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Abstract

Heating is a major component of urban energy use. The German Federal Heat
Planning Act requires municipalities to prepare transparent, spatially consistent heat
plans. Current practices rely on disparate datasets and separate models, making it
difficult to compare cities or coordinate action beyond municipal boundaries. To
address this gap, this study demonstrates a unified, semantic and agent-based data
architecture based on dynamic knowledge graphs that automates data retrieval, har-
monises building information and supports reproducible simulations. The frame-
work is applied to two neighbouring German cities to quantify heating demand,
rooftop solar-heating potential and the techno-economic impact of adding thermal
storage. Results show that 69% of buildings in Pirmasens and 56% in Kaiserslautern
achieve a positive net present value for solar heating without storage, while coordi-
nated operation increases usable surplus power and can supply up to 93 tonnes of
green hydrogen per year, avoiding nearly 1 kilotonne of CO;. By linking municipal
knowledge graphs through a shared semantic layer, the framework enables interop-
erable and consistent cross-city assessment of heating demand, solar potential, and
surplus-electricity coordination. The work demonstrates how semantic infrastructure
can operationalise national heat-planning mandates and provide a transferable digital
backbone for integrated low-carbon urban and industrial development through sector
coupling.
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Highlights
* Unified workflow for building heat-demand simulation is demonstrated in two
cities.

* Quantify rooftop solar heating and evaluate storage effects on project eco-
nomics.

» Semantic data architecture supports consistent cross-city analysis.

* Conduct regional coordination to share surplus power and increase hydrogen
output.

* Support municipal planning in line with the German Federal Heat Planning
Act.
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1 Introduction

In recent years, the decarbonisation of urban heat systems has emerged as a critical com-
ponent of national and municipal climate strategies. This is largely due to the scale of en-
ergy used for heating, which continues to dominate end-use consumption globally. Based
on statistical estimates, heating remains the world’s largest single end-use of energy, with
space and water heating in buildings accounting for approximately 46% of global energy
consumption [33]. As local authorities increasingly take responsibility for meeting cli-
mate targets, cities have become key actors in designing and implementing low-carbon
heat transition pathways.

To support this shift, several countries have introduced policy frameworks to support lo-
cally tailored approaches to urban heat decarbonisation. For instance, Denmark has long
enabled municipalities to coordinate district heating expansion using renewable and waste
heat [39]. In the United Kingdom, local governments are now expected to prepare spa-
tially explicit Local Area Energy Plans that integrate emissions targets, building stock
data and infrastructure constraints [70]. The Netherlands requires neighbourhood-level
“heat transition visions” to guide the phasing out of natural gas [63]. China has promoted
city-level action through the Clean Winter Heating Plan for Northern China, combin-
ing targets for “clean heating” uptake with measures spanning fuel switching, district
heating upgrades and building efficiency improvements [34]. In Latin America, Chile
has linked residential heating interventions to local air-quality governance, using Atmo-
spheric Decontamination Plans and associated policies to reduce firewood-based space
heating emissions via technology replacement and fuel quality improvements [32]. Ger-
many has recently adopted a similar approach through the Federal Heat Planning Act,
which mandates the development of municipal heat strategies based on geospatial anal-
ysis and renewable integration [6]. While these national approaches differ in scope and
governance, Germany’s legislation is particularly notable for its attempt to standardise
municipal heat planning across the country under a unified policy framework. Despite
these advances, significant technical challenges remain in urban energy modelling and
heat planning. Data fragmentation and the lack of common modelling standards often
lead to isolated analyses that are difficult to compare or replicate across cities [47]. In
addition, many planning models are embedded within highly localised analytical contexts
and are not designed to be adapted to other urban settings, which limits their general-
isability and the broader application of insights. A related gap is the lack of modelling
frameworks that can support spatial coordination or assess inter-city complementarities
and shared infrastructure, despite the increasing recognition of regional heat planning
needs [25].

Urban building energy modelling (UBEM) has emerged as a powerful approach for repre-
senting heating demand across entire urban areas at high spatial resolution [64], offering
detailed insights into spatial energy patterns and providing valuable support for heat plan-
ning. Yet, UBEM is often implemented as a stand-alone approach and rarely integrated
with data infrastructures that can evolve with changing inputs, support flexible scenario
analysis, enable cross-city comparison, or facilitate coordinated planning. This separation
limits the ability of municipal planners to produce consistent, transparent, and transfer-
able outputs. These limitations could be addressed by a data framework that integrates



heterogeneous sources while providing semantic consistency, interoperable interfaces,
and mechanisms for continuous updates and reconfiguration as datasets, schemas, and
planning questions change. Knowledge-based semantic approaches, particularly when
combined with semantic technologies, offer opportunities to meet these requirements.7he
World Avatar (TWA) provides a dynamic semantic approach that can harmonise hetero-
geneous datasets through explicit, machine-interpretable structures and can reorganise in-
formation into planning-relevant representations as needed, while supporting automated
retrieval and integration [28]. When coupled with UBEM, this approach enables building-
by-building energy simulations at the city scale that remain linked to up-to-date informa-
tion and interoperable across modelling components. Embedding UBEM within such a
dynamic semantic infrastructure provides a viable pathway for flexible, transparent, and
scalable municipal heat-planning tools across different urban contexts.

The purpose of this paper is to investigate options for supporting the low-carbon tran-
sition of municipal heating systems and related regional energy uses, and to demonstrate
how the knowledge-based approach espoused by The World Avatar (TWA) can provide
a robust and transferable data backbone for such analyses. Using TWA’s semantic data
structures, harmonised city-wide datasets can be retrieved and used for transparent, repro-
ducible building-by-building simulations. Building on earlier work for Pirmasens, a city
in the German federal state of Rhineland-Palatinate [69], the refined framework is applied
to the neighbouring city named Kaiserslautern to evaluate adaptability under different
local conditions, and the analysis is extended to beyond the single-city scale to cross-
city coordination by linking municipal datasets through a shared query layer to assess
surplus-power sharing and power-to-hydrogen potential. Overall, the study indicates that
a scalable semantic infrastructure can enable consistent heat-planning assessments across
municipalities and unlock additional decarbonisation value through regional coordination.

The structure of this paper is as follows. Section 2 introduces the conceptual and policy
background. Section 3 describes the modelling framework and workflows for heating-
demand simulation, rooftop solar utilisation, surplus-power coordination, and power-to-
hydrogen conversion. Section 4 presents and discusses the simulation validation, city-
level heat-planning outcomes, and the effects of regional coupling. Section 5 summarises
the key insights and implications for municipal planning and sector-coupled decarbonisa-
tion.

2 Background

This section outlines the principles and applications of UBEM, which provides a char-
acterisation of building-level energy demand at city scale and serves as a core analytical
basis for low-carbon heating strategies. Subsequently, TWA is introduced as an approach
to integrate heterogeneous datasets and promote semantic interoperability across mod-
elling domains. Within TWA, the City Energy Analyst (CEA) agent connects semantic
data representations with building- and district-scale energy simulations, enabling auto-
mated, reproducible, and scalable workflows, which is also elaborated herein. Finally,
approaches to regional energy synergy analysis are considered, extending city-scale ca-
pabilities to multi-city contexts to support coordinated infrastructure planning, inter-city



energy exchange, and cross-boundary optimisation. Together, these elements establish the
conceptual and technical foundation for the integrated modelling framework employed in
this study.

2.1 Urban building energy modelling

UBEM extends the principles of conventional building energy modelling from individual
buildings to the city scale, enabling the estimation of energy demand across large urban
areas with high spatial granularity [74]. By integrating information on building geome-
try, typology, construction characteristics, occupancy behaviour, and climatic conditions,
UBEM provides a bottom-up representation of energy use across the building stock. This
fine-grained characterisation captures spatial and temporal variations in energy consump-
tion and thus forms a critical analytical basis for assessing urban decarbonisation path-
ways [64].

Data for UBEM are typically sourced from Geographic Information Systems (GIS), cadas-
tral databases, remote sensing, and statistical building archetypes [73, 78], while simula-
tion outputs include spatially resolved heating and cooling loads, end-use energy distribu-
tions, and the potential impacts of retrofit or decarbonisation scenarios [10, 77]. As such,
UBEM serves as an essential analytical foundation for urban heat planning, allowing local
authorities to quantify baseline energy needs, assess intervention pathways, and evaluate
alternative supply options at multiple spatial and temporal scales [36]. Hence, UBEM has
become an indispensable foundation for municipal and regional heat planning.

Over the past decade, a number of UBEM platforms have been developed, reflecting dis-
tinct modelling philosophies, data requirements, and computational strategies. Among
these, City Energy Analyst (CEA) [16, 17] is an open-source platform that supports city-
scale energy analysis through a set of modules. For example, its demand module computes
hourly thermal and electrical loads at the building level, and its resource potential module
estimates renewable energy potentials, including photovoltaics, solar thermal collectors,
and hybrid photovoltaic-thermal systems. CEA has been used in a range of case stud-
ies [23, 24, 48, 52, 53, 67], illustrating its application in academic and planning contexts.

