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ABSTRACT

The transition to sustainable urban heating systems is a key priority in achieving decarbonization targets,
particularly in densely populated cities. This study proposes a five-phase framework methodology based on the
hybrid GIS, graph theory, MCDM, and optimization to integrate existing and future district heating into one
large-scale district heating network through available underground corridors and by leveraging locally available
renewable energy and waste heat sources specifically shallow geothermal, data centers, industrial waste heat,
waste water treatment, combined heat and power, and powerplants. It will also enable an inter-system heat
exchange and coalition-based operation among district heating networks. Moreover, GIS-based spatial analysis is
used to identify high heat demand zones across the city and assess their proximity to heat sources and under-
ground corridors to expand the large-scale thermal distribution along its route. The methodology evaluates
candidate routing corridors and source-demand pairings based on multiple criteria, including annualized system
cost, carbon emissions, exergy utilization, temperature compatibility, and spatial impedance through under-
ground infrastructure. A TOPSIS-based ranking filters strategic corridors prior to mixed-integer linear optimi-
zation, which minimizes total annualized cost, CO2 penalties, and exergy destruction while respecting fourth-
generation DH temperature constraints. The findings for the case study in Dublin reveal that the innovative
use of its existing underground infrastructure, combined with GIS-driven spatial planning, presents a trans-
formative opportunity for scaling renewable-based district heating systems. Techno-economic and exergy opti-
mization shows exergy efficiency rising from 28% to more than 52% for an optimized low-temperature network
with heat-pump boosting, with central scenarios reducing annual operational CO to 32% of the current system
and optimistic designs approaching 89-94% reductions. Typical simple payback estimates fall in the range of 18
to 24 years under tunnel-reuse and heat-pump-assisted scenarios.
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1. Introduction

Attaining the European Union's 2050 objective of near-full decar-
bonization requires a fundamental restructuring of high-emission sec-
tors [1] [2]. The building sector represents the most significant energy
sink [3] in the Europe, responsible for 40% of final energy consumption
and 36% of associated emissions [4] [5]. On the other hand, as shown in
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Fig. 1. Recent share (%) of renewable energies for heating, cooling, and
ventilation in EU (data from Ref. [6]).

Fig. 1, approximately 26% of the energy consumed for heating, cooling,
and ventilation in 2023 comes from renewable sources [6]. Given that
urban populations are expected to comprise 68% of the global total by
2050, the challenge of delivering carbon-neutral thermal
services—heating, cooling, and hot water—becomes increasingly acute
[7]. Current demand is characterized by the dominance of heating loads
in 25 of the 28 EU countries, though this hierarchy is subject to potential
disruption from ongoing electrification trends [8]. From a
techno-economic perspective, the efficacy of demand-side efficiency
measures is constrained by a saturation point; beyond this threshold, the
deployment of local renewable energy technologies and relevant city
infrastructures [9] [10] for spatial source-demand matching offers a
superior cost-benefit ratio compared to incremental efficiency gains
[11]. As a thermal distribution-centric technology, district heating (DH)
offers a robust framework for enhancing resource efficiency through the
integration of diversified energy streams. The utilization of waste heat
[12]—recognized for its abundance and favorable environmental
profile—remains a cornerstone of this approach [13]. Beyond waste heat
recovery, DH infrastructures enable the deployment of site-specific re-
newables, including solar [14] and geothermal energy [15], alongside
high-efficiency heat pump technologies [16], contingent upon regional
technical feasibility. The inherent flexibility of DH systems allows for the
spatial transfer of energy within a city from optimal production sites to
high-density demand centers, thereby optimizing the transition toward a
diversified and resilient thermal energy mix. District heating remains
economically viable when the combined costs of heat generation and
distribution are lower than those associated with decentralized, indi-
vidual heating systems [17]. However, within DH systems, a
supply-demand discrepancy occurs when the empirical thermal output
diverges from the prescribed theoretical baseline beyond a critical
tolerance threshold. Consequently, the robust characterization of this
matching state necessitates an accurate derivation of the theoretical heat
requirement [18]. This discrepancy between supply and demand for DH
is more pronounced in high-density urban areas [19]. As a result, as
investigated in the current research, it is beneficial to interconnect
existing DH networks through available underground routes and
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integrate nearby renewable and waste heat sources to increase the ef-
ficiency and load coverage. This approach enhances the climate-neutral
potential of the system, reduces reliance on fossil-based DH, increases
network resilience, and expands the number of customers served at the
city scale. On the other hand, the design of a DHC systems is influenced
by multiple factors, including the characteristics of heat and electricity
sources, the demands of connected loads, the choice between centralized
or distributed plant configurations, and the requirements for system
redundancy and resilience [20]. For instance, the selection of heat
sources plays a critical role in the design of DH systems: Malcher et al.
concluded that the composition of the energy mixes in both power and
district heating supply and the presence of combined heat and power
(CHP) plants emerges as the most effective approach for reducing
emissions across the EU countries they analyzed. Specifically, a 1% in-
crease in the share of low-carbon heat sources has the potential to reduce
emissions by 0.8-1.3 kg COqe per GJ of heat produced [21]. The
following paragraphs summarizes recent publications based on
Geographic Information System IGIS) and multicriteria decision analysis
(MCDA) as well as importance of transporting/exporting extra or waste
heat as a prosumer.

