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Abstract 
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This deliverable addresses data discovery challenges in European environmental research 
infrastructures by documenting semantic search capabilities within ENVRI-Hub NEXT. We 
assessed existing semantic infrastructures across the ENVRI community, identifying 
operational SPARQL endpoints in ICOS, Euro-Argo, SeaDataNet, and the NERC Vocabulary 
Server. Our architecture integrates Semantic Web technologies with Large Language Models 
through the Model Context Protocol, enabling natural language queries across federated 
knowledge graphs. We recommend adopting the SKG-IF standard for metadata 
harmonization and defining a 12-month roadmap with user stories and success criteria. This 
work aims to democratize environmental data access and advance FAIR principles 
implementation. 
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Executive Summary 
This deliverable presents the state of the art and design of semantic search solutions within the 
ENVRI-Hub NEXT project. It describes existing infrastructures, deployed technologies, and the 
roadmap for the next 18 months. 

Semantic search in ENVRI-Hub relies on three technological pillars: knowledge graphs to 
structure metadata according to standardized ontologies, SPARQL endpoints to query these 
graphs, and MCP (Model Context Protocol) connectors to interface these semantic resources 
with Large Language Models (LLMs). 

Several research infrastructures in the ENVRI community already have operational SPARQL 
endpoints, including the central ENVRI-Hub catalogue, the NERC vocabulary server (NVS), 
ICOS, Euro-Argo, and SeaDataNet. For infrastructures that do not yet have a knowledge graph, 
we recommend adopting the SKG-IF (see R1 Scientific Knowledge Graph Interoperability 
Framework) standard developed by the RDA. 

The next steps will consist of exposing these semantic resources to LLMs via MCP connectors, 
thus enabling natural language querying of catalogues through conversational agents. This 
approach will transform the user experience by making data and services from environmental 
research infrastructures more accessible and queryable. 
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1. Introduction 
The ENVRI-HUB-NEXT project aims to strengthen interoperability and accessibility of data and 
services from European environmental research infrastructures. In this context, semantic search 
constitutes a fundamental element to enable researchers to discover and access relevant 
resources in an intuitive and efficient manner. 

This deliverable reviews the state of the art of semantic search within the ENVRI-Hub NEXT 
project, documenting existing deployed technologies and the design of search algorithms that 
will be implemented over the next 12 months. It is part of Work Package 10 dedicated to 
improving data discovery and access capabilities. 

Semantic search differs from traditional keyword search by exploiting the semantics and 
relationships between concepts rather than relying on exact syntactic matching (e.g. Duhan et 
al., 2024). It relies on Semantic Web technologies (see R10) such as knowledge graphs, 
ontologies, triple stores and the SPARQL query language (see R1, R2, R3, R4, R5). The goal is to 
enable users to formulate queries in natural language and obtain relevant results that exploit the 
richness of structured metadata. 

1.1. Objectives of this Deliverable 

This document aims to: 

●​ Establish an inventory of semantic resources currently deployed in the ENVRI 
community; 

●​ Present the principles and technologies underlying semantic search in ENVRI-Hub; 

●​ Design the architecture and semantic search algorithms; 

●​ Define the roadmap for the development and implementation of advanced search 
functionalities. 

1.2. Document Structure 

The rest of this document is organized as follows: 

●​ Section 2 presents the general principles of semantic search and the key technologies 
used.  

●​ Section 3 provides a detailed inventory of existing semantic resources in the ENVRI 
community.  

●​ Section 4 describes the design of the search architecture and algorithms. 

●​ Section 5 presents the development roadmap for the coming months.  

●​ Finally, Section 6 concludes this deliverable and offers perspectives. 
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2. General Principles of Semantic Search 
Semantic search in ENVRI-Hub relies on a set of principles and technologies that enable full 
exploitation of the richness of research infrastructure metadata. This section presents the 
conceptual and technical foundations of our approach. 

2.1. Architecture Overview 

ENVRI data and services are exposed in ENVRI catalogues and/or directly within individual 
research infrastructures. The ENVRI-Hub NEXT project – building upon the architectural 
framework of the original ENVRI-Hub (see R12 Petzold et al. 2023) – dedicates significant efforts 
to creating catalogues compliant with FAIR principles (Findable, Accessible, Interoperable, 
Reusable) (see R13 Wilkinson et al, 2016). These catalogues are designed to be queried 
semantically, thus enabling optimized discovery and access to scientific resources. 