To support use across different data environments, UBEM workflows commonly rely on
assumed parameters generated from design guides that allow simulations to be conducted
even in the absence of detailed local data [80]. While this approach ensures accessibil-
ity and comparability, it also introduces limitations in terms of accuracy and contextual
relevance. Model outputs that rely heavily on generic assumptions that do not necessar-
ily reflect local construction standards, occupancy schedules, or energy system config-
urations, thereby constraining the representativeness and reproducibility of results [82].
Consequently, the capacity of UBEM to support decision-making depends strongly on the
quality, consistency, interoperability of underlying data inputs, and knowledge of local
building codes.

These challenges could be addressed by a more dynamic and semantically consistent
data infrastructure that can harmonise heterogeneous datasets, support automated data
exchange, and ensure reproducibility across modelling environments. Integrating UBEM
within such a framework would allow for continuously updated, transparent, and transfer-



able energy simulations at city scale. The following section therefore introduces TWA, a
dynamic knowledge-based approach designed to provide precisely these capabilities and
to enhance the interoperability and scalability of UBEM-based heat planning.

2.2 The World Avatar approach

The World Avatar (TWA) is a community-driven open-source project that aims to explore
how explicit knowledge models can be used to achieve a general knowledge representa-
tion of the world at large, acted upon by a closed system of semantic computational agents
that act autonomously to maintain and enrich the knowledge representation [, 7, 68].
TWA is based on the idea that data, models, and analytical tools form a dynamic se-
mantic system in which information from heterogeneous sources can be represented in a
machine-interpretable and interoperable form [45]. This representation supports consis-
tent querying and reasoning across domains, and it can evolve as new data and modelling
requirements arise, which is particularly relevant for urban energy system analyses.

The current implementation of TWA is built on Semantic Web technologies, using the
Resource Description Framework (RDF) and domain ontologies to represent statements
as subject-predicate-object triples [40, 43], allowing entities and relations to be expressed
in a structured form. Ontologies formally define domain concepts and their relation-
ships [20], providing semantic consistency across datasets and tools by enforcing shared
meanings and constraints. Together, RDF and ontologies enable heterogeneous informa-
tion to be integrated, queried (e.g., via SPARQL), and extended without losing semantic
coherence.

The “dynamic” aspect of TWA is realised through autonomous software agents that in-
teract with the knowledge graph [83]. Agents can retrieve, validate, transform, and write
data, and can orchestrate model execution by linking external sources and simulation out-
puts back into the same semantic structure. This mechanism confers dynamic behaviour,
allowing the knowledge graph to be continuously updated and, when needed, reorganised
into analysis-ready representations while preserving semantic consistency through shared
ontologies.

TWA can also operate under varying data fidelities. Where high-resolution local inputs
are unavailable, agents can populate required fields using proxy datasets, inferred values,
or simulation-derived quantities to support continuity of analysis. As more detailed ob-
servations or authoritative records become available, they can be incorporated using the
same semantic structure, enabling progressive refinement while maintaining traceability
of data provenance and assumptions.

By combining semantic technologies, ontology-based consistency, and an agent-enabled
update mechanism, TWA provides an interoperable and extensible infrastructure for in-
tegrating heterogeneous urban energy data and models. In the context of UBEM, these
capabilities directly address data fragmentation and improve reproducibility and transfer-
ability of modelling workflows. The next section introduces how CEA is integrated within
TWA as an agent to connect semantic data representations with building- and district-scale
energy simulations.



2.3 City Energy Analyst agent within The World Avatar

The CEA agent acts as an interface between TWA and the CEA simulation engine [17]. It
provides an autonomous component within TWA that enables building- and district-scale
energy simulations and supports the automated assessment of energy demand and renew-
able energy potential, thereby facilitating applications such as municipal and regional heat
planning [69]. In this work, the agent is understood not merely as a script or workflow
wrapper, but as a modular semantic service that retrieves semantically defined inputs from
TWA, executes predefined simulation tasks in CEA, and returns structured outputs to the
knowledge graph. By using TWA’s dynamic knowledge graph, the agent can automati-
cally retrieve, integrate, and update the input datasets required for simulations, thereby
reducing manual configuration and improving model reproducibility.

A central feature of the CEA agent is its ability to replace default assumptions with
context-specific, semantically linked data obtained from TWA. Instead of relying on generic
archetypes, the agent accesses building-level information, such as geometry, type, and oc-
cupancy, as well as site-specific weather and terrain data. These inputs are automatically
retrieved and mapped to the formats required by CEA. As demonstrated in previous im-
plementation [69], this capability substantially improves simulation accuracy and local
representativeness, a finding corroborated by other studies on data-driven urban energy
modelling [15]. By dynamically adapting its inputs to reflect real-world conditions, the
agent bridges the gap between model abstraction and empirical data.

Through the semantic integration mechanism of TWA, the CEA agent continuously utilises
the most recent and contextually relevant information. When new or updated datasets are
introduced, including revised building stock information, updated meteorological records,
or infrastructure extensions, the agent can automatically incorporate them into subsequent
simulations without requiring reconfiguration. Conversely, the simulation results gener-
ated by the agent are written back into the knowledge graph as structured semantic data,
ensuring that outputs are interoperable, traceable, and reusable by other agents or ana-
lytical workflows. This bidirectional data flow closes the loop between modelling and
knowledge management, creating a self-updating ecosystem.

The CEA agent contributes to a highly interoperable and extensible modelling environ-
ment. Multiple agents can interact through shared ontologies, exchanging data and coor-
dinating computations to support multi-domain and multi-scale analyses. While the agent
provides consistent, comparable, and data-rich outputs at the city scale, the broader ques-
tion of how regional energy synergies should be conceptualised, assessed, and planned
extends beyond any specific tool or platform. The next section therefore presents a gen-
eral perspective on regional energy synergy analysis, including the clarification of key
definitions and typical coordination mechanisms.

2.4 Municipal and regional energy system analysis

Municipal and regional energy system analysis focuses on planning interactions between
heating and power systems within and beyond municipal boundaries to improve efficiency,
resilience and decarbonisation outcomes. At the municipal scale, a city-scale characteri-



sation of energy demand and renewable generation potential provides the analytical foun-
dation for heat planning [30]. Building-level modelling yields spatially and temporally
resolved heating and electricity demand that reflects variations in building type, usage pat-
terns and microclimatic conditions, while parallel assessments of photovoltaic potential
estimate the renewable supply that can be integrated within local boundaries [79]. Taken
together, these single-city analyses identify local self-sufficiency, imbalances and tech-
nology options within municipal borders and support the design of targeted renovation
strategies, network expansions and decentralised renewable deployment.

The relevance of such municipal scale assessments has increased following the intro-
duction of Germany’s Federal Heat Planning Act (Bundeswdrmeplanungsgesetz), which
came into force in 2024 [6]. The Act establishes a uniform national framework for munic-
ipal heat planning by requiring all municipalities above 100,000 inhabitants to complete
a full heat plan by 2026, and smaller municipalities by 2028. Each plan must include
a geospatially explicit representation of current and future heating demand, the techni-
cal potential of renewable and waste heat, the suitability of areas for district heating,
and scenarios for achieving climate neutral heat supply by 2045. The legislation further
mandates the use of transparent, reproducible and data based analytical methods, with
datasets structured so that they can be aggregated consistently at state or regional level.
Consistency of input data and modelling assumptions is essential for meaningful compari-
son [56, 81], because only comparable datasets and aligned assumptions allow differences
in results to be attributed to real structural and contextual factors rather than artefacts of
mismatched temporal resolution, system boundaries, or data provenance. Approaches
that employ federated data retrieval and harmonised semantic structures have therefore
become increasingly relevant [4], as they reduce manual data wrangling and version drift,
preserve traceable links to heterogeneous sources, and allow models and analyses to be
executed and updated consistently across administrative boundaries, thereby supporting
reproducible assessments in addition to cross-city comparison. Modelling approaches
that derive building-level heating demand and rooftop photovoltaic potential on this basis
directly support the legal requirements, as they provide the type of structured and compa-
rable information needed for statutory municipal heat plans.

Building on this basis, regional energy synergy analysis focuses on coordination across
multiple cities or urban districts in order to achieve collective efficiency, resilience and de-
carbonisation goals. While much of the existing research in urban energy modelling has
focused on individual cities as self-contained systems, recent studies increasingly high-
light the potential of inter-city cooperation to balance renewable generation and demand at
a broader spatial scale [25]. This regional perspective aligns with emerging policy frame-
works that emphasise integrated planning across administrative boundaries and the joint
utilisation of distributed energy resources [5], exemplified by Germany’s Federal Heat
Planning Act, which standardises municipal heat planning and encourages regional coor-
dination. It recognises that cities are not isolated units but interconnected nodes within
wider energy, industrial, and environmental networks.

Most existing work still models cities as isolated entities [26, 37], focusing on internal
load-generation balancing without explicitly representing inter-city interconnections or
surplus sharing across municipal boundaries. Yet, considering cities as nodes within an
interconnected regional network is both useful and justified. Urban areas often display



complementary load and generation patterns [75], primarily due to variations in build-
ing stock composition, land-use, industrial activity and renewable resource availability.
Facilitating electricity sharing between cities allows excess renewable power generated
in one location to offset deficits in another, reducing curtailment and enhancing regional
self-sufficiency. Although the practical implementation of inter-city exchanges depends
on local grid conditions, this conceptual framework could still illustrate the potential ben-
efits of coordination at the regional level [76], and can support the regional scenario
development envisaged in the Federal Heat Planning Act.