1.1. Literature review

Recent research has increasingly leveraged GIS-based methodologies
to evaluate distribution network optimization in DH systems. Chicherin
evaluated railway and highway tunnels as waste heat sources for 5th
generation of district heating and cooling (5GDHC) systems using GIS-
based analysis. A case study in Belgium showed significant heat recov-
ery potential, with estimated heat transfer rates of 5 to 74 W/m? and
annual recovery potentials ranging from 2 to 2858 MWh/year [22].
Buonomano developed a GIS-based framework for designing urban
renewable energy communities by combining geospatial data with
detailed building energy simulations. In a case study of Naples, the re-
sults show that planning and aggregation strategies are crucial, enabling
self-consumption levels of up to 100%, renewable coverage of demand
up to 80%, and life-cycle cost savings reaching €80 million. Conversely,
poorly structured or random community formation results in wide per-
formance disparities, with self-consumption varying between roughly
30% and 90%. However, this research was not applied to a DH or
city-scale application [23]. Jebamalai introduced an automated GIS tool
for the optimal design of DH networks under predefined constraints with
a case study of over 2300 buildings to assess the impact of network
pressure levels, substation sizes, and demand reduction scenarios on
network performance and costs. A 50% reduction in space heating de-
mand results in only a 9-16% reduction in network deployment costs
indicating limited cost sensitivity to demand reduction [24]. Guo et al.
proposed a methodology to assess the techno-economic feasibility of
integrating industrial waste heat into low-temperature DH networks in
existing urban areas. The approach combines GIS-based georeferenced
data on buildings, industries, and road networks to derive DH pipeline
routing under predefined assumptions. Most configurations achieve
payback periods of approximately 6 years, with a maximum of 8.5 years
[25].

To support informed decision-making in the design of DHC systems,
several studies have applied MCDA methods to account for trade-offs.
Daugavietis et al. evaluated five MCDA methods for sustainability
assessment of district heating and cooling (DHC) systems and finds that
TOPSIS is the most sensitive to changes in criteria weights. Sensitivity
analysis using three approaches indicates that higher-weighted criteria
in TOPSIS cause greater ranking variation [26]. To address the com-
plexities of selecting sustainable DH systems, Wang et al. proposed a
comprehensive framework based on Stochastic Multicriteria Accept-
ability Analysis (SMAA). Unlike deterministic approaches, this method
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explicitly quantifies uncertainties associated with both criteria values
and decision-maker weights and validated through the assessment of
seven DH alternatives within a Chinese context, revealing that the
internalization of uncertainty significantly improves decision robustness
[27]. Eslami et al. classified regions based on their potential for inte-
grated renewable DH systems using ArcGIS and the AHP method,
considering economic, technical, and environmental criteria. System
design and sizing were optimized with the lowest cost achieved by a
hybrid PV-wind-grid configuration, however, a fully renewable
configuration resulted in a significantly higher value due to battery
costs, high capital investment, and reduced equipment lifetime [28].
Arsalan et al. presented an exergo-economic and exergo-environmental
optimization of a geothermal DH system incorporating a heat pump
coupled with a thermal energy storage unit, satisficing a MCDM
framework. The results demonstrated the proposed system's enhanced
thermodynamic, economic, and environmental performance [29].

While previous research has primarily focused on DH planning or
design, the scale of implementation is critical for achieving significant
energy and climate impacts. City-scale DH systems, as a high-impact
solution, stand out particularly relevant for meeting the Paris Agree-
ment targets which require aggressive urban decarbonization [30].
Rama et al. introduced dynamically distributed DH at the city scale and
presents a preliminary techno-economic assessment of its application in
Helsinki. Their findings indicate marginal viability under contemporary
cost structures, with projected payback periods surpassing 20 years.
Lower storage costs or larger seasonal cost differences would signifi-
cantly improve profitability. However, the evaluation focused specif-
ically on the storage investment and its direct economic impact,
excluding the broader investment in heat pump capacity [31]. Ziemele
et al. proposed a framework to assess waste heat integration into district
heating systems, using Riga as a case study. System dynamics modelling
shows that integrating waste heat significantly reduces primary energy
use and CO; emissions, bringing the system closer to carbon neutrality,
though not fully achieving it. The findings indicate that integrating
waste heat reduces the primary energy factor by 2.6 times and avoids
86% of CO, emissions [32].

