Building Energy Efficiency & Comfort). The underlying use case platforms reached validation
maturities ranging from field-validated operation in real industrial environments (UC1, UC4,
UC5 at TRL 7) through lab-validated prototypes to proof-of-concept building blocks (D2.8). A
key empirical finding is that hybrid energy architectures combining harvesting and storage are
structurally necessary across virtually all long-life IoT deployment scenarios.

XXXVIIl  Future Research Directions
Several directions for future work emerge from the LoLiPoP-loT architecture framework.

Applying the framework to a broader set of long-life 10T projects is the most important
next step. The current version has been validated in one project context; applying it to a varied
selection of deployments (in different domains, with different partner organisations, and under
different technology constraints) will identify remaining gaps and refine both the Building Block
definitions and the concerns catalogue. The scope of the framework should remain firmly
bounded to the concerns of powering long-life 0T solutions. The adjacent concerns of loT
system architecture in general (communication protocols, application-layer design, data
management, platform integration) are already well covered by the existing standards and
frameworks reviewed in Section 2.1, and duplicating that coverage would dilute the distinctive
contribution.

Extending the framework to cover actuation is a natural extension. Due to the project focus
on sensing, the current framework is limited to sensing and data communication; real
deployments in building automation, industrial process control, and smart infrastructure
increasingly require actuation. Extending VP-01 to "Sensors / Actuators," adding actuation
concerns to the catalogue, and characterising the energy implications of actuator duty cycles
would bring the framework to full applicability in these domains.

Representing scale and ambient energy in the VP-01 diagram are two open
representational questions. Adding a mechanism to annotate deployment zone diagrams with
node count ranges and inter-node distances would make the framework useful for capacity
planning and energy budget estimation at the system level. Adding a layer below the Power
Modules stratum to represent the type and estimated availability of ambient energy sources
per deployment zone would make harvesting feasibility a visible architectural concern in the
primary diagram rather than a separate document.

The Trustworthiness Viewpoint (covering security, safety, reliability, resilience, and privacy)
represents a significant gap and is a priority for future elaboration. This is particularly relevant
for the industrial and healthcare deployment contexts represented by several LoLiPoP-loT use
cases, where regulatory requirements (IEC 62443, MDR, EU Al Act) impose specific
trustworthiness obligations.

A Concerns Catalogue is under development as a companion instrument to the reference
architecture, as a design support tool. Where the architecture answers “what to build”, the
Concerns Catalogue is intended to answer “what to ask before you build”, formalising the
design experience from the LoLiPoP-loT project into a structured, reusable guidance
instrument for greenfield long-life 10T projects. The current proof-of-concept version organises
concerns in three tiers: screening questions that determine whether a long-life 10T platform is
the right solution and which parts apply; structured co-design concerns covering the key
solution components identified across the project's use cases; and decision guidance linking
to the Building Block catalogue, relevant standards, and lessons learned. Evaluation,
refinement, and testing of the Concerns Catalogue outside the consortium is an ongoing effort.
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More detailed views consistent with the VP-01/VP-02 foundation but at higher resolution
would extend the framework's utility to detailed engineering work, firmware architecture,
communication protocol stack selection, system timing analysis. These are out of scope for
the current paper but are a natural evolution path for a framework intended for reuse in future
projects.
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Appendix A: Glossary

Term / Abbreviation Definition

ABB, Architecture Building Block An abstract specification of a required capability; guides
the development of Solution Building Blocks (see TOGAF
definition, Section 2.2).

SBB, Solution Building Block A concrete, implementable component or product that
realises the functionality specified by an ABB.

BB, Building Block Used in LoLiPoP-loT to refer to an Architecture Building
Block (ABB) unless explicitly qualified as a Solution
Building Block.

EH, Energy Harvesting The process of capturing ambient energy (light, vibration,

thermal, RF) and converting it into electrical energy for
powering sensor nodes.