When both cities simultaneously produce excess electricity, the remaining surplus can be
directed towards flexible industrial applications within the wider region. More broadly,
a growing body of research examines how surplus renewable electricity can be utilised
through electrochemical conversion pathways, with hydrogen production via electrolysis
being a particularly prominent option [54, 55]. This is especially relevant when elec-
trolysers are co-located with chemical or biorefinery facilities, where they can operate
as controllable loads that absorb intermittent renewable generation, thereby mitigating
grid imbalances while supporting industrial decarbonisation. Hydrogen produced in this
way can be used on-site for heat and feedstock substitution, or stored and transported
for later use, effectively linking the power and industrial sectors [42]. Beyond hydrogen,
other electrochemical or power-to-X pathway, such as the production of synthetic fuels or
chemicals, offer similar opportunities for flexible utilisation of surplus energy [9].

This sector-coupled perspective reflects a broader trend in regional energy research that
moves beyond single-domain optimisation towards integrated system design. By con-
necting urban and industrial processes through shared energy and material flows, regions
can increase resource efficiency, reduce emissions and improve economic resilience [18].
Sector coupling also enables the creation of local value chains for renewable electricity,
strengthening regional economies and facilitating the transition to a circular, low-carbon
energy system. Taken together, municipal and regional energy system analysis integrates
detailed single city characterisation, spatial coordination between cities and cross sectoral
coupling within a consistent analytical framework. By quantifying demand, generation
and exchange potentials on comparable terms, it identifies where and when cooperation
can deliver mutual benefits and how shared infrastructures may facilitate a more efficient,
low-carbon regional transition [21]. The conceptual and empirical insights gained from
such analyses provide a foundation for policy-makers and planners seeking integrated
multi-city and multi-sector strategies that maximise renewable utilisation and strengthen
regional self-sufficiency [57], directly aligning with the data transparency, cross munici-
pal coordination and climate neutrality pathways mandated by the Federal Heat Planning
Act.

3 Method

This study investigates options to support the low-carbon transition of municipal heat-
ing systems and energy use in two independent cities (kreisfreie Stiadte) in the German
federal state of Rhineland-Palatinate, namely Pirmasens and Kaiserslautern. Both are lo-
cated in the south-western part of the state at the northern edge of the Palatinate Forest
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(Pfilzerwald) low-mountain range and share a temperate oceanic climate.

Pirmasens is a medium-sized city close to the French border with a municipal area of
about 61 km? and an estimated 39,700 inhabitants in 2023. The settlement structure is
characterised by a compact historic core surrounded by post-war residential quarters and
small-scale industrial and commercial areas. Kaiserslautern, located north-east of Pir-
masens, is the larger regional centre with an area of approximately 140 km? and about
100,000 inhabitants. It hosts a university campus, research institutes and major com-
mercial and military facilities, resulting in a more heterogeneous land-use pattern and
a broader mix of building typologies. The straight-line distance between the two urban
cores 1s about 30 km, and typical road travel distances are about 35 km. The location
and key characteristics of the two cities are shown in Figure 1. An example of a 3D vi-
sualisation of Pirmasens and the regional view of these two cities could be found in the
Appendix.
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Figure 1: Geographic location and key characteristics of Pirmasens and Kaiserslautern.

Despite the differences in size and functional role, the two cities share similar climatic
conditions and broadly comparable Central European building traditions, while exhibiting
distinct urban forms and demand patterns. In particular, the short distance between them
implies that coordinated use of electricity and hydrogen infrastructure is, in principle,
technically conceivable. This combination makes them a suitable pair of case studies for
testing the transferability of a knowledge-graph-based municipal heat planning workflow
and for exploring potential regional synergies between neighbouring urban areas within a
unified modelling framework.
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3.1 Khnowledge-based data representation, agent-based simulation,
and cross-city retrieval

In this work, all data required for the CEA agent simulations are managed through TWA so
that both Pirmasens and Kaiserslautern share a common, machine-readable representation
of inputs and outputs. Building data, including geometry, footprints, heights, and ground
elevations, are integrated into TWA from municipal 3D city models and cadastral datasets.
Building usage and property types are likewise integrated from local land-use and address
registries, and terrain elevation is incorporated from a digital elevation model. Hourly
weather time series are instantiated by a dedicated weather agent that queries the Open-
Meteo API to generate typical meteorological conditions for each location.

These heterogeneous datasets are harmonised using a small set of ontologies as shown
in Fig. 2. In this study, all ontological concepts are expressed in typewriter font. Build-
ings and their geometry are represented using OntoBuiltEnv and GeoSPARQL ontolo-
gies [3, 27], with quantitative attributes and their corresponding units represented us-
ing the OM units of measure ontology [65]. Weather inputs are represented with On-
toEMS ontology and stored as hourly time series using OntoTimeSeries ontology [27, 29].
Energy demand and rooftop PV concepts required by the UBEM workflow are repre-
sented using OntoUBEMMP ontology, which links buildings to EnergyConsumption
and ElectricitySupply profiles [29].

On top of this semantic data layer, the CEA agent is deployed as a containerised web
service within TWA. A simulation is triggered by an HTTP request to the agent speci-
fying a set of Building Internationalised Resource Identifiers (IRIs), e.g. all buildings
within the municipal boundary of Pirmasens or Kaiserslautern. The agent then issues
SPARQL queries to retrieve target and surrounding building geometries, building us-
age and archetype information, the relevant weather station and associated weather time
series, and local terrain elevation. The retrieved RDF data are translated into CEA in-
put files, including shapefiles for target and context buildings, usage and construction
databases, EPW-formatted weather files and raster elevation models, thereby replacing
CEA’s default assumptions with location-specific information wherever available. If op-
tional inputs, such as detailed usage schedules, cannot be found in TWA, the agent falls
back to CEA’s internal defaults while still requiring geometry from the knowledge graph.

After preparing the inputs, the agent runs CEA’s building energy demand and solar po-
tential modules for a full meteorological year. Upon completion, the update endpoint
parses the CEA output and instantiates the results back into TWA using the same ontol-
ogy patterns. For each simulated building, hourly profiles for heating, cooling, electricity
and grid consumption are written back as semantically annotated time series with explicit
units. Rooftop PV results are likewise stored as ElectricitySupply profiles linked to
the corresponding building surfaces. The agent also records metadata such as simulation
date, scenario identifier and CEA version, allowing runs for different cities and scenarios
to coexist and be queried consistently.

To enable cross-city retrieval while keeping municipal deployments independent, the
TWA stacks for Pirmasens and Kaiserslautern are connected through a shared query layer
based on RDF4J [11]. Each city exposes its own SPARQL endpoint, and a federation
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layer provides a single logical endpoint that dispatches sub-queries to the respective city
repositories and merges results. Reusable query templates retrieve building inventories,
simulated demand profiles, and PV generation time series across both cities, with OM
units ensuring consistent interpretation of numerical values. In this way, TWA provides
key inputs to CEA, CEA outputs are written back as queryable time series, and the fed-
erated endpoint supports subsequent cross-city analysis and regional synergy assessment.
The schematic diagram of the data structure is shown in Figure 2. All referenced names-
paces are declared in the Appendix.
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Figure 2: Ontology-based data structure linking CEA agent simulation inputs and out-
puts within the knowledge graph.

Specific indicators are used to characterise heating demand and rooftop PV generation at
building and city scales. Let b index buildings in the analysed set 4, and t index time
steps in 7, which span the simulation year. The simulated heating power demand of
building b at time step ¢ is Pea (b, 1), and the electrical power generated by rooftop PV on
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building b at time step 7 is Ppy(b,1). Let At be the time-step duration (here Az = 1 h), and
let A, be the gross floor area of building b.

The total annual energy use (EU) and the energy-use intensity (EUI) for heating and PV
are defined as

EUcity,heat = Z Z Pheat(b7t) At, (1)
beBteT
EUciypv = Y Y, Pov(b,1)Ar, (2)
beBteT
and
1
EUIb,heat = A_ Z Pheat(ba t) At7 (3)
bica
1
EUIb,PV = A_ Z Ppy (b, t) AZ, (4)
bica

where Z denotes the set of buildings included in the analysis and .7 denotes the set of
time steps over the simulation year. The indicators in Egs. (1)-(4) are used to compare
Pirmasens and Kaiserslautern and to support subsequent assessment of rooftop solar util-
isation, regional coordination, and power-to-hydrogen potential.

3.2 Heating consumption and rooftop solar thermal potential analy-
sis

The assessment of heating consumption and rooftop photovoltaic potential is conducted
at the individual building scale using the hourly simulation outputs produced by the CEA
agent. These outputs serve as the foundation for all subsequent analyses and provide
the consistent and comparable dataset required for later cross city assessments. For
each Building instance represented in TWA, the simulation returns hourly values of
HeatingConsumption and ElectricityConsumption together with theoretical solar
potential expressed through SolarDevice and ElectricitySupply instances linked
to ts:TimeSeries and ts:TimeStamp. All numerical values are annotated with OM
units to ensure internally consistent processing.