Recent literature has introduced several GIS-enabled optimization
frameworks for district heating that integrate multiple waste-heat
sources and other renewables. Using GIS and heat-transfer modeling
on railway and highway tunnels, Chicherin found substantial but
spatially scattered heat recovery (on the order of 0.8-2.9 GWh/year)
from tunnels at 20-40°C [33]. A later study develops a top-down GIS--
driven design for a 5th-generation DH network: it uses building and
weather data with a minimum-spanning-tree algorithm to connect all
producers and consumers. This approach optimizes costs, CO3, and
renewable integration, yielding a fully meshed network and significant
CO4 savings compared to a conventional layout [34]. Similarly, Wang
and Zhou designed a multi-source waste-heat DH system for northern
China that integrates a biomass CHP, coal boilers, and cascaded ab-
sorption heat pumps to recover flue-gas and cooling-water heat. Their
model coordinates these sources (plus peak boilers) and shows 3235
MWh/yr additional power output and 1821 tCOy/year emissions avoi-
ded by upgrading low-grade waste heat via serial Analytic Hierarchy
Process (AHP). This two-stage heat recovery strategy exploits multiple
waste streams and highlights the synergistic efficiency gains from co-
ordinated source operation [35]. Eslami et al. presented a GIS-based
site-selection and MILP model for district heating in Gaziantep,
Turkey. They overlay spatial layers (population, heat density, renew-
ables) using Boolean/fuzzy GIS toolboxes, then apply AHP and MILP to
design optimal hybrid DH systems with solar thermal, PV, wind, and
heat pumps. Their MILP minimizes levelized cost of energy (LCOE),
yielding an optimal system with 78% renewable penetration and LCOE
€0.044/kWh [28]. Salenbien et al. integrated GIS into a non-linear
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topology optimization (not MILP) for DH networks. Using building GIS
data and an optimization algorithm, they derive cost-minimizing
network layouts that satisfy diverse heat demands and temperature
levels. Their case study shows that including geographic constraints and
building characteristics leads to more accurate, efficient designs [36].
Nie et al. proposed a novel graph-based optimization (Steiner-tree plus
heuristics) to speed up DH network design with GIS data. Benchmarking
against MILP, they achieve near-optimal solutions (5-19% cost gap) in a
fraction of the time by iteratively selecting buildings to connect. Both
studies confirm the value of GIS for realistic topology planning, though
they do not explicitly model waste-heat sources or exergy [37]. A
multi-period optimization approach by Wack et al. illustrates the inte-
gration of multiple low-grade sources. Their MILP-based topology
design evolves from separate branched networks to a single meshed
network that connects many producers. The optimized network is rich in
low-temperature waste heat sources: waste-heat share increases to
42.8% and project cost drops 17.9% compared to simpler designs. This
shows that allowing sources to cooperate (by connecting them in one
network) dramatically boosts waste-heat utilization [38]. Verzino et al.
developed a model for a city-scale DH network in Bulgaria that recovers
server-cooling waste heat from data centers. Under optimal operation
with heat pumps and thermal storage, exergy efficiency jumps from 28%
to 52%, and annual CO» falls to 32% of today's levels. In particular,
integrating heat pumps allows low-temperature waste heat (data-center
exhaust at 60-75°C) to be upgraded, making the network both ther-
modynamically efficient and low-carbon. This work explicitly shows
how combining multi-source heat (data centers, DHC returns, etc.) with
storage yields substantial benefits [39]. Tervo et al. modeled a 21 MW
data-center supplying waste heat to a Finnish DH grid. Using EnergyPRO
simulations under five future-price scenarios, they find that substituting
this waste heat for high-carbon fuels (peat) reduces CO, emissions and
system costs substantially [40]. While Ravi et al. use MILP for optimal
dispatch with an explicit exergy objective, Tervo et al. use scenario--
driven cost-emission analysis; both highlight data-center waste heat
integration but do not employ GIS or underground routing [41].

Analyzing the comparative landscape reveals that while the indi-
vidual aspects of the proposed framework in previous studies are
partially addressed in isolation, no single study comprehensively unifies
these domains. For instance, studies such as Yang et al. [42] and Jodeiri
et al. [43] provide high-resolution physical models for geothermal and
waste heat integration, but lack the spatial GIS-based routing algorithms
necessary to evaluate street-level pipeline layouts.

The transition toward 4th or 5th generation DH and the development
of smart energy systems create favorable conditions for the effective
integration of prosumers. Consumers increasingly participate in on-site
heat and power generation, thereby transitioning from passive users to
active prosumers [44]. Sdringola et al. investigated a bidirectional dis-
trict heating substation designed to enable users to function as pro-
sumers by exporting surplus solar energy or waste heat to the network.
Results projected that self-sufficiency rose from 8% in the baseline case
to 20% and then 27%. Solar energy production increased due to reduced
storage operating temperatures, which lowered the average temperature
of the solar collectors and improved their performance [45]. Gianaroli
proposed a non-invasive retrofit of an existing DH network substation in
Turin, allowing bidirectional heat exchange and the injection of surplus
solar thermal energy into the network as the prosumer. The original
infrastructure is preserved, with only limited additional components and
a dedicated control strategy. On an annual basis, direct self-consumption
reaches 14.9%, while overall solar energy utilization increases to 78.4%
when including energy fed into the network [46]. It is also shown that
thermal prosumers significantly influence network thermo-hydraulic
behavior, reducing heat and mass flow from the transport system and
increasing user energy autonomy. The findings confirm the feasibility of
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integrating heat pump-based prosumers into existing high-temperature
DH networks and highlight their potential to enhance flexibility and
support decarbonization [47]. A case study in Germany demonstrates
that integrating prosumers into flexible district heating networks can
lower overall heating costs; however, it also highlights the need for
advanced and intelligent control strategies for both substations and heat
generation units. The experimental results underline the importance of
testing and validating these control approaches in laboratory settings
before real-world implementation [48].