EPC Gen 2 Electronic Product Code Generation 2, the ISO/IEC
18000-63 RFID air interface standard used in UHF RFID
systems.

ES, Energy Storage Energy storage subsystem; in LoLiPoP-loT typically a
super-capacitor or thin-film battery that stores harvested
energy.

10T, Internet of Things A system of interrelated computing devices, mechanical
and digital machines, objects, or people with unique
identifiers and the ability to transfer data over a network
without  human-to-human or  human-to-computer
interaction (per ISO/IEC 30141:2024).
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loTRA loT Reference Architecture, referring to ISO/IEC
30141:2024 in this document.

LoLiPoP-loT Long Life Power Platforms for the Internet of Things, the

Chips JU (EU Horizon Europe) project described in this
white paper.

MCU, Microcontroller Unit

An integrated circuit containing a processor, memory, and
programmable /O peripherals, used to manage
communication and run the protocol stack in sensor
nodes.

MPM, Micro Power Module

The integrated power management subsystem of a
sensor node, including the PMIC and energy
management firmware.

PMIC, Power Management IC

An integrated circuit managing power distribution, voltage
conversion, and energy flow within a sensor node.

PV Cell

Photovoltaic cell, converts incident light energy into
electrical energy; in LoLiPoP-loT used for indoor ambient-
light energy harvesting.

RFID, Radio Frequency Identification

Technology for wireless identification of tagged objects
using radio waves.

SBB See Solution Building Block.

UC, Use Case One of the ten project deployment scenarios, each
addressing a specific application of LoLiPoP-loT
technology in a real or laboratory setting.

UHF Ultra-High Frequency, the 300 MHz to 3 GHz radio

frequency range; in LoLiPoP-IoT refers to the UHF RFID
band (860960 MHz).

UWB, Ultra-Wideband

A radio technology using a very wide frequency band
(typically >500 MHz) that enables precise indoor
localisation using time-of-flight measurements.

VP-01 Viewpoint 01, the LoLiPoP-loT System Deployment View,
organised around four vertical columns (Sensors,
Gateway Devices, Edge Devices, Cloud).

VP-02 Viewpoint 02, the LoLiPoP-loT Functional Stratum View,

overlaying three horizontal strata (Power Modules,
Communications & Control, Algorithms & Al) on the VP-
01 columns.

WSN, Wireless Sensor Network

A network of spatially distributed autonomous sensors
that monitor physical or environmental conditions and
communicate via wireless protocols.

WP, Work Package

A major division of the LoLiPoP-loT project plan. WP3:
Algorithms & Al; WP4 & WP5: Power components; WP6:
Communications.
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Appendix B: Use Case Catalogue

The following table provides a concise summary of all ten LoLiPoP-loT use cases. Full
architectural documentation for each use case is maintained in the project's internal
architecture repository.

Domain Setting Lead Partner Description
uc1 Medical Asset Tracking Field BSL Indoor RFID and
Technology Asset UWB asset tracking
Tracking for medical device
manufacturing

(pacemakers), with
PV and RF/WPT
energy harvesting.
See Section 6.

uc2 Orthopaedic Asset Tracking Lab IUNET Lab-scale  global
Surgical Loaner Kit tracking
Tracking demonstrator  for

surgical loaner kits,
reconfigured after

the original
industrial partner's
departure by

reusing LoLiPoP-
loT technology
blocks: GSM/GPS
tracking, PV
harvesting, and the
UC1 RF wireless
power transfer
subsystem (D7.6).

ucs3 Hybrid Asset | Asset Tracking Lab ADI Edge-Al perception
Tracking building blocks for
mobile
(UAV/MoBot-style)
asset tracking

concepts, validated
under  laboratory
and simulated
conditions at the
ADI Catalyst facility

(D7.6, D2.8).

uc4 Air Cargo | Asset Tracking Field SAT Autonomous
Autonomous tracking device for
Tracking Device aviation cargo

pallets (ULD), with
PV-assisted energy
harvesting for
GNSS localisation,
geofencing, and
condition alerts.

ucs Condition Condition Field ARC TEG-powered
Monitoring in Paint | Monitoring wireless sensor
Drying Facility network for
condition
monitoring and
predictive

maintenance in an
Argelik white-goods
paint drying facility.