The analysis workflow follows the logic shown in Figure 3. An analysis request specifies
a target building and a scenario. The workflow begins by validating the completeness
of simulation inputs. Buildings with missing geometry, missing time series or inconsis-
tent units are excluded from further analysis. For each building, the feasible rooftop
area is identified using the RoofFacade elements stored in TWA together with their
hasSolarSuitableArea attribute. The hourly Heat ingConsumption time series and
solar potential time series associated with the building are retrieved from TWA and used
to conduct a building level balancing analysis. This analysis is carried out under two sce-
narios. The first scenario represents systems without thermal energy storage (TES). In this
case, the hourly solar production is used directly to offset heating demand and any remain-
ing unmet demand is supplied by the baseline gas system. The second scenario represents
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systems that include a water based TES vessel. Under this configuration, hours with solar
surplus result in storage charging while hours with solar deficit trigger storage discharge,
subject to the vessel’s capacity and standing loss. Any residual deficit after storage dis-
charge is supplied by gas. For each scenario, the algorithm computes the residual heating
demand that must be met by gas and converts this demand into an annual fuel cost using a
consumption dependent gas tariff. Annual operational savings are determined by compar-
ing the baseline gas cost to the post installation residual gas cost. Capital and operational
expenditures for the solar collector and storage system depend on the installed collector
area and storage size. These costs together with the annual savings yield the annual cash
flow. The net present value (NPV) over the system lifetime is computed as

Y. CF
NPV = —Cy + r
0 ))Zl(l_l_r))

®)

where Cj is the initial investment cost, CF, is the net cash flow in year y, r is the discount
rate, and Y is the project lifetime. Multiple collector sizes are evaluated for each building,
and the configuration that yields the highest NPV is selected as the optimal design.
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The parameters required for heating and rooftop solar analysis are applied consistently to
all buildings within a city, which ensures comparability and forms a coherent basis for
subsequent regional synergy assessment. Tables | summarise the technical, financial and
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operational parameters adopted in the analysis, sourced from [8, 12—14, 31, 46, 69]. Base-
line fuel is assumed as natural gas. The installed collector area Aj,s determines the usable
solar surface and directly influences thermal output, system cost and storage requirements.
The discount rate r and system lifetime 7 define the financial evaluation horizon and the
present value of annual cash flows. The gas boiler efficiency governs the conversion of
fuel into useful heat and therefore affects both baseline heating cost and residual gas de-
mand after solar integration. In the storage scenario, the TES volume, specific capacity
and standing loss determine the amount of solar heat that can be buffered and later utilised.
Equipment, installation and operation costs follow area dependent functions that ensure a
consistent representation of system expenditures. All values are applied uniformly across
the building stock to maintain comparability and support subsequent analyses. Detailed
calculations could be found in the supplementary file.

Table 1: Key technical, financial and operational parameters

Parameter Value

Gas boiler efficiency 0.80

Annual gas price increase 4.49%

Discount rate r 3.37%

System lifetime T 25 years

Collector module area 2.5 m?

Minimum collector area 10 m?

TES volume 38.9A;, +216.7L
Minimum TES volume 500 L

Maximum TES volume (domestic) 1500 L

Maximum TES volume (non-domestic) 3000 L

TES specific capacity 70 kWh m™

TES standing loss 1% per hour
Equipment cost (no TES) 300A;,5 + 800 EUR
Equipment cost (with TES) 400A;,s + 2500 EUR
Installation cost 25% of equipment cost
O&M cost (no TES) 2.5A;¢ + 100 EUR yr!
O&M cost (with TES) 3.5A; +147.5 EUR yr'!

3.3 Regional synergy analysis

Regional energy synergies are evaluated using a post-processing workflow that operates
on the hourly simulation outputs stored in TWA. Building-level data from the different
municipalities is accessed through queries that combine the individual TWA instances into
a single logical dataset. The workflow is implemented as a dedicated analysis component
that receives a request specifying the set of cities and the selected scenario for synergy
analysis. The logic is summarised in Figure 4. After receiving a request, the component
queries building level meta information and checks the completeness of the data schema.
Entries with missing geometry, missing time series or inconsistent OM units are discarded
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and recorded as warnings.
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Figure 4: Workflow of the regional synergy assessment comparing independent city oper-
ation with cooperative surplus sharing across Pirmasens and Kaiserslautern.

For each city, the workflow retrieves hourly electricity demand and rooftop photovoltaic
generation for every Building instance through the linked ElectricityConsumption
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and ElectricitySupply time series. At each time step ¢, the net electrical balance of
building b is computed as

Pnet(byt):PPV(baZ)_Pload(bat>7 (6)

where Py (b,t) denotes rooftop photovoltaic output and Po,q(b,t) denotes electrical de-
mand. Positive values of P, correspond to surplus electricity that can potentially be
shared, and negative values correspond to deficits that require external supply. Building
level surpluses and deficits are aggregated to the city scale to obtain hourly net profiles
for each municipality.

Two stylised scenarios are considered. In the baseline scenario each city is treated indi-
vidually. For every time step, building-level surpluses within a city are pooled and used
to cover building-level deficits in the same city. Any residual surplus is assumed to be
curtailed and any residual deficit is assumed to be supplied by the external grid. This
procedure yields city-specific indicators such as annual curtailed energy, annual grid im-
ports and city-level self-sufficiency. In the cooperative scenario, building-level surpluses
and deficits are first aggregated to the city level and then combined across cities. Hourly
residuals after intracity balancing are exchanged between cities so that surplus in one
municipality can reduce the deficit in the other. Remaining surplus and deficit after this
intercity balancing correspond to regional curtailment and regional grid import. City-level
metrics are updated to reflect the cooperative operation.

In the final step, performance metrics for synergy analysis are derived for both scenarios.
For each city and for the combined region, annual energy indicators such as total cur-
tailed photovoltaic generation, total grid imports and the ratio of locally supplied demand
are computed. An economic evaluation applies uniform and time-independent electric-
ity prices to all cities in order to estimate annual costs associated with grid imports and
the value of locally used photovoltaic electricity. The difference between baseline and
cooperative cases represents the potential benefit of regional coordination.

The regional synergy analysis is designed to assess technical feasibility rather than to re-
produce a detailed market or network model. Several simplifying assumptions are there-
fore imposed. Electricity exchange between cities is limited only by the hourly availability
of surplus and deficit, while transmission capacity constraints, network losses and rein-
forcement costs are neglected. A single average electricity price and a single valuation of
photovoltaic electricity are applied across the entire region, and regulatory and transaction
costs are not represented explicitly. Under these conditions, the cooperative scenario can
be interpreted as an upper bound on the energy and cost savings that would be achievable
if surplus renewable electricity could be freely shared across the region. The results there-
fore quantify the technical potential for future regional coordination and provide a basis
for subsequent studies that include more detailed market design and grid constraints.

3.4 Power-to-hydrogen and industrial integration analysis
The power-to-hydrogen analysis uses the surplus electricity profiles derived in the previ-
ous sections to estimate the corresponding hydrogen output under the assumed electrol-

yser parameters, providing an indicative upper-bound assessment of the potential contri-
bution to industrial hydrogen supply. The workflow is implemented as a post-processing
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step operating on hourly time series stored in TWA, as summarised in Figure 5. An
analysis request specifies the cities, the underlying surplus scenario and the use of sur-
plus electricity for hydrogen production. The component first validates the data schema
and discards records with missing geometry, incomplete time series or inconsistent OM
units. For the remaining records, numerical values are combined with electrolyser pa-
rameters aligned with those of the water electrolysis plant planned at the Energiepark in
Pirmasens, with a rated electrical input of 1.8 MW, [62]. The electrolyser is planned
in connection with the on-site biorefinery, which converts biomass-based feedstocks into
fuels and chemical products and can use hydrogen as a flexible industrial energy carrier
and process input.
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Figure 5: Workflow of the surplus-based hydrogen production assessment using aggre-
gated hourly electricity surpluses from Pirmasens and Kaiserslautern.

The analysis is conducted in two steps. In the first step, only the surplus electricity from
Pirmasens is used. Hourly surplus power for Pirmasens is obtained from the regional syn-
ergy analysis after intra-city balancing of photovoltaic generation and electrical demand.
This yields a local surplus time series Py, (2) that represents the electricity that could be
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diverted to hydrogen production without affecting local demand coverage. In the second
step, surplus electricity from both Pirmasens and Kaiserslautern is combined. Hourly sur-
plus profiles from the cooperative regional scenario are aggregated to obtain a regional
surplus time series Py, (¢) for the combined system. In both steps, the same electrolyser
representation and operating rules are applied.

The electrolyser is modelled as a single industrial-scale unit with a fixed rated power,
consistent with the scale of the planned biorefinery project at the Energiepark. For a given
surplus time series Py, (2), the dispatched electrical power P, (¢) is defined as

Pel (t) = min (Psur<t)7 Pel,max) s (7)

where Py max 18 the rated power of the electrolyser. Only surplus electricity is used and
the nominal capacity is never exceeded. Hours without surplus correspond to Py (f) =
0. Start-up behaviour, minimum-load constraints and ramping limits are not represented
explicitly. Instead, a simplified dispatch assumption is adopted in which surplus power
can be converted up to the rated capacity on an hourly basis. This provides an indicative
upper-bound estimate of utilisation and hydrogen output at the temporal resolution of the
regional synergy analysis, and it avoids introducing additional operational assumptions
that are not supported by the available data.