1.2. Novelty of the current research

Despite extensive research on GIS-assisted DH planning, network
optimization, and renewable heat integration, most existing studies
focus on individual DH systems, predefined service areas, or fixed
source-sink configurations. Limited attention has been given to the
development of a city-scale thermal backbone capable of simultaneously
interconnecting multiple existing DH systems, integrating distributed
renewable and waste heat resources, and supporting future DH expan-
sion within a unified planning framework. The novelty of the present
work lies in four main contributions.

(1) Five-phase hierarchical funnel framework for large-scale DH
planning: The proposed methodology introduces a structured
five-phase GIS-graph theory-gravity model-MCDM-MILP
framework that progressively reduces the search space from
thousands of potential spatial connections to a manageable set of
technically and economically viable network configurations.
Unlike conventional approaches that perform optimization
directly on large candidate sets, the funnel architecture distrib-
utes decision-making across multiple stages, increasing compu-
tational robustness while reducing sensitivity to individual
assumptions or parameters. Each phase performs a dedicated
screening function while partially validating the outcomes of
preceding phases, thereby improving the reliability of final
network selection.

(2) Explicit incorporation of underground utility corridors as
strategic thermal transmission infrastructure: A central
contribution of this work is the integration of existing under-
ground utility tunnels and corridors into the district heating
planning process. Rather than treating underground infrastruc-
ture merely as a GIS layer, the framework introduces a dedicated
corridor preprocessing stage that identifies, filters, and evaluates
tunnel assets as potential long-distance thermal transmission
pathways. This enables the exploitation of existing urban infra-
structure to reduce excavation requirements, construction costs,
traffic disruption, and implementation barriers associated with
large-scale district heating deployment.

(3) City-scale integration of existing district-heating systems,
future district-heating development zones, and distributed
thermal prosumers: Most previous studies focus on optimizing
individual district heating networks independently. In contrast,
the proposed framework evaluates the interconnection of multi-
ple existing district heating systems, allowing networks to oper-
ate as coordinated thermal resources capable of sharing surplus
capacity and improving system resilience. Simultaneously, future
district heating development zones are incorporated into the
planning process through spatial demand clustering and gravity-
based source-demand matching. This creates a unified city-scale
planning methodology that considers both current infrastructure
and long-term expansion opportunities within the same optimi-
zation framework.
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(4) Integrated spatial-economic-environmental-exergy deci-
sion framework: The proposed methodology combines GIS-
derived spatial analysis, gravity-based interaction modelling,
thermodynamic exergy assessment, environmental performance
evaluation, techno-economic analysis, and multi-criteria deci-
sion-making within a unified planning workflow. Unlike con-
ventional district heating planning approaches that primarily
focus on economic cost minimization, the proposed framework
simultaneously considers spatial accessibility, network inter-
connectivity, carbon-emission reduction potential, thermody-
namic performance, and economic feasibility. Exergy-based
indicators are introduced alongside environmental and economic
criteria prior to the final optimization stage, while the MILP
formulation explicitly incorporates annualized cost, CO, emis-
sions, and exergy destruction as competing objectives. This en-
ables candidate interconnection routes and expansion strategies
to be evaluated from multiple complementary perspectives,
supporting the development of climate-neutral district heating
systems.

2. Methodology: framework

The methodology follows a hierarchical funnel approach as shown in
Fig. 2: beginning with high-level spatial data integration, progressing
through strategic selection of waste/renewable heat sources, and
culminating in a rigorous mathematical optimization of the network's
topology. By leveraging existing underground utility tunnels as cost-
reducer pathways, the model minimizes urban piping/excavation dis-
tribution costs and structural disruption, prioritizing high-efficiency
routing through complex urban environments. The technical core of
the study integrates Geographic Information Systems (GIS) with Graph
Theory to establish a computational “search space” of potential thermal
corridors. This is followed by a MCDM analysis and the Gravity Method
to filter candidate supply-demand connections. In particular, TOPSIS as
the MCDM analysis is used that ranks district heating planning

Phase 1: Spatial Integration
& Graph Pre-Processng

Phase 2: Thermal Resource & Demand Mapping
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alternatives by measuring their relative closeness to an ideal solution
that maximizes performance (e.g., efficiency, emissions reduction) and
minimizes costs. Finally, a Mixed-Integer Linear Programming (MILP)
model is deployed to identify the global optimum for source dispatch,
and routing. The objective is to maximize the utilization of diverse
available heat sources while minimizing total annualized costs and
carbon intensity when existing districts are inter-connected.