WP2 LoLiPoP-loT — Non-Confidential 13.06.2026



Reference Architecture

White Paper LoLiPoP-loT Page: 45
ucCe Smart Bearings in | Condition Field TST Variable-reluctance
Electric Vehicles Monitoring energy-harvesting
smart bearing
platform for
condition
monitoring of EV
drivetrains, with
unsupervised-
learning fault
detection.
uc7 Process Equipment | Condition Field ESY TEG and vibration
Monitoring Monitoring energy-harvesting
modular WSN
platform for
condition
monitoring of
industrial  process
equipment
(silo/bulk
containers, robotic
arms).
ucs District Heating | Energy Efficiency & | Field CEN TEG and indoor-
Optimisation Comfort PV-powered
batteryless  smart
radiator valves for
district heating
energy
optimisation.
uc9 Lightweight Mobile | Condition Lab SGO Vibration  energy-
Fuel Monitoring (at | Monitoring harvesting BLE
High Dynamic sensor integrated in
Motion) a motorcycle fuel
tank for fill level,
temperature,
pressure, and
contamination
monitoring;
complete sensing
electronics
demonstrated
battery-free at up to
55 pA from ride
vibrations  (D7.7,
D2.8).
uc10 Energy Efficient | Energy Efficiency & | Lab IMEC Indoor-PV-powered

Light and Comfort
in Healthy Buildings

Comfort

occupancy and
environmental
sensing for

occupancy-aware
lighting, thermal
comfort, and air
quality control in the
IMEC Living Lab.

Appendix C: Long-life loT Viewpoint Specification

This appendix gives the full specification of the Long-life loT Viewpoint summarised in Section
3.4. The viewpoint is structured in the style of the viewpoint definitions in ISO/IEC 30141:2024
(specifically the Foundational loT Viewpoint, §6.2). It is a LoLiPoP-loT project artefact that
specialises 1SO/IEC 30141:2024 for the long-life, energy-harvested loT domain; it is not a
normative extension of, or amendment to, the standard, and has no standards status of its
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own. It should be read as a worked construction-pattern specialisation in the sense of ISO/IEC
30141:2024 §6.7 and Annex A.

The Long-life 10T Viewpoint is the LoLiPoP-loT specialisation of the ISO/IEC 30141:2024
Foundational loT Viewpoint. Where the Foundational loT Viewpoint answers "What is 1oT?",
the Long-life 1oT Viewpoint answers "What is a long-life, energy-harvested loT system?";
framing the essential characteristics, defining constraints, and applicability conditions that must
be established before VP-01 (Deployment Topology) and VP-02 (Functional Strata) are
applied. It is the entry point to the LoLiPoP-loT RA.

Field Content

Viewpoint name Long-life loT Viewpoint. Relationship to ISO/IEC
30141:2024: specialises the Foundational loT Viewpoint
(§6.2) for long-life, energy-harvested loT systems, and
takes the place of the inherited Foundational viewpoint in
the LoLiPoP-loT RA viewpoint set.

Overview Framing of the essential characteristics and defining
constraints of long-life, energy-harvested loT systems.
This viewpoint establishes what distinguishes a long-life
loT system from a conventional battery-powered loT
deployment, when the long-life loT pattern is the
appropriate  architectural approach, and what
fundamental constraints (operational lifetime target,
power budget, ambient energy availability) govern all
subsequent architecture decisions in VP-01 and VP-02.