Hydrogen production is calculated using a constant electrolyser efficiency 7, and the
lower heating value of hydrogen LHVy,. The lower heating value here is consistent with
standard practice for electrolysis-based energy balances and reporting of conversion ef-
ficiencies [49], where the recoverable energy at typical end-use conditions is referenced
without assuming condensation of product water. In line with reported performance for
present-day electrolysers, the efficiency is set such that approximately 65 % of the elec-
trical input can be stored in hydrogen [72]. For each time step ¢, the hydrogen mass flow
riy, (t) is obtained from

& Pe
tin, (£) = "L‘H—‘;}(:) )

Annual hydrogen production My, is calculated by summing iy, () over all hours of the
year. Electrolyser utilisation is quantified through full load hours (FLH), defined as

Py (1) At
Pel,max Hyear

where At is the time step (one hour) and Hye, = 8760 is the number of hours in a year.
These indicators are computed for the Pirmasens only case and for the combined regional
case, which allows the impact of regional coordination on hydrogen production and elec-
trolyser utilisation to be assessed without changing the electrolyser size or efficiency.

Industrial integration is represented at an aggregated level. The electrolyser is inter-
preted as part of the planned biorefinery at the Energiepark Pirmasens, where hydrogen
is used internally for process energy and feedstock substitution. All hydrogen produced
in the analysis is therefore assumed to be fully utilised within this industrial facility. De-
tailed modelling of hydrogen storage, compression and on-site distribution is not included.
Within this framing, the results describe the technical potential of using local and regional
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surplus electricity to supply hydrogen to an industrial biorefinery of fixed, site-specific
scale.

In addition to hydrogen volumes and full load hours, the results are expressed as order-
of-magnitude indicators that link the power-to-hydrogen potential to industrial decarbon-
isation. Annual hydrogen production is converted into an equivalent share of a reference
industrial hydrogen demand. Indicative annual CO, reductions are estimated by compar-
ing the simulated green hydrogen production with a counterfactual supply of hydrogen
from natural-gas-based steam methane reforming (SMR). For this purpose, a represen-
tative emission factor for steam methane reforming, denoted as EFgyg, is introduced.
This parameter expresses the amount of CO, emitted per kilogram of hydrogen pro-
duced via conventional SMR, and therefore provides the benchmark against which the
avoided emissions from green hydrogen can be assessed. A commonly used value of
EFsur = 10.5 kgCO, /kgH, is applied, consistent with life-cycle assessments of natural-
gas-based hydrogen production [35]. The resulting CO, savings are interpreted as ap-
proximate ranges. In this way, the power-to-hydrogen analysis not only quantifies the
technical potential to convert surplus electricity into hydrogen but also indicates the order
of magnitude of industrial decarbonisation that such a conversion could support.

4 Results and discussion

This section presents the results of the analyses. First, the reliability of the building en-
ergy simulations is assessed by comparing energy-use intensities across building types.
Second, municipal heat planning outcomes are analysed for each individual city, focusing
on heating demand, rooftop solar-thermal utilisation and building-level economic perfor-
mance. Third, the feasibility of regional coordination is examined by comparing the iso-
lated and cooperative operation of the two cities with respect to surplus sharing. Finally,
the potential for power-to-hydrogen conversion of surplus electricity and its industrial
relevance is evaluated.

4.1 Building energy simulation results and reliability assessment

Figure 6 compares the simulated annual EUI across building-use categories for the cities
of Pirmasens and Kaiserslautern.
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Figure 6: Simulated annual EUI distributions across building-use categories for Pir-
masens and Kaiserslautern. Boxplots summarise the median and interquartile
range, and colours distinguish the two cities.

The EUIs calculated by the CEA agent mostly fall within the range commonly reported for
European building stocks, including offices, hospitals, industrial and commercial build-
ings, domestic buildings, and educational facilities, as shown in previous empirical stud-
ies [2, 22, 38, 50, 51, 66, 71]. This overall alignment indicates that the underlying ther-
mal archetypes, climatic boundary conditions and simulation setup lead to demand esti-
mates that are consistent with external benchmarks. For most building-use types such as
schools, sports facilities, offices and domestic services, the distributions for Pirmasens and
Kaiserslautern show substantial overlap. Median values differ only moderately and the in-
terquartile ranges display similar spread, suggesting that the modelling approach produces
comparable outcomes across the two independent TWA stacks. High-intensity categories
such as industrial facilities and domestic-service buildings show wide variability in both
cities. This is expected for these heterogeneous categories and agrees with the wide ranges
reported in benchmark studies. A small number of outliers above 300-600 kWhm2a~!
appear in both cities, but they correspond to specialised or high-load buildings and remain
within plausible empirical bounds. A notable distinction is observed in the university
category. Kaiserslautern hosts a major university campus whereas Pirmasens does not
have an equivalent facility. This structural difference naturally leads to a university EUI
distribution that appears only for Kaiserslautern and is absent for Pirmasens.

Taken together, the comparison shows that the simulated EUIs are broadly consistent with
published empirical ranges, that the observed differences between the two cities are ex-
plainable by genuine structural characteristics. Since the integration only combines query
results from the underlying repositories without altering data values, it does not add an
additional source of data error. These findings provide confidence that the building-level
simulations form a reliable basis for the subsequent analyses of rooftop solar utilisation,
regional coordination and hydrogen-production potential.

4.2 Municipal heat planning at individual city scale

The municipal heat planning analysis at individual city scale focuses on how heating de-
mand and rooftop solar-thermal potential translate into feasible decarbonisation options in
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each municipality. The comparison in Figure 7 shows that Kaiserslautern exhibits higher
total heating demand and a larger rooftop solar potential than Pirmasens. This difference
is primarily driven by the larger building stock and the presence of industrial and uni-
versity buildings in Kaiserslautern, whereas Pirmasens is characterised by a higher share
of small domestic buildings. Despite these structural differences, both cities display a
broadly favourable ratio of rooftop potential to heating demand. This pattern is consistent
with previous findings that overall solar resource or aggregate roof area is often not the
binding constraint. Instead, realisable contributions are typically limited by the building-
level distribution of suitable roof surfaces and by the temporal mismatch between solar
availability and heating load [19].

9,057,296,363

3,283,777,810

1,940,198,576
1,016,896,685

Pirmasens Kaiserslautern Pirmasens Kaiserslautern
City City
Figure 7: Comparison of annual building heating demand and rooftop solar-thermal po-
tential for Pirmasens and Kaiserslautern.

The net present value analysis, which is shown in Table 2, indicates that the economic via-
bility of rooftop solar thermal deployment is strongly conditioned by these structural fac-
tors. Pirmasens exhibits a larger share of buildings with positive NPV than Kaiserslautern,
which is consistent with its higher heating intensities in domestic buildings and the com-
paratively favourable roof geometries of low-rise stock. Kaiserslautern, while benefiting
from a higher absolute number of profitable projects because of its size, shows a lower pro-
portion of economically attractive systems within the stock. Introducing thermal energy
storage increases capital expenditure and therefore slightly reduces the number of build-
ings that remain profitable. However, for those buildings where the investment remains
attractive, storage substantially raises the net present value, indicating that improved tem-
poral matching between solar gains and heat demand can more than compensate for the
additional cost. The city-wide increase in total NPV in both municipalities demonstrates
that storage acts as a targeted enhancement that benefits the best-suited buildings rather
than a uniform solution across the entire stock.

For Pirmasens the overall pattern closely resembles the outcomes reported in an earlier
single-city assessment based on the same CEA agent, both in terms of the prevalence of
profitable systems and the relative impact of storage [69]. The fact that the extended anal-
ysis reproduces these characteristics while also capturing the distinct profile of Kaiser-
slautern supports the credibility of the modelling workflow and its transferability between
municipal contexts. The use of a shared semantic TWA set-up is central in this respect,
since data for both cities are accessed through the same semantic structure and query logic
rather than through separately maintained model implementations. This reduces the risk
that differences arise from inconsistent data handling and ensures that variations observed
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Table 2: Summary of building-level NPV results for rooftop solar-thermal systems with

and without TES.

Metric Pirmasens Kaiserslautern
Without TES With TES  Without TES  With TES

Total number of buildings with 8371 8141 17042 16799

positive NPV after 25 years

Percentage of buildings with pos- 69.10% 67.20% 56.05% 55.25%

itive NPV after 25 years

Mean NPV of buildings with pos- 28582.21 36543.57 28761.87 36517.57

itive NPV after 25 years (EUR)

Total NPV of buildings with pos- 239.26 297.50 500.51 613.46

itive NPV after 25 years (million

EUR)

Mean capital expense of installed 20402.79 28181.31 20516.97 28368.24
solar systems per building (EUR)

between the two cities emerge from genuine differences in building-stock composition
and use rather than from methodological artefacts.

From the perspective of the German Heat Planning Act, these results illustrate how a
knowledge-based urban energy model can support the inventory and potential phases of
municipal heat planning. The combination of aggregated indicators and building-level
NPV results enables municipalities to identify which parts of the stock are most suit-
able for rooftop solar thermal deployment, where storage can deliver additional value and
where alternative measures are likely to be required. Federated access to the underlying
data further allows these analyses to be extended to additional municipalities without re-
designing the data interfaces, thereby supporting a more standardised implementation of
heat planning across administrative boundaries. In this way, the individual city analyses
for Pirmasens and Kaiserslautern provide not only a quantitative estimate of local decar-
bonisation potential but also a set of spatially explicit priorities that can be directly fed
into municipal heat plans prepared under the new shared knowledge-based framework.