The proposed methodology follows a hierarchical five-phase funnel
architecture in which the solution space is progressively reduced from
broad spatial and technical inputs to a final optimized district heating
configuration. As illustrated in Fig. 3, the workflow is organized into
three linked blocks: data inputs, methodological phases, and data
outputs/hand-offs. The framework is intentionally sequential, but it is
not strictly one-way; instead, it includes feedback and sensitivity loops
that allow earlier assumptions to be revisited when the optimization
results indicate infeasibility, weak convergence, or insufficient robust-
ness. The workflow begins with raw geospatial datasets, including urban
topology, underground corridors, existing district heating networks,
heat-source locations, and heat-demand layers. These spatial inputs,
together with the technical, economic, environmental, and operational
parameters summarized in Table 1 (appears at the end of methodology
section), are used to build the model inputs for Phases I-IV. Baseline
decentralized configurations are reserved for Phase V, where they are
used as the reference case for impact assessment.

Phase I: It performs spatial integration and graph pre-processing. Its
role is to transform the urban GIS layers into a cost-weighted graph
representation of the city and to identify feasible routing corridors. The
main outputs of this phase are the cost-weighted graph G(V,E), candi-
date shortest paths, corridor distances, and the feasible tunnel set. These
outputs define the spatial search space used in the subsequent phases.

Phase II: It quantifies thermal supply and demand. Waste heat po-
tentials, useable source capacities, existing district heating demand, and
future expansion clusters are identified from the spatial datasets. The
outputs of this phase are candidate source clusters, candidate demand
clusters, and thermal/hydraulic loss estimates, which are passed to the

Phase 3:Strategic Pairing
& Corridor Filtering

A street Routes _@ Tunnel Routes

| GIS Data and Network Model

<

Phase 4: Techno-Economic Optimization

e

MILP Model

e Cost

CO;

Reduction

\

System Evaluation

Emission
Reduction

@ Savings |

Fig. 2. Overview of the proposed 5-phase framework for large-scale climate-neutral district heating design.
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Fig. 3. Methodological workflow illustrating the sequence, interactions, and feedback Relationships within the integrated five-phase GIS-MCDA-optimiza-

tion framework.

pairing and ranking stage.

Phase III: It carries out strategic pairing and corridor filtering. Here,
source-demand and district-heating-district-heating interconnections
are evaluated using gravity interaction scores, exergy utilization in-
dicators, and economic route indicators, and the alternatives are ranked
using TOPSIS. The outputs of this phase are ranked candidate inter-
connection routes, ranked DH coalitions, reduced sets of high-quality
corridors, and TOPSIS scores. These ranked alternatives form the
candidate pool for the optimization stage.

Phase IV: It performs techno-economic optimization. The MILP
model selects the final network topology, source allocation, route acti-
vation, future DH area selection, and operating conditions while mini-
mizing the combined economic, environmental, and exergy objective
function. The outputs are the optimal city-scale DH backbone, optimal
source allocation, optimal heat flows, optimal operating conditions, and
the selected interconnections.

Phase V: It integrates and assesses the results. The optimized system
is benchmarked against baseline decentralized configurations and
baseline data. This phase provides final performance indicators,
including emission savings, exergy efficiency, the System Cost Ratio
(SCR), and the overall robustness and sensitivity assessment.

The interaction between phases is therefore as follows: Phase I —
Phase III supplies feasible spatial corridors and effective route dis-
tances; Phase II — Phase III supplies source capacities, demand clus-
ters, and thermal properties; Phase III — Phase IV provides the reduced
and ranked candidate corridor set; and Phase IV — Phase V provides
the final optimized configuration for impact assessment. In addition,
two feedback mechanisms are used. First, if Phase IV produces an
infeasible or weakly converged MILP solution, the model returns to
earlier screening stages to relax the corridor selections and expand the
TOPSIS inclusion boundaries. Second, the green dashed sensitivity loop
from Phase V to Phase II is used to revisit demand-cluster assumptions
and other planning sensitivities when robustness testing indicates that
further recalibration is needed.

To ensure the model is grounded in realistic urban conditions,

multiple geospatial datasets for the case study are integrated within a
unified Geographic Information System (GIS) framework.

e Urban street and road networks;

e Existing underground utility corridors, ducts, and tunnels;

e Locations of incumbent DH infrastructure and waste/renewable heat
sources;

e Heat demand aggregation points.

All spatial layers are harmonized into a common coordinate refer-
ence system with enforced topological consistency. Linear features are
segmented at intersections to facilitate the construction of a node-based
graph structure suitable for path analysis as explained in the following
sections.