Known typical stakeholders System architect / platform architect; technology
evaluator; EU SME (primary target adopter of the RA);
project manager / programme manager; domain expert
(industrial, building, smart mobility); business manager /
system owner; loT standards expert; use case technical
lead.
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Concerns

What are the essential characteristics of long-life IoT
systems, and what distinguishes them from conventional
battery-powered loT systems? What constitutes 'long-life’
in the context of wireless loT sensing systems? (The
project addresses operational lifetimes ranging from
under one year to more than five years, for applications
where such a lifetime is required.) Where in a given
system do long-life power platforms need to be present?
(Which deployment zones require energy harvesting
and/or extended energy autonomy?) How and where in
the system are power sources provided, and what
ambient energy sources are available and sufficient to
sustain node operation? How and where is energy saving
addressed (which functional strata and deployment zones
require duty-cycle optimisation and energy-aware
design)? How is energy-efficient communication
achieved within the power budget of long-life loT nodes?
Where does domain-specific functionality reside
(sensing, processing, actuation), and does it need to
apply energy-saving measures? Is a given system or
deployment context a candidate for the long-life IoT
pattern - when is energy harvesting the appropriate
choice, and when is a primary cell or wired power
sufficient? What is the energy-harvesting 'sweet spot' -
the harvested-energy range and power-consumption
level at which energy-autonomous WSN operation
becomes technically and economically feasible? What
are the implications of the long-life constraint for
component selection, system architecture, operational
model, and total cost of ownership?

Model kinds

Energy balance model: a quantitative model of the
energy budget - harvested power available versus system
power consumption - across the deployment lifetime; the
fundamental feasibility model for long-life loT. Inputs:
ambient energy characterisation, node duty cycle, load
profile. Output: predicted operational lifetime and storage
requirements. Operational context model: a descriptive
model of the deployment environment, characterising the
ambient energy sources available at each sensor
location, the physical access constraints that make
battery replacement impractical, the deployment scale,
and the environmental conditions (temperature, vibration,
chemical exposure) affecting component lifetime and
harvesting performance. Applicability screening
instrument: a structured set of screening questions
whose answers determine whether the long-life IoT
pattern applies to a given deployment and which
subsequent design concerns are relevant. In the
LoLiPoP-loT project this instrument is being developed
within a companion Concerns Catalogue, a proof-of-
concept artefact (see Section 10.2); the screening
approach is illustrative of how applicability is assessed
rather than a fixed or normative specification.
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Legends

The Long-life loT view provides: 1. Essential
characteristics of a long-life loT system. A long-life loT
system is an loT system satisfying both of the following:
(a) it includes at least one wireless sensor node for which
battery replacement within the target operational lifetime
is operationally impractical, prohibitively expensive, or
environmentally unacceptable - due to the number of
nodes, their physical inaccessibility, or the maintenance
cost at scale; and (b) at least one ambient energy source
- light (photovoltaic), kinetic/vibration (VEH, VREH),
thermal gradient (TEG), or RF/wireless power transfer - is
available at or near the sensor deployment location at a
power density sufficient to sustain node operation within
the target duty cycle, alone or in combination with energy
storage. 2. The energy-harvesting sweet spot. Energy-
autonomous WSN operation becomes feasible when
harvested energy is in the range of a few nJ to hundreds
of nJ per duty cycle and node power consumption is
limited to roughly <100 pW (low budget) to <500 uW (high
budget). Within this range, commercially available
transducers, storage elements, and ultra-low-power
components enable multi-year autonomous operation;
systems outside this range require primary-battery
backup or wired power. 3. An applicability screening
instrument - a structured set of screening questions
covering operational lifetime and maintenance, physical
and environmental feasibility, application domain,
infrastructure and integration, and development approach
- used to assess whether the long-life IoT pattern applies
and to scope the subsequent design effort. The detailed
question set is maintained in the companion Concerns
Catalogue (proof-of-concept; see Section 10.2) and is
illustrative rather than normative. 4. Relationships and
implications. A description of how the screening
outcome and the energy balance model together
determine: (a) the configuration of VP-01 deployment
zones requiring energy harvesting; (b) the relative
importance and population of the VP-02 Power Modules
& Specific Components stratum; and (c) which
subsequent design-concern areas apply.