In ENVRI-Hub, research assets – including data, services, and documents – can be discovered 
via the catalogue or the ENVRI knowledge base search engine. This search engine indexes 
ENVRI resources using advanced information retrieval technologies, offering keyword-based 
search and similarity-based ranking. Additionally, the ENVRI knowledge base provides 
LLM-empowered dialogue agents to support personalized search experiences (see R14 Zhao et 
al., Advancing the ENVRI Knowledge Base with LLM Agents and Model Context Protocol. 
Abstract in SciDataCon 2025 / International Data Week).  

The semantic search capability is often structured around three main components: knowledge 
graphs that structure metadata according to standardized ontologies, SPARQL endpoints that 
enable querying of these graphs, and MCP (Model Context Protocol) connectors that bridge 
knowledge graphs and Large Language Models (LLMs). This modular architecture ensures both 
flexibility and extensibility of the system. 

2.2. SPARQL Endpoints 

The consensus within the ENVRI community is to manage service metadata in a knowledge 
graph, generally hosted in a triple store (graph-oriented database). A triple store stores 
information as subject-predicate-object triples, in accordance with RDF (Resource Description 
Framework) Semantic Web standards. 

For each knowledge graph, a SPARQL endpoint enables semantic queries. SPARQL (SPARQL 
Protocol and RDF Query Language) is the standard query language for RDF data, comparable to 
SQL for relational databases. It allows expression of complex queries exploiting relationships 
between entities and metadata properties. 

A central SPARQL endpoint can perform federated queries, simultaneously interrogating multiple 
local SPARQL endpoints hosted by different research infrastructures. This federated approach 
enables a unified view of distributed resources while respecting the autonomy of each 
infrastructure. 
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2.3. Knowledge Graphs 

A knowledge graph represents the semantic content exposed by a research infrastructure, 
structured according to an ontology. An ontology formally defines the concepts of a domain and 
the relationships between these concepts, thus enabling standardized and interoperable 
representation of knowledge. 

Some research infrastructures in the ENVRI community already have knowledge graphs 
describing their data and services, exposed via SPARQL endpoints. These graphs may use 
different ontologies according to the specific needs of each infrastructure and its scientific 
domain. 

For research infrastructures that do not yet have a knowledge graph, or wish to improve the 
interoperability of their existing metadata, we recommend adopting the SKG-IF (Scientific 
Knowledge Graph Interoperability Framework) standard. This standard, described in the 
following section, offers a common data model specifically designed for scientific research 
infrastructures. 

2.4. The SKG-IF Standard 

SKG-IF (Scientific Knowledge Graph Interoperability Framework) (see R15 Mannocci et al. 2025) 
is a common data model developed by the RDA (see R1 Research Data Alliance) to enable 
interoperability between scientific knowledge graphs. It is a community effort aimed at 
establishing standards for representing research information across different disciplines and 
infrastructures. 

SKG-IF provides a standardized ontology and schema for representing research outputs, 
datasets, organizations, researchers, projects, and their relationships across different research 
infrastructures. The model notably covers: 

•​ Publications and other research outputs, 

•​ Datasets and their metadata, 

•​ People and their affiliations, 

•​ Organizations and institutions, 

•​ Research projects and their funding, 

•​ Relationships between these different entities. 

Adopting SKG-IF presents several advantages for the ENVRI community. It facilitates 
harmonization of metadata between infrastructures, simplifies federated queries by relying on a 
common vocabulary, and reduces development and maintenance costs by pooling efforts 
around a shared standard. Moreover, SKG-IF is designed to be extensible, allowing 
infrastructures to add domain-specific concepts while maintaining compatibility with the base 
model. 

The complete documentation of SKG-IF is available at:  

●​ https://skg-if.github.io/data-model 
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For infrastructures that already have knowledge graphs, we will study migration or compatibility 
possibilities towards SKG-IF. This approach can take different forms depending on the case: 
complete migration to SKG-IF, maintaining a dual model with mappings between the existing 
ontology and SKG-IF, or progressive extension of the existing ontology to include SKG-IF 
concepts. 

2.5. Model Context Protocol (MCP) 

The Model Context Protocol (MCP) (see R16 Anthropic, 2024) constitutes the interface layer 
between knowledge graphs and Large Language Models (LLMs). An MCP connector exposes 
the semantic content of the ENVRI catalogue and research infrastructure catalogues to LLMs, 
thus enabling exploitation of these resources in a conversational artificial intelligence context. 