2.1. Phase I: Spatial integration and graph pre-processing

The urban domain is represented as a weighted graph & = (77, &),
where 7 denotes the set of nodes and & represents the set of edges:

Nodes: Four categories of nodes are considered within the frame-
work: (i) existing district-heating systems, (ii) future district-heating
development zones identified through spatial clustering, (iii) renew-
able and waste-heat sources, and (iv) corridor junction points extracted
from the GIS database. Existing and future district-heating nodes are
associated (weighted) with their corresponding thermal demand, while
renewable and waste-heat source nodes are characterized (weighted) by
source-specific attributes including available thermal capacity, source
temperature, and recovery potential (See Phase II and III). Corridor
junction nodes serve primarily as transition points between under-
ground corridors and surface routes and therefore do not possess ther-
mal weighting attributes. However, selected junctions may subsequently
function as hydraulic substations depending on pressure-drop re-
quirements and network configuration.

Edges: Edges represent physically accessible thermal transmission
pathways identified during the GIS preprocessing stage. These include
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Table 1

Model input parameters used in the four-phase framework for DH integration.

Parameter

Baseline value

Plausible range

Notes and reference

Pipe install cost

Route preference
multiplier

Relaxation
threshold

Pipe loss
coefficient

Insulation
thermal
conductivity

Supply and return
temperature
constraint

Heat pump COP

Data center
electricity-to-
heat conversion
efficiency

Data center outlet
temperature

Data center
availability
factor

Wastewater per
capita

Wastewater heat
recovery

Powerplant
recovery

Industrial flue-
gas loss fraction

€800/m

tunnel = 0.6
existing duct =
0.75

Street trench =
1.0 greenfield
=12

0.20

0.11 W/mK

0.025 W/mK

To be
optimized

Function of lift
and source

0.98

Air-cooled: 35
°C Liquid-
cooled: 50 °C

0.98

0.13 m®/p/day

0.55

once-through:
0.75 cooling-
tower: 0.5 air-
cooled: 0.3

0.80

€600-€1200/m
(depending on
pipe DN and
trenching/tunnel
works)

0.5-1.5

0.10-0.30

0.11-0.21 W/mK
typical DN40 to
DN50 twin pre-
insulated
corresponds to
AT = 35-50 K
0.021-0.029
W/mK

Supply: 45-65°C
Return: 17-35°C

3.0 - 6.5 (varies
strongly with
source temp and
lift)

0.95-0.99

Air: 25-45 °C
Liquid: 40-65 °C

0.95-0.99

0.12-0.20

m?/p/day
0.4-0.60

once-through:
0.7-0.8
cooling-tower:
0.4-0.6
air-cooled: 0.2-
0.4

0.65-0.90

SEAI used inner-city
example pipe costs
€782-€869/m — an
empirical baseline
for Dublin inner-city
[49].

Practical modelling
choice: reflect lower
civil/traffic
disturbance cost
when routing in
tunnels/ducts vs
open-street
trenching. Calibrated
with local pipe €/m
(SEAI) [49].
Common in routing
relaxations to keep
near-optimal
alternatives [50].
Manufacturer data
and EN-253 based
calculations give
heat loss per m in this
band [51].

EN-253 give
conductivity for
foam used in pre-
insulated DH pipes
[52].

These are the
standard ranges used
for 4th-gen/low-tem-
perature district
heating [53].

COP depends on
source/target temps;
practical COPs for
water-to-water/
brine-to-water
commonly to 4-5
[54].

Almost all electricity
becomes heat [55].

Case studies show
typical ranges
25-40°C for air-
cooled, higher for
liquid cooled [56].
Data centers are
high-availability
assets in year-round
supply modeling
[571.

Irish EPA/water
department data [58]
Literature reviews
and field tests report/
recoverable fraction
with drain/
greywater
exchangers often
40-60% [59].
These ranges match
techno-economic
assessments for
power plant waste-
heat capture [60].

Many industrial
boilers lose a large

Table 1 (continued)
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Parameter

Plausible range

Notes and reference

Recoverable flue-
gas fraction

Pump efficiency

Heat exchanger
effectiveness

Pipe

Powerplant cycle
efficiency

Soil temperature

Environmental
reference
temperature

Planning
discount
parameter

Expected
realization year

Sensitivity
parameter.

Criteria
weighting
factor

Source
temperatures

0.40-0.80

0.70 -0.90

0.45-0.65

Primary mains:
DN 400-1000

Secondary mains:

DN 150-400
Local branch
lines: DN 50-150
Building
connections: DN
25-65

55%-65%

5.2-16.6 °C

5.3-16.1 °C

1-25 years

0.02-0.08

0.212-0.288

CHP: 70-120 °C
IND: 70-130 °C
PP: 90-130 °C
SW:10-25 °C
WWT: 15-25 °C
DC: 25-40 °C

share of fuel input to
flue gases;
economizers can
recover some part
[60] [61].

Practical
recoverability
limited by acid-dew
point and integration
constraints [62].
Planning manuals
and DH modeling
tools commonly
recommend
combined pump and
motor hydraulic/
electrical efficiencies
[63].

Experimental studies
report effectiveness
for common tube-in-
tube/plate drain heat
exchangers [64].
largest diameters
near heat sources and
progressively smaller
diameters closer to
the customers [65].