4.3 Regional coordination and cross-city surplus sharing

The regional synergy assessment examines how surplus electricity and heating deficits
evolve when Pirmasens and Kaiserslautern are treated as a coupled system rather than as
independent municipal units. Using the shared knowledge-based structure, hourly time
series for both cities are retrieved in a harmonised form, so that all indicators are con-
structed from consistent simulation outputs and isolated and cooperative configurations
can be compared on a like-for-like basis.

Daily-average heating loads for each city reveal that Kaiserslautern carries the majority
of winter demand, while Pirmasens exhibits lower absolute loads but a similar seasonal
pattern. Here, the heating deficit denotes the residual heat demand that remains after the
available local solar heat contribution has been applied and must therefore be supplied
by the auxiliary source. When considered separately, both cities experience pronounced
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heating deficits in winter and shoulder seasons. These deficits are most severe in January
and December and remain non-negligible through early spring, as shown in the individual
deficit curves in Figure 8.
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Figure 8: Annual daily average heating deficit metrics for Pirmasens, Kaiserslautern and
the joint regional system.

A key result emerges when the two cities are assessed jointly. The combined deficit curve
is consistently lower than the arithmetic sum of the two isolated-city deficits during large
parts of the year. This behaviour is visible in the joint-series trace in Figure 8, where the
“Joint Deficit” line lies below the individual city curves across most transitional months.
The reduction indicates that temporal complementarity between the two cities plays a
meaningful role. At many hours, surplus electricity from one municipality partially offsets
the instantaneous deficit of the other, thereby lowering the joint unmet load.

Surplus electricity profiles provide even clearer evidence of cross-city synergy. Peaks
of photovoltaic surplus in the two cities do not perfectly coincide due to differences in
roof geometry, shading conditions and local weather patterns, but when the profiles are
combined the joint series displays both higher peaks and fewer zero-surplus hours. This
smoothing effect is shown in Figure 9, where the “Joint Surplus” curve exceeds the in-
dividual profiles during many hours of the year. The cooperative surplus series therefore
expands the number of hours in which surplus electricity is available for secondary uses
such as hydrogen production or thermal storage charging.
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Figure 9: Annual daily average electricity surplus metrics for Pirmasens, Kaiserslautern
and the joint regional system.

Taken together, these results show that meaningful coordination benefits can arise even
between cities located only 30 km apart. This suggests that similar complementarities
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are likely to exist across many neighbouring municipalities, particularly where demand
profiles, building stocks and renewable potentials differ. Realising such opportunities at
scale requires more than ad hoc, manually curated multi-city studies. It requires a uniform
knowledge model that allows consistent indicators to be computed across jurisdictions and
a consistent cross-city data access approach that makes it possible to discover and evaluate
synergies systematically by querying distributed municipal knowledge graphs through a
single interface. Within the context of the German Heat Planning Act, these findings
therefore highlight the value of coordinated planning across municipalities that form part
of the same functional region while preserving local autonomy in data management.

4.4 Power-to-hydrogen potential analysis and industrial relevance

Figure 10 compares the hydrogen production of the electrolyser when supplied only by
surplus electricity from Pirmasens with the case where it is operated on the combined sur-
plus from Pirmasens and Kaiserslautern. In both configurations hydrogen output exhibits
a pronounced seasonal pattern, with limited production during the winter months and sus-
tained operation from late spring to early autumn. The regional case consistently yields
higher daily production levels, reflecting the fact that the aggregated surplus from the two
cities increases both the number of hours with available surplus and the magnitude of the
surplus in those hours.
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Figure 10: Daily average hydrogen production for an electrolyser supplied by surplus
electricity from Pirmasens only and from the combined regional surplus of
both cities. The patched area shows the differences.

The FLH of the electrolyser highlight the impact of regional coordination on utilisation. In
the Pirmasens-only configuration the 1.8 MW, unit achieves an equivalent of 1 883 full-
load hours per year. When surplus electricity from Kaiserslautern is added, the FLH
increase to 3 142 h, corresponding to an increase in utilisation by roughly two thirds. This
improvement arises because periods without surplus in one city often coincide with at
least some surplus in the other, as shown by the joint surplus series in Figure 9, which
smooths the supply to the electrolyser and reduces idle time.

The higher utilisation directly translates into increased hydrogen output. Annual produc-
tion rises from about 55.9 tH, in the Pirmasens-only case to 93.3 t H, when both cities
contribute surplus electricity, which is shown in Table 3. Although these volumes are
modest in absolute terms when compared with national hydrogen strategies, they are non-
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negligible at the scale of a single industrial site and illustrate the order of magnitude of
hydrogen that could be produced from surplus rooftop generation in a medium-sized ur-
ban region. In more detailed studies including grid constraints and market effects, these
values would represent an upper bound.

Table 3: Electrolyser utilisation, annual hydrogen production and indicative avoided
CO, emissions for the Pirmasens-only and regional surplus configurations.

Indicator Pirmasens only Regional joint case
Equivalent full-load hours (hyr—') 1882.6 31423
Annual hydrogen production (kg yr—') 55905 93312
Avoided CO, if displacing SMR (tyr—!) 587.0 979.8

To indicate the associated decarbonisation potential, the simulated green hydrogen pro-
duction is compared with a counterfactual supply from natural-gas-based steam methane
reforming. Using a representative emission factor for conventional SMR, consistent with
the methodological assumptions, the Pirmasens-only configuration would avoid approx-
imately 0.59 kt CO, yr~! if the entire output displaced conventional hydrogen, while the
regional configuration would avoid around 0.98 kt CO, yr~!. These avoided emissions are
small compared with regional CO, inventories but significant at plant scale, corresponding
to a meaningful reduction in the fossil footprint of a single biorefinery.

From an industrial and governance perspective, the results suggest that power-to-hydrogen
can act as a regional complement to otherwise predominantly building-focused heat plan-
ning. Cross-city coordination turns spatially scattered rooftop surpluses into a single,
more continuous resource stream that can be aligned with the load profile of an energy-
intensive site, thereby strengthening the local industrial base while making use of elec-
tricity that would otherwise remain unused. Within the framework of the German Heat
Planning Act, which explicitly encourages municipalities to consider inter-municipal so-
lutions where they are beneficial, this points to a role for hydrogen-oriented sector cou-
pling as one of the regional options that can be examined alongside network expansion
and efficiency measures. Rather than treating industrial decarbonisation and municipal
heat planning as separate processes, the integrated knowledge-based approach used here
allows both to be analysed within a common data and modelling environment, highlight-
ing where regional surplus sharing can simultaneously support low-carbon heat supply
and the substitution of fossil feedstocks in local industry.

5 Conclusions and future work

This paper has developed and applied a knowledge-graph-based framework for municipal
and regional heat planning using The World Avatar (TWA) and its City Energy Analyst
(CEA) agent. Two independent cities, Pirmasens and Kaiserslautern, are represented us-
ing common ontologies and analysed through a shared query framework to run building-
level energy simulations. On this basis, the study carries out three layers of analysis,
namely municipal assessments of heating demand, rooftop solar-thermal potential and

29



building-scale techno-economic performance with and without thermal energy storage,
a regional coordination analysis that compares isolated and cooperative operation of the
two cities, and a power-to-hydrogen assessment in which surplus electricity is converted
to hydrogen for an industrial biorefinery.

At the individual city scale, the first step is to verify that the transferable workflow pro-
duces credible baseline patterns before interpreting the subsequent techno-economic and
regional coordination results. The simulations reproduce plausible energy-use intensi-
ties and known structural differences between the two building stocks, indicating that the
workflow can be transferred between municipalities without reconfiguration of the core
model. Both cities possess rooftop solar-thermal potential, but this potential is unevenly
distributed. To evaluate building-scale techno-economic performance, multiple collector
sizes are assessed for each building and the configuration that maximises NPV is selected,
with cases compared for operation with and without thermal energy storage. Pirmasens
has a higher proportion of economically attractive systems, with around 69 % of buildings
achieving a positive net present value (NPV) without storage, compared with about 56 %
in Kaiserslautern. This reflects more heat-intensive domestic buildings and favourable
low-rise roof geometries in Pirmasens, while the larger and more heterogeneous stock in
Kaiserslautern offers a greater absolute number of viable projects. Thermal energy stor-
age proves most beneficial when it is targeted at well-suited buildings. For those buildings
with positive NPV, storage raises the mean project value from roughly 0.029 million EUR
to 0.037 million EUR in both cities by improving the temporal match between solar gains
and heating demand, while only slightly reducing the share of profitable projects.

The regional analyses show that treating the two municipal systems as a coupled region
yields additional benefits that are not accessible under purely local planning. Complemen-
tary load and generation patterns reduce joint deficits and increase the number of hours
with usable surplus, which in turn improves the utilisation of an industrial electrolyser
connected to the planned biorefinery in Pirmasens. In the Pirmasens-only configuration,
the 1.8 MW, unit operates for the equivalent of about 1,900 full-load hours per year and
produces roughly 56 tH, yr~'. When surplus electricity from both cities is pooled, full-
load hours increase to more than 3,100 hyr—! and annual hydrogen production rises to
about 93 tH, yr~!. If this hydrogen replaces conventionally produced supply, the asso-
ciated plant-scale CO, savings are close to 1 ktyr~!, showing that even the surplus from
two medium-sized cities can already support kiloton-scale emission reductions at an indi-
vidual industrial site and that larger regional portfolios could scale this effect further.