View methods

Step 1 - Energy source identification: identify and
characterise all ambient energy sources available at the
sensor deployment location; for each, measure or
estimate  available  power density (uW/cm?),
seasonal/operational variability, and suitability for the
target transducer technology; document in the
operational context model. Step 2 - Energy balance
analysis: construct the energy balance model; estimate
node power consumption at the target duty cycle
(sensing, processing, radio); compare with available
harvested power; calculate required storage capacity and
cold-start behaviour; determine whether the system falls
within the energy-harvesting sweet spot. Step 3 -
Applicability screening: apply the applicability
screening instrument; record the answers and note which
subsequent design-concern areas are activated. Step 4 -
Zone and stratum implications: based on Steps 1-3,
identify which VP-01 deployment zones require long-life
power platforms and document the implications for the
VP-02 Power Modules stratum configuration. This output
is the input to VP-01 and VP-02 viewpoint application.
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Correspondence methods To VP-01 (Deployment Topology Viewpoint): the
Long-life loT view identifies which deployment zones
(Sensors, Gateway Devices, Edge Devices) require
energy harvesting and energy management components;
this identification drives the placement of Power Modules
components in the VP-01 matrix. To VP-02 (Functional
Strata Viewpoint): the essential characteristics and
energy balance identified here determine the relative
importance and required configuration of the Power
Modules & Specific Components stratum; the energy
budget directly constrains duty-cycle design in the
Algorithms & Al stratum and communication-protocol
selection in the Communications & Control stratum. To
the companion Concerns Catalogue: the screening
outcome determines which subsequent design concerns
are relevant and at what depth. The Concerns Catalogue
is a proof-of-concept companion instrument under
development (see Section 10.2); its detailed structure is
outside the scope of this white paper. To ISO/IEC
30141:2024 Foundational loT Viewpoint (§6.2): this
viewpoint specialises the Foundational loT Viewpoint; the
two essential characteristics of a long-life IoT system
(conditions (a) and (b) above) extend the essential
characteristics of loT systems defined in §6.2 of the
standard with the long-life and energy-harvesting
specifics.

References ISO/IEC 30141:2024 §6.2 (Foundational loT Viewpoint -
the basis this viewpoint specialises); ISO/IEC
30141:2024 §6.7 and Annex A (Construction Viewpoint
and patterns - the LoLiPoP-loT RA as a construction
pattern); this white paper, Section 3 (foundational
concepts) and Section 4 (requirements and component
library); Deliverable D8.6 (empirical characterisation of
long-life 10T system performance across the ten use
cases); Deliverables D2.7 and D2.8 (platform
specifications and validation evidence; energy-budget
data); project-level requirements REQ-PRJ-001 to REQ-
PRJ-020; and the companion LoLiPoP-loT Concerns
Catalogue (proof-of-concept instrument under
development; see Section 10.2).

Appendix D: Viewpoints, Stakeholders and
Concerns

This appendix adapts the structure of ISO/IEC 30141:2024 Table 1 (List of viewpoints,
stakeholders, and concerns) for the LoLiPoP-loT Reference Architecture. Like the rest of this
RA and Appendix C, it is a LoLiPoP-loT project artefact that specialises ISO/IEC 30141:2024;
it conforms to the standard's viewpoint framework and refines it for long-life, energy-harvested
loT systems, but it is not a normative extension of, or amendment to, the standard and carries
no standards status of its own. For each row, the table records (1) the LoLiPoP-loT RA's
relationship to the corresponding ISO/IEC 30141 viewpoint, (2) the stakeholders relevant to
long-life, energy-harvested loT systems, and (3) the concerns the viewpoint addresses in the
LoLiPoP-loT context.

Relationship legend:
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Relationship Meaning

Inherited

Viewpoint adopted from ISO/IEC 30141:2024 without
LoLiPoP-loT-specific specialisation. The RA conforms to
the viewpoint as defined in the standard; stakeholders
and concerns are refined for the long-life loT domain.