For combined-cycle
gas turbine in Ireland
[66]. Baseline for
Poolbeg Thermal
Station in Dublin.
Average 10-cm soil
temp for Dublin;
varies by location/
season [67].

Used for exergy
calculations based on
Dublin long-term
monthly averages
(12 values for 12
months listed).
Existing and planned
(future) DHs have the
same priority.
Strategic planning
parameter used to
represent the
availability of future
DH systems in the
fully realized
network
configuration; not
intended to model
phased construction
scheduling.
Exponent controlling
how strongly supply/
demand temperature
mismatch penalizes
the score.

Range for sensitivity
analysis (£15%).

Based on reported

energy sources in
Ireland [68].

(continued on next page)
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Table 1 (continued)
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Table 1 (continued)

Parameter Baseline value Plausible range Notes and reference Parameter Baseline value Plausible range Notes and reference
(air), 50-65 °C processing,
(liquid) chemicals [81].

Regulatory Both 1 0.5-2.0 Neutral, no System efficiency ~ Variable (See 0.3-0.6 Range for modern

priority additional weighting factor Fig. 10) heat pumps [82].
Emissions [69]. Heat-to-power 1.8 0.5-3.0 Typical CHP units
reduction ratio differ by technology;
potential gas engines often
Cost (heat) house: 0.125 Residential: 0.12 SEAI nationally have heat-to-power
€/kWh -0.13 €/kWh reported averages ratios in the 1.0-2.5
Ind: 0.065 Industrial/ [70]. range [83] [84].
€/kWh business: 0.06 —
0.07 €/kWh
Cost (electricity) ~ €0.12/kWh 0.06 - 0.25 SEAI/Eurostat underground utility corridors, existing ducts, and road-adjacent routes
(120 €&/MWh) €/kWh business/large-user that remain feasible after the corridor filtering procedures described in
banding for Ireland . . . .
as a baseline; large the current Phase (Phase I). Each edge is assigned a routing weight that
consumers pay reflects the relative cost and complexity of utilizing that pathway as
noticeably less than represented by Equation (1) and Equation (2) below. The weighting
) households [70]. formulation incorporates transmission distance, corridor type, and
Cost (pump) Med: 500 Medium DH Installed pump cost installation difficulty. Existing utility tunnels and dedicated under-
€/kWh pumping stations including motor/ i . . . .
Large: 800 (50-500 KW.): control/ ground corridors receive lower routing weights than conventional
€/kWh 300-700 €/kWh instrumentation street-trenching alternatives due to their lower construction costs,
Large DH [711. reduced excavation requirements, and diminished disruption to urban
pumping stations infrastructure.
>500 kW,): 600- .
(1000 ¢ /kW’il It should be noted that the graph-theory stage is concerned exclu-

Cost (heat pump) 850 €/kWh 700-1000 €/kWh  Large heat pump sively with the spatial feasibility and routing characteristics of the
capital cost strongly network. Although source nodes and demand nodes contain technical
depends on attributes such as thermal capacity, temperature, and heat demand,
]t;;h}'::;fiiz?;scale‘ these parameters are not used for weighting or ranking during Phase I.
report typical project Their role at this stage is limited to identifying the physical locations of
costs in the given potential sources and sinks within the graph structure. The evaluation of
band [72]. source quality, demand attractiveness, thermal compatibility, exergy

Discount rate 4% 3-7% Irish reported public performance, environmental benefits, and techno-economic suitability
sector standard test . £ d sub tlv during th it del and MCDA st
discount rate on Dec is performed subsequently during the gravity-model an stages
2025 is 4% [73]. (Phase II and Phase III). Consequently, Phase I focuses solely on gener-

Project lifetime 25 years 20-30 years Typical planning ating technically feasible corridor alternatives, while the relative
horizons for desirability of individual source-demand combinations is assessed in the
infrastructure and later decision-making stages.

DH investments [74]. h ed < is ch ized by i hysical 1 h di

Recovery 0.65 0.5-0.75 Varies with acid-dew Each edge e € & is characterized by its physical length L, and its

temperature constraints [75] route type r.. To reflect the technical and economic advantages of uti-
fraction [761. lizing existing underground infrastructure, a route-dependent cost

Flue-gas loss 08 0.75-0.90 Majority of waste formulation is applied. The generalized installation cost C, for edge e is

fraction heat to flue gases .
: defined as:
unless economized
751 [76J. Ce = LeCase (T 1
Exergy multiplier Residential: Residential: 0.12 Defined based on € e base ( e) M
0.125 €/kWh -0.13 €/kWh cost of heating. . . . . . .
Ind: 0.065 Industrial/ Where Cqs, is the baseline unit cost of DH pipe installation (€/m) and
€/kWh business: 0.06 — w(r,) is a route preference factor defined as:
0.07 €/kWh ) L

CO,, penalty 80 €/ton 50-120 €/ton Used a mid-range EU o(re) = 1if r, € existing tunnels )
shadow price. ¢ > 1ifr, € greenfield/street
Market EU recent
values [77]. It should be noted that the route preference factor w(r.) in Equations

CO multiplier 80 €/ton 50-120 €/ton Defined based on (1) and (2) does not represent a subjective preference for particular
CO2 penalty. corridors, nor is it used as a decision criterion in the upcoming MCDM

Representative 8760 h 0-8760 1 full year. . o . . o .

periods analysis. Rather, it is a dimensionless cost-normalization factor intro-

Heat pump To be 5-20 MW thermal  Single large source duced solely in Phase I to convert route-specific construction costs into a

capacity optimized integration [78] unified cost-weighted graph representation. The values reported in
(791 Table 1 at the end of the methodology section were derived from Dublin-
0 70, i o e . . .