Beyond these quantitative findings, the study highlights the broader value of a knowledge-
based semantic framework for the decarbonisation of urban and industrial energy sys-
tems. By embedding UBEM, municipal heat planning and power-to-hydrogen in a single
semantic and computational environment, the framework shows how building-scale, city-
scale and regional-scale decisions can be analysed in a consistent way and directly related
to industrial decarbonisation options. In the context of the German Heat Planning Act, this
offers a concrete pathway towards heat plans that are transparent, reproducible and capa-
ble of incorporating regional coordination and sector coupling alongside more traditional
measures such as refurbishment and network expansion. The same approach is readily
extensible to additional cities, technologies and sectors, suggesting that dynamic knowl-
edge graphs can serve as an enabling infrastructure for evidence-based heat planning and

30



integrated energy transition strategies in other regions as well.

The constructed knowledge-based digital twin provides a scalable foundation for inte-
grated energy planning and power-to-hydrogen analysis. As energy infrastructures in-
crease in complexity and evolve towards cyber-physical systems, the future work is ex-
pected to extend beyond routing planning to support Al-enabled asset operational safety [59],
risk early warning [60], and resilience management [61]. Mature Al surrogates, such as
deep representation learning [60], tree ensemble methods [58, 59], that have proven track
records in energy generation forecasting, fault diagnosis, and condition monitoring can be
encapsulated as computational agents within a dynamic knowledge graph. This will en-
able the digital infrastructure to support a broader range of application scenarios. Beyond
computation scenarios, the integration of Generative Al [41] can introduce a cognitive
layer by positioning the joint architecture as a tool endpoint of the Model Context Proto-
col [44], which allows large language models to access and interpret distributed physical
knowledge and computational agents. This strengthens semantic understanding and task
orchestration, so that complex natural language instructions can automatically trigger the
appropriate physics-based safety models for cross-domain reasoning and support human-
centred, collaborative decision support.
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A Appendix

A.1 Namespaces

be: <https://www.theworldavatar.com/kg/ontobuiltenv/>

bs: <https://www.theworldavatar.com/kg/ontobuildingstructure/>
ems: <https://www.theworldavatar.com/kg/ontoems/>

ts: <https://www.theworldavatar.com/kg/ontotimeseries/>

ub: <https://www.theworldavatar.com/kg/ontoubemmp/>

geo: <http://www.opengis.net/ont/geosparql#>

om: <http://www.ontology-of-units-of-measure.org/resource/om-2/>
owl: <http://www.w3.0rg/2002/07/owl#>

rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
rdfs:<http://www.w3.0rg/2000/01/rdf-schema#>
time:<http://www.w3.0rg/2006/time#>

xsd: <http://www.w3.0rg/2001/XMLSchema#>

A.2 Visual interfaces for municipal and regional heat-planning anal-
yses

o
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Figure A.1: Interactive 3D visualisation of the Kaiserslautern digital twin, showing
building geometries and associated urban layers.
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Figure A.2: Regional map view linking the digital twins of Pirmasens and Kaiserslautern
within the federated knowledge-graph environment.

A.3 Implementation details and equations

Data streams and notation This section describes the data streams, variables, and no-
tation used throughout the analyses, and how simulation outputs from the City Energy
Analyst (CEA) agent are translated into inputs for the subsequent analyses. Unless stated
otherwise, all quantities are evaluated as hourly time series over a full simulation year,
with a fixed time-step, Az = 1 h. All time series were generated by the CEA agent and
retrieved via The World Avatar (TWA).

Two distinct but related data streams are used. The heat stream underpins the building-
level assessment of solar-thermal systems and thermal energy storage (TES). For a given
building, H, denotes the heating energy demand in time step . The quantity G, represents
the contribution at time step ¢ to the reference solar-thermal energy generation profile
obtained from CEA for a standard collector configuration. To represent alternative system
sizes, the reference profile is linearly scaled such that

G, =sG,, (A.1)

where the scaling factor s is defined by the ratio between the assumed installed collector
area A,y and the collector area associated with the reference profile G;. In cases where G,
is reported per unit collector area, the reference area is 1 m? and s = A;,.. The scaled pro-
file G, is used in the hourly heat-balance calculations described in the following sections.

The electricity stream is used for the analysis of photovoltaic (PV) surplus sharing and for
the power-to-hydrogen assessment. For each building b and time step ¢, Ppy(b,t) denotes
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the rooftop PV electricity generation and P,,q(b,?) denotes the corresponding electricity
demand. These quantities form the basis for computing hourly surplus and deficit power,
which are subsequently aggregated at city and regional levels.

The thermal energy storage (TES) operation is described by the storage state of charge
B, and the usable thermal energy storage capacity Ergs, both expressed in units of en-
ergy. The electrolyser operation in the power-to-hydrogen analysis is characterised by the
dispatched electrical power P. (), which is constrained by the rated electrolyser capacity

Pel,max .

All techno-economic parameters used in the calculations are treated as fixed, exogenous
assumptions and are applied uniformly across the entire building stock. These include,
but are not limited to, the gas boiler efficiency Npoier, the discount rate r, the economic
lifetime 7', the TES sizing rule, cost coefficients for equipment, installation and operation,
and the TES standing-loss factor ¢;. For transparency and reproducibility, the numerical
values of these parameters are summarised in Table | in the main text.

A.3.1 Heating consumption and rooftop solar-thermal potential analysis: imple-
mentation details

This section describes the building-level calculations used to assess heating demand cov-
erage by rooftop solar-thermal systems, the operation of optional thermal energy storage
(TES), and the resulting techno-economic performance. It provides the full implementa-
tion details corresponding to Section 3.2 in the main text.

Purpose and scope For each building, the algorithm evaluates alternative solar-thermal
system sizes, optionally coupled with TES, using hourly heating demand and generation
profiles. For a given system configuration, the procedure computes (i) hourly heat bal-
ances, (i1) residual fuel demand supplied by an auxiliary gas boiler, (iii) annual operating
costs, and (iv) the net present value (NPV) over the system lifetime. The installed collec-
tor area is treated as a discrete design variable, and the configuration that maximises NPV
is selected for each building.

Solar-thermal generation scaling The CEA agent provides a reference hourly solar-
thermal generation profile G, for each building. Alternative system sizes are represented
by linearly scaling the reference profile to calculate a scaled profile G, as per Eq. (A.1).

Hourly heat balance without storage At each time step, scaled solar-thermal genera-
tion and heating demand are balanced to determine direct self-consumption, surplus heat,
and residual unmet demand,

Oseir, = min (Gtv Ht) )
Oover, = max (G, — H,, 0) , (A.2)
Qneed,t =H, — Qself,t-
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where H, denotes the hourly useful heating energy demand. The quantity Qgs, represents
solar heat used instantaneously on site, Qqver, 1S surplus heat energy available for storage,
and QOneed, 18 the remaining demand that must be met by the auxiliary heating system.

TES sizing and capacity When a storage-equipped configuration is considered, the
usable energy storage capacity Etgs is calculated (in kWh),

70-V

~ 1000’ (A-3)

TES

where the factor of 70 kWhm 3 corresponds to the assumed usable energy content per
unit volume of a water-based TES over a representative temperature swing and is applied
uniformly across all buildings, and the tank volume V (in litres) is determined using an
empirical linear sizing rule based on the installed collector area Aj,y (in m?), subject to
minimum and maximum bounds,

V = max (me, min (Vinaes 38.9 - Aingt +216.7) > (A4)

The lower bound V,;, enforces a minimum viable storage size, while Vj;,x limits the max-
imum volume and depends on building type (domestic or non-domestic). All numerical
values are listed in Table 1 in the main text. The collector area A;, is treated as a de-
sign variable and evaluated in discrete increments of one module (2.5 m?), starting from
a minimum of 10 m? and capped by the available solar-suitable roof area of the building.

TES operation Storage operation is simulated sequentially over each time step. First,
the state of charge decays due to standing losses. Second, stored heat is discharged to
cover unmet demand. Finally, surplus solar heat is used to charge the storage subject to
the capacity constraint,

Bt_ =dq Bt—l )
Wy = min (Qneed,ta B;) ; (AS)
Bt = min (Bz_ —w+ Qover,ta ETES) )

where B,_; and B, denote the storage state of charge at the end of time step  — 1 and ¢,
respectively, B, is an intermediate state after losses, ¢; is the hourly retention factor and
w;, is the energy discharged to meet heating demand.

Auxiliary heating and fuel demand Residual heating demand after solar utilisation
and TES discharge is assumed to be supplied by existing on-site natural-gas boilers. The
required fuel input is computed,

Ohea
ans,input = e ) (A.6)
Nboiler

where O, 15 the useful heat delivered to the load and My = 0.8 is a constant assumed
thermal efficiency.
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Gas cost model The annual gas cost is modelled as a tiered, piecewise-linear function,

.

a,+0.01h-by, h<2,000,

a,+0.01h-by, 2,000 < h < 10,000,

c._ )as+001h-bs, 10,000 </ < 30,000, AT
£ as+0.01h-bs, 30,000 < h < 100,000,

as+0.014-bs, 100,000 < A < 300,000,

| a6 +0.01h-bg, h > 300,000,

where a; denotes the tier-specific fixed component of the annual gas tariff (EUR yr—') and
by denotes the corresponding marginal gas price (EUR per 100 kWh of fuel input) for tier
k. The tier boundaries are defined by the annual fuel use 4, and all tariff parameters are
adopted from Tsai et al. [69].