MCP acts as a bridge between Semantic Web technologies (knowledge graphs, SPARQL) and 
generative AI technologies (LLMs). It translates natural language queries formulated by users 
into structured SPARQL queries, executes these queries on appropriate endpoints, and then 
reformats results so they can be presented intelligibly by the LLM. 

A chatbot interfaced with the LLM enables natural language querying of research infrastructure 
resources. Users can thus ask complex questions without needing to know SPARQL or the 
structure of knowledge graphs. The system understands user intent, identifies relevant 
resources, formulates appropriate queries, and presents results conversationally. 

This conversational approach represents a major evolution in the accessibility of scientific data, 
considerably reducing the technical barrier for researchers who wish to discover and access 
resources from environmental research infrastructures. 

 
Figure 1: MCP Bridge between Semantic Web Technologies 
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3. State of the Art of Semantic Search in the  
ENVRI Community 

The ENVRI community has already established several operational semantic infrastructures. 
This section presents an inventory of existing resources and concrete examples of semantic 
search usage. 

3.1. Existing Semantic Resources 

A series of SPARQL endpoints is already deployed and operational within the ENVRI community. 
These endpoints expose metadata from different research infrastructures and enable advanced 
semantic queries. Here is an inventory of the main resources: 

3.1.1. Central ENVRI-Hub Catalogue 
The ENVRI-Hub Catalogue Of Services (COS) has a SPARQL endpoint that aggregates 
metadata from different member research infrastructures. This central catalogue plays a 
federating role and enables cross-cutting searches across the entire ENVRI ecosystem. 

●​ https://envri-hub.staging.envri.eu/sparql/rdflib  

3.1.2. NERC Vocabulary Server 
The NVS (NERC Vocabulary Server) constitutes an essential resource for terminological 
harmonization. It hosts a vast collection of controlled vocabularies for marine and environmental 
sciences. The NVS SPARQL endpoint is accessible at:  

●​ https://vocab.nerc.ac.uk/sparql 

NVS notably exposes resources from the I-ADOPT framework (Interoperability of Data and 
Procedures in Ocean sciences), which provides a conceptual model for standardized description 
of observed variables and measured parameters in the oceanographic and environmental 
domain. 

3.1.3. ICOS (Integrated Carbon Observation System) 
ICOS (see R6), the European research infrastructure for carbon observation, has a SPARQL 
endpoint for its metadata. This catalogue exposes information on measurement stations, 
datasets, and observed variables related to the carbon cycle. The ICOS SPARQL client is 
accessible at:  

●​ https://meta.icos-cp.eu/sparqlclient 

3.1.4. Euro-Argo 
Euro-Argo, the European infrastructure for oceanographic profiling floats, has developed a 
knowledge graph based on Linked Data. The Euro-Argo SPARQL endpoint (see R7) enables 
querying of float, mission, and observation metadata. It is accessible at:  
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●​ https://co.ifremer.fr/co/argo-linked-data/html/Argo-HTML-SPARQL 

3.1.5. SeaDataNet CDI 
SeaDataNet, the pan-European infrastructure for oceanographic and marine data, exposes its 
metadata via the CDI (Common Data Index, see R8). The CDI SPARQL endpoint enables 
querying of a rich catalogue of marine datasets from numerous European institutions. It is 
accessible at:  

●​ https://cdi.seadatanet.org/sparql 

3.1.6. Other Infrastructures 
Other research infrastructures in the ENVRI community are developing their semantic 
capabilities, notably ANAEE (Analysis and Experimentation on Ecosystems) and several FAIR 
Data Point (FDP) implementations. These initiatives will be integrated into the semantic search 
ecosystem as they mature. 

3.2. Examples of Semantic Queries 

Existing SPARQL endpoints already enable sophisticated semantic queries exploiting 
relationships between concepts and metadata properties. Here are some usage examples: 

 

Figure 2: The List of ICOS Stations​
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Figure 3: The list of ENVRI-Hub Research Infrastructures 

3.2.1. Parameter Mapping with NVS and I-ADOPT 
An important use of semantic search consists of mapping parameters measured by different 
research infrastructures with NVS standardized vocabularies and the I-ADOPT framework. This 
allows identification of equivalent or similar variables across different infrastructures, even when 
they use different terminologies. 