Specialised

Viewpoint is the basis for a LoLiPoP-loT-defined
viewpoint (the Long-life loT Viewpoint, VP-01, or VP-02)
that further constrains and extends the ISO/IEC 30141
viewpoint for long-life, energy-harvested IoT systems.

Partial / Gap

Viewpoint is only partially addressed in the current
LoLiPoP-loT RA. Relevant concerns are recognised, but
a fully elaborated LoLiPoP-loT-specific viewpoint has not
yet been defined; this is identified as a direction for future
work.

Viewpoint (ISO/IEC

30141:2024 basis)

LoLiPoP-loT relationship

Concerns (in the
LoLiPoP-loT context)

Known typical
stakeholders

Long-life loT Viewpoint
(specialises §6.2
Foundational loT
Viewpoint; see Appendix C)

Specialised as the Long-life
loT Viewpoint

System architect / platform
architect; technology
evaluator; EU SME
(primary target adopter);
project /  programme
manager; domain expert
(industrial, building, smart
mobility); business
manager / system owner;
loT standards expert; use

Essential characteristics of
long-life loT systems and
what distinguishes them
from conventional battery-
powered systems; what
constitutes 'long-life’ (the
project addresses lifetimes
from under one vyear to
more than five years, where
required); where long-life

case technical lead. power platforms must be

present; what ambient
energy sources are
available and sufficient;

where and how energy
saving and energy-efficient
communication are
addressed within the power

budget; where domain-
specific functionality
resides; whether a

deployment is a candidate
for the long-life l1oT pattern
(energy harvesting versus
primary cell or wired
power); the energy-
harvesting 'sweet spot'; and
the implications of the long-
life constraint for
component selection,
architecture, operation, and
total cost of ownership. The
full specification is given in
Appendix C.
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Business

(§6.3)

Viewpoint

Inherited

Business manager / OEM
product manager; system
owner (facility / operations
manager); loT  service
provider; EU SME (primary
target adopter);
procurement / investment
decision-maker;

sustainability / ESG officer.

Total-cost-of-ownership
reduction through energy
harvesting and long battery
life (procurement,
replacement labour,
downtime); battery-waste
elimination and contribution
to EU sustainability
objectives; deployment
scalability enabled by
extending or eliminating
battery-replacement
intervals; business-model

innovation (perpetual
monitoring, autonomous
predictive maintenance,

battery-free asset tracking);
the reuse business case for
EU SMEs adopting the RA
rather than developing from
scratch; regulatory
alignment (e.g. ATEX,
MDR, EU Al Act) in the
target domains; and
application-domain  value
(asset-tracking accuracy,
predictive-maintenance
accuracy, building energy
savings).
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Usage Viewpoint (§6.4)

Inherited

System  architect; field
engineer / installation
technician; system
integrator; loT platform
operator; end user (facility
manager, maintenance
engineer, logistics
operator); project manager.

How field engineers deploy,
commission, and configure
energy-harvested nodes;
how the system interacts
with physical assets under
energy-constrained
conditions; how behaviour
changes across cold-start,
energy-deficit, and energy-
surplus modes and how
those transitions are
managed; how sensing,
communication, and
processing are duty-cycled
within the energy budget
while meeting data-quality
requirements; how
operators or digital systems
configure duty cycles,
update  firmware, and
retrieve data without
disrupting energy-
autonomous operation;
how the platform integrates
with  existing enterprise
systems (ERP, CMMS,
BMS); how operation is
sustained under physical
and environmental
constraints; and how
system health (energy
state, storage charge,
harvesting rate) is
monitored and
communicated.
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Functional Viewpoint
(§6.5; specialised as VP-02
- Functional Strata
Viewpoint)

Specialised as VP-02

System architect / platform
architect; power-electronics
/ energy-harvesting
engineer; WSN systems
engineer; embedded
software engineer; loT
standards expert; project
manager; use case
technical lead.