Investment and operating costs Capital and operating expenditures are computed as
area-dependent functions,

I = (400 - Ajng +2,500) (1+0.25),

A.8
O =3.5 A+ 147.5. (A-8)

where I is the upfront investment cost in EUR including a 25% installation multiplier, and
O is the annual operating and maintenance cost in EUR yr!.

Economic evaluation For each candidate system size, annual cash flows are derived
from the reduction in gas expenditure relative to the no-solar baseline, minus operating
costs. The net present value is then computed over the system lifetime using Eq. (3) in the
main text. The configuration that maximises NPV is selected as the optimal design for the
building. Buildings with negative optimal NPV are classified as economically unattractive
under the assumed parameters.

A.3.2 Regional synergy analysis: PV surplus sharing and coordination metrics

This section details the implementation of the regional photovoltaic (PV) surplus-sharing
analysis described in Section 3.3 of the main text. The objective is to quantify how locally
generated rooftop PV electricity can offset electrical demand within and across buildings,
municipalities, and the combined region.

Purpose and scope The analysis operates on the electricity demand and generation
profiles retrieved from TWA. It evaluates two configurations: isolated operation, where
sharing is limited to buildings within a single city, and cooperative operation, where sur-
plus electricity can be exchanged across cities. The resulting metrics characterise self-
consumption, self-sufficiency, curtailment, and residual grid dependence.
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Building-level electricity balance Rooftop PV generation and electrical load are parti-
tioned into self-consumed energy, surplus, and deficit,

Par(b,t) = min (Pov (b,1), Rawa(b:1) )
Par(,1) = max (Pov (b,1) ~ Powa(,1), 0, (A9)
Pac(b,1) = max (Bowa(b,1) = Pov(b,1), 0).

where Ppy (b, 1) is the rooftop PV generation and Py,,q(b, 1) the electrical demand of build-

ing b and time step ¢.

Aggregation and surplus sharing The surpluses and deficits are aggregated across all
buildings under consideration,

Psur(t) == ZPsur(bat)7
b A.10

Poer(t) = Y Pact(b,1). (10
b

When surplus sharing is allowed, the amount of demand that can be covered by local or
regional surplus is

Pay(1) = min (Pur(), Pa(r)). (A1)
and the remaining deficit supplied by the external grid is
Pg:;n(l‘) = Pdef(t) —Psh(l). (A.12)

Annual performance indicators Based on the hourly balances, three aggregate indica-
tors are defined. The self-consumption ratio,

Zzb:f)self(b,f)

== ——— (A.13)
ZZPPV(b, 1)
t b
quantifies the fraction of PV generation used locally. The self-sufficiency ratio,
Z Z Pself(b7 t)
B = (A.14)

B ZZPload(bat) 7
t b
measures the share of electrical demand covered by rooftop PV. The curtailment ratio,

Zpsur(t> - Psh(t)
r= LX)

represents the fraction of PV generation that cannot be utilised and is therefore curtailed.
These indicators are evaluated consistently for isolated and cooperative configurations to
quantify the benefits of regional coordination.

(A.15)
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A.3.3 Power-to-hydrogen and industrial integration analysis: implementation de-
tails

This section describes the implementation of the power-to-hydrogen (P2H) analysis used
to assess the potential for using surplus photovoltaic (PV) electricity for hydrogen pro-
duction. It provides the computational details corresponding to Section 3.4 in the main
text.

Purpose and scope The P2H analysis operates on the surplus electricity profiles ob-
tained from the regional PV surplus-sharing calculations. These profiles represent elec-
tricity that cannot be absorbed by local or regional electrical demand at each time step and
are assumed to be available for hydrogen production via electrolysis. The electrolyser is
modelled as a single industrial-scale unit with fixed rated power and constant efficiency,
and the analysis yields annual hydrogen production and indicative avoided CO, emissions
under these assumptions.

Electrolyser dispatch and hydrogen production At each time step ¢, the electrolyser
is supplied with a dispatched electrical power P, (), which is determined by the available
surplus electricity and constrained by the rated electrolyser capacity, as defined in the
main text. Hydrogen production is calculated assuming a constant electrolyser efficiency
Ne and using the lower heating value of hydrogen, LHVy,. The resulting hydrogen mass
flow at time step ¢ is

Pt
mﬂﬁz%gél (A.16)

where P, (¢) is the electrical input to the electrolyser in kW, LHVy, is expressed in kWhkg ™!,
and iy, (¢) is the hydrogen mass flow in kgh~!. The formulation assumes steady-state
operation within each time step and neglects start-up, ramping and part-load efficiency
effects.

Annual hydrogen production For the fixed time step Ar = 1 h, the total annual hydro-
gen production is obtained by summing the hourly mass flows over the simulation year,

My, =Y rim, (1), (A.17)

where My, denotes the total hydrogen mass produced in one year, expressed in kg. This
quantity is used directly in the performance indicators reported in Section 4 of the main
text, such as annual hydrogen output and equivalent full-load hours of the electrolyser.

Indicative avoided CO, emissions To provide an order-of-magnitude indication of the
potential decarbonisation impact, the annual green hydrogen production from Eq. A.17
is compared with a corresponding counterfactual supply from conventional natural-gas-
based steam methane reforming (SMR). Introducing an emission factor EFsyg in units of
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kg CO,/kg H,, the corresponding annual avoided CO, emissions are calculated as

where Eco, avoided 18 €xpressed in kg CO, yr~

Eco, avoided = EFsmr - My,

1

(A.18)

. The resulting emissions figures should be

interpreted as indicative upper-bound estimates, as upstream emissions, system losses and

alternative hydrogen supply pathways are not represented explicitly.

A.4 Nomenclature

Table A.1: Nomenclature.

Symbol Description Unit
Indices and sets

b Building index -

t Time step index -

y Year index -

B Set of buildings -

T Set of time steps -
Temporal parameters

Hyear Hours per year hyr!

At Time step length h
Building and PV parameters

Ap Building or roof area m?

Ajnst Installed PV area m?2

CF, Capacity factor in year y -
EULity,pv City-level PV electricity generation KWh yr—!
EUI, py Building PV electricity generation intensity kWhm=2 yr—!
Gy Reference solar-thermal energy generation profile at time step ¢ kWh

G; Scaled solar-thermal generation profile at time step ¢ -

Energy flow variables

H,; Heating energy demand at time step ¢ kWh

Poy (b,1) PV power generation of building b kW
Pioad (b,1) Electrical load of building b at time step ¢ kW
Paet(b,1) Net building electricity balance kW
Peeie(b,1) Self-consumed PV electricity kW
Pour(b,1) Surplus PV power from building b kW

Py (1) Total system surplus power kW
Paes(b, 1) Power deficit for building b at time step ¢ kW
Pues(t) Total system power deficit at time step ¢ kW

PR (1) Remaining unmet power deficit kW
Pheat(b,1) Heat supplied to building b at time step ¢ kW

Oheat Useful heat output kWh
Oheed Heat demand at time step ¢ kWh
Qover,s Excess heat at time step ¢ kWh
Oselts Self-consumed heat kWh
QOgas input Gas energy input to boiler kWh
EUécity heat City-level annual heat energy use kWh yr~!
EUI peat Building heat energy use intensity kWhm2 yr~!

Continued on next page
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Table A.1 - continued from previous page

Symbol Description Unit

Storage variables

Mboiler Boiler efficiency -

B, Storage state of charge at time step ¢ kWh

B Storage state of charge at time step # — 1 kWh

B Storage discharge at time step ¢ kWh

ETgs Usable thermal energy storage capacity kWh

\%4 Storage volume or state variable m> or kWh
Vinax Maximum storage capacity m> or kWh
Vinin Minimum storage level m3 or kWh
q Thermal loss rate -

W Energy discharged to meet heating demand at time step ¢ -

Hydrogen and conversion systems

Nel Electrolyser efficiency -

EFsmr Emission factor for steam methane reforming hydrogen kg CO, kgﬁ%
Eco, avoided Avoided CO; emissions kg CO,

FLH Electrolyser full load hours hyr!
LHVy, Lower heating value of hydrogen kWhkg™!
T, (1) Hydrogen mass production rate at time step ¢ kgh™!

My, Hydrogen mass produced kg

Pet,max Maximum electrolyser power capacity kW

Py (1) Electrolyser power consumption at time step ¢ kW

Py (1) Power supplied to hydrogen system kW

Economic variables and model parameters

a Cost or scaling coefficient (model parameter) -

B Cost or scaling coefficient (model parameter) -

Y Discount or degradation factor -
NPV Net present value €

1 Investment cost €

0 Operating cost €yr!
o)) Initial capital cost €

Coas Gas price € kWh!
r Discount rate -

ay Cost coefficient for gas consumption tier k €

by Cost coefficient for gas consumption tier k €
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