For example, a SPARQL query can identify all infrastructures that measure sea surface 
temperature, relying on the formal definition of this parameter in controlled vocabularies. This 
approach greatly facilitates comparative studies and multi-source analyses. 

3.2.2. Multi-Infrastructure Federated Queries 
Federated queries enable simultaneous interrogation of multiple SPARQL endpoints to obtain an 
overview of available resources. For example, a query can search for all datasets available for a 
given geographical area (such as the Bay of Biscay) by simultaneously querying the catalogues 
of ICOS, Euro-Argo, SeaDataNet, and other infrastructures. 

3.2.3. Resource Discovery through Semantic Relationships 
The richness of knowledge graphs enables resource discovery through navigation of semantic 
relationships. For example, from a research project, one can discover produced datasets, 
involved researchers, associated publications, and used infrastructures. This exploratory 
approach is particularly useful for data discovery and linking related resources. 
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4. Design of Search Algorithms 
This section describes the technical architecture and design of semantic search algorithms that 
will be developed and deployed within the ENVRI-Hub NEXT project. The goal is to create an 
integrated system enabling intuitive querying of research infrastructure resources. 

4.1. Overall Architecture 

The ENVRI-Hub semantic search architecture is structured around several interconnected 
technological layers. Figure 4 illustrates the general organization of the ENVRI HUB Next 
system: 

 
Figure 4: ENVRI-Hub Semantic Search Architecture 

Data Layer: 

At the base of the system are triple stores hosting knowledge graphs from different research 
infrastructures (see Catalogue@RI, Data catalogue@hub, Service Catalogue@hub in Figure 4). 
These graphs are structured according to standardized ontologies, notably SKG-IF for 
infrastructures adopting this standard. This layer ensures the persistence and integrity of 
semantic metadata. 

Data Access Layer: 

SPARQL endpoints (light green in Figure 2) expose knowledge graphs and enable their querying. 
A central endpoint (top left) coordinates federated queries to local endpoints of different 
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infrastructures. This distributed architecture preserves the autonomy of each infrastructure 
while allowing a unified view of resources. 

Artificial Intelligence Layer: 

MCP connectors bridge SPARQL endpoints and Large Language Models (LLMs). They translate 
natural language queries into structured SPARQL queries, manage execution of these queries on 
appropriate endpoints, and reformat results for presentation by the LLM. This layer also 
integrates reasoning and query optimization logic. 

User Interface Layer: 

At the top of the architecture is the conversational interface (chatbot) that allows users to 
interact with the system in natural language. This interface masks underlying technical 
complexity and offers an intuitive and accessible user experience. 

4.2. Conversational Agents 

Conversational agents constitute the privileged interface between users and ENVRI-Hub 
semantic resources. These agents exploit the capabilities of Large Language Models to 
understand natural language queries and orchestrate access to different data sources. 

4.2.1. Understanding User Intent 
The first step in processing a query consists of analyzing user intent. The LLM identifies key 
concepts mentioned (parameters, geographical areas, time periods, infrastructures), determines 
the desired search type (data discovery, metadata navigation, comparative analysis), and 
extracts constraints and filtering criteria. 

4.2.2. Query Generation and Execution 
Based on intent analysis, the system generates one or more SPARQL queries. The MCP 
connector translates the conceptual representation of the query into formal SPARQL syntax, 
selects relevant endpoints, and orchestrates query execution. In case of federated queries, the 
system coordinates calls to different endpoints and aggregates results. 

4.2.3. Results Presentation 
Raw results from SPARQL queries are transformed by the LLM into a conversational 
presentation adapted to the context of the initial question. The system can synthesize results, 
organize them by relevance, suggest complementary searches, and provide links to complete 
resources. The goal is to present information clearly and actionably for the user. 

4.3. User Stories 

To illustrate the expected capabilities of the semantic search system, we present some user 
stories representative of researcher needs, giving guidelines and motivation for the needed 
development steps presented in the roadmap (see Section 5): 
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4.3.1. Geographical Visualization of Observations 
User Query: 

"I want to see ENVRI observations on a map" 

Processing: 

The system queries different catalogues to identify all geolocated datasets, extracts their 
geographical coordinates and associated metadata, and then generates an interactive map 
visualization. The user can then filter by observation type, infrastructure, time period, etc. 