Power Modules &
Specific Components
stratum (POWER): what
harvesting transducers,
storage elements, and
power-management

functions are required at
each deployment zone, and
what the inter-stratum
energy flows are.
Communications &
Control stratum
(CONNECT): what
communication protocols,
security  functions, and
system-management

functions are required, and
their energy implications.
Algorithms & Al stratum
(SENSE/THINK): what
data-processing, inference,
and edge-intelligence
functions are required and
at which deployment zones
they execute. How Power-
stratum functions constrain
and enable the
Communications and
Algorithms strata (energy-
aware scheduling, duty-
cycle optimisation); how
Building Block functions
(BB3.x, BB4.x, BB5.Xx,
BB6.x) are allocated to VP-
02 strata and VP-01
columns; the energy
implications of each
functional choice and the
trade-offs between sensing
resolution, communication
frequency, and edge-
processing load; and, as a
cross-cutting concern
(SUSTAIN), how all strata
collectively contribute to the
operational-lifetime target.
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Trustworthiness
Viewpoint (§6.6)

Partial / Gap

System architect; security
engineer; security
manager; privacy manager
(GDPR officer); regulatory-
compliance officer (ATEX,
MDR, EU Al Act); project
manager; business
manager / system owner.

The energy—security trade-
off (implementing
encryption, authentication,
and integrity within an ultra-
low-power budget;
suitability of lightweight
cryptography); privacy and
data governance (GDPR
and sector-specific
constraints on data types,
storage, retention, and
access); physical security
and tamper detection in
unattended distributed
nodes; maintaining system
integrity over a multi-year
lifetime without regular
maintenance access;
regulatory compliance
(ATEX/DSEAR, MDR, EU
Al Act); and resilience
under energy-deficit
conditions, component
ageing, and degradation of
harvesting sources. This
viewpoint is identified as a
gap in the current RA (see
Section 9.3 and Section
10.2). Initial coverage is
provided, as an ongoing
proof-of-concept effort, in
the companion Concerns
Catalogue (see Section
10.2); a dedicated
trustworthiness viewpoint is
a direction for future
development.
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Construction Viewpoint
(§6.7; specialised as VP-01
- Deployment Topology
Viewpoint, with the Building
Block catalogue)

Specialised as VP-01

System architect / platform
architect; system designer /
systems engineer; use
case technical lead; loT
platform integrator; field
engineer (deployment
planning); project manager;
technology evaluator / EU
SME.

Deployment-zone

assignment (assigning
components to Sensors,
Gateway Devices, Edge
Devices, and Cloud by
network role and proximity
to the physical world rather
than by physical housing);
multi-zone components
(which physical devices
span multiple VP-01 zones
and how this is expressed);
energy-harvesting

placement (at which zones
harvesting, storage, and
management components
are located and how this
affects the energy
architecture); Building
Block composition (how
ABBs and SBBs from the
catalogue compose into a

complete architecture
within the VP-01/VP-02
matrix); template
instantiation  (how  the

matrix is populated for a
use case, with conventions
for placement, labelling,
and cross-zone flow); how
screening and  design-
concern outcomes
translate into VP-01/VP-02
population decisions and
the requirements-to-
diagram traceability chain;
and the platform-versus-
use-case split (what the RA
fixes at platform level and
what individual use case

teams determine),
including which ISO/IEC
30141 Annex A

construction patterns are
co-applicable for a given
deployment context.

Note: The concerns in this table are elaborated, as an ongoing proof-of-concept effort, in the
companion LoLiPoP-loT Concerns Catalogue (see Section 10.2). The detailed structure of that
catalogue is outside the scope of this white paper. The Business and Usage viewpoint
concerns are also covered by Deliverable D8.6, which documents business and operational
outcomes across all ten use cases. The Trustworthiness row is a candidate for elaboration into
a dedicated viewpoint in a future version of the RA.
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