4.3.2. Query for Specific Data 
User Query: 

"I want to know the average temperature of the Bay of Biscay this October" 

Processing: 

The system identifies the geographical area (Bay of Biscay), the searched parameter (surface 
temperature), and the time period (October of the previous year). It queries relevant catalogues 
(Euro-Argo, SeaDataNet, ICOS, etc.) to find corresponding datasets, accesses the data itself if 
available, calculates the requested average, and presents the result with metadata of sources 
used. 

4.3.3. Discovery of Related Resources 
User Query: 

"What data are available to study the impact of climate change on marine ecosystems in the 
Mediterranean?" 

Processing: 

This complex query requires an understanding of semantic relationships between concepts. The 
system identifies relevant data types (temperature, salinity, biodiversity, water chemistry), the 
geographical area (Mediterranean), and searches for associated datasets, publications, and 
projects. It presents results organized by theme and suggests complementary resources based 
on relationships in the knowledge graph. 
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5. Roadmap and Next Steps 
This section presents the roadmap for the development and deployment of semantic search 
functionalities over the next 12 months of the ENVRI-Hub NEXT project. 

5.1. Phase 1: Consolidation of Existing Infrastructures (Months 23-30) 

Objectives: 

•​ Document existing SPARQL endpoints, 

•​ Evaluate the compatibility of existing knowledge graphs with SKG-IF, 

•​ Develop first versions of MCP connectors for priority infrastructures, 

•​ Establish a registry of vocabularies and ontologies used in the ENVRI community. 

5.2. Phase 2: Development of Conversational Agents (Months 23-30) 

Objectives: 

•​ Implement a conversational agent prototype with a limited set of use cases, 

•​ Develop algorithms for natural language → SPARQL query translation, 

•​ Integrate MCP connectors with selected LLMs, 

•​ Conduct user testing with a pilot group of researchers. 

5.3. Phase 3: Extension and Optimization (Months 30-36) 

Objectives: 

•​ Extend the system to all infrastructures in the ENVRI community, 

•​ Optimize federated query performance, 

•​ Improve intent understanding and query generation algorithms, 

•​ Develop advanced features: proactive suggestions, faceted navigation, etc., 

•​ Prepare technical documentation and user guides. 

5.4. Associated Deliverables 

Implementation of this roadmap will result in the following deliverables: 

•​ D10.2: Conversational agent prototype and evaluation (Month 36), 

•​ Scientific publications on the architecture and algorithms developed, 
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5.5. Test Criteria, Benchmark 

The following criteria will serve as benchmarks for the project: 

•​ Number of integrated infrastructures: at least 8 infrastructures with operational SPARQL 
endpoints, 

•​ Query performance: average response time < 5 seconds for simple queries, 

•​ Understanding accuracy: success rate > 85% on a set of test queries, 

•​ User satisfaction: satisfaction score > 4/5 in user testing, 

•​ Adoption: at least 100 active users within 6 months following deployment. 
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6. Conclusion 
This deliverable has presented the state of the art and design of semantic search solutions 
within the ENVRI-Hub NEXT project. The ENVRI community already has a solid foundation with 
several operational SPARQL endpoints and rich knowledge graphs exposing metadata from 
environmental research infrastructures. 

The proposed architecture relies on three complementary technological pillars: knowledge 
graphs structured according to standardized ontologies (notably SKG-IF), SPARQL endpoints 
enabling querying of these graphs, and MCP connectors interfacing these semantic resources 
with Large Language Models. This approach combines the advantages of the Semantic Web 
and conversational artificial intelligence to offer an intuitive and powerful user experience. 

The next 12 months will be dedicated to progressive development and deployment of semantic 
search functionalities. The established roadmap provides for an iterative approach in three 
phases: consolidation of existing infrastructures, development of conversational agents, and 
then extension and optimization of the system. This approach will enable validation of technical 
choices and integration of user feedback throughout development. 

The final goal is to transform the experience of scientific data discovery and access by enabling 
researchers to query resources from environmental research infrastructures in natural language. 
This democratization of data access will contribute to accelerating environmental research and 
fostering interdisciplinary collaborations within the ENVRI community. 

The next deliverable (D10.2) will demonstrate developments carried out and present an 
evaluation of the operational system. There will also be an opportunity to share lessons learned 
and best practices identified during implementation. 
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