Interest rate 4% 7% US‘;‘? Sametbastehf"e specific installation cost estimates reported by SEAI [49] as the case
as discount rate ror . . .
consistency; adjust in study and. express?d relat}ve to conventional street tren'chlng. l.Tor
private financing example, if street installation costs €1000/m and tunnel installation
scenarios [73]. costs €600/m, the corresponding multiplier becomes ® = 0.6. Similarly,

Density 1015 kg/m® 1000-1030 kg/m®  Small variation due a greenfield installation cost of €1200/m would correspond to o = 1.2.

(wastewater) to solids/ . .
temperature [£0] Therefore, w(r,) simply condenses route-dependent construction costs

Boiler efficiency  85% 70%-90% Common in into a single normalized parameter for preliminary corridor screening.

manufacturing, food

The factor is only applied within Equation (1) during the Phase I graph
construction and route pre-screening process. In subsequent phases,
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candidate routes are evaluated using their actual GIS-derived corridor
lengths, thermal characteristics, hydraulic performance, exergy metrics,
gravity-model interaction scores, and economic indicators. Conse-
quently, the final route selection is not determined by the route pref-
erence factor itself but by the multi-criteria and optimization procedures
applied in Phases III and IV. This weighting mechanism reflects the
lower relative installation costs associated with existing corridors while
still allowing alternative routes to remain feasible within the search
space. Furthermore, to maintain thermodynamic consistency, the model
adopts a 4th or 5th generations (4GDH) temperature regime (Tsup7 T,et).
Heat losses are integrated via a linear proxy embedded in the edge cost:

C[atal.e =C.+ A(Tsup - Tenv)Le 3
Where 1 represents the economic penalty associated with thermal
dissipation. This approach penalizes excessively long routes during the
initial routing phase without requiring non-linear thermal hydraulic
simulations. Utilizing the cost-weighted graph, shortest-path algorithms
are employed to identify the optimal routing corridors between node
pairs (i,j). The minimum-cost path is determined by:

O =min _ Cuare @

W) o)

A relaxation threshold 6 (e.g., 20% or 0.2) is applied to discard any
path that is excessively more expensive than the optimal path:

Cll.’;th < (1 + H)II}IHZ Crotale ®)

W @)

Further to equations (4) and (5) above (for initial cost filtering), to
ensure that only technically feasible routes are retained, graph pre-
processing applies the accessibility, connectivity, and routing con-
straints described by Equations (6)-(15). These constraints eliminate
isolated segments, disconnected subgraphs, duplicate pathways, and
infeasible routing alternatives. In addition, the route-relaxation pro-
cedure illustrated in Fig. 4 retains only near-optimal alternatives within
the prescribed relaxation threshold, thereby reducing computational
complexity while preserving routing diversity. Any corridor satisfying
the imposed constraints and relaxation criteria is retained as a candidate
transmission pathway for subsequent evaluation. In particular, in phase
I, each tunnel corridor is treated as a super-edge enabling long-distance
heat transmission between all access points connected to it. For each
tunnel corridor .7 ., di(n, 7 .r) represents perpendicular pipe

Energy 360 (2026) 141727

connections between node ne 7" and tunnel .7, weighted by
perpendicular distance. Then, the set of accessible nodes is defined as:

r/l/‘cor = { ne 7’ ‘ dL (Tl, =7cor) < dmax } (6)

Where dinq, denotes the maximum allowable perpendicular pipe length
for economic constructability. The access degree of tunnel .7, is then
defined as:

deg( ycor) = ‘<Mcar| (7)

The quantity in equation (7) reflects the potential interconnection
capacity of the corridor. Tunnels that serve fewer than two system nodes
cannot facilitate heat exchange between network elements and therefore
provide no structural benefit to the DH backbone. These tunnels are
removed according to:

—

deg( T cor) < 2= .7 cor eliminated 8)

This operation corresponds to pruning degree-one structures in
graph theory and prevents dead-end corridors from entering subsequent
optimization. Parallel or spatially overlapping tunnels frequently arise
in urban subsurface planning. A tunnel .7 ., is considered dominated
by tunnel .7 . if:

Ly > Ly 9

acor‘a > acm’.b foralln € V’f"/‘cnr.a N e/Vcor,b (10)

'/Vcor.a g '/f'ﬁcor,b (11)

where:

— 1 .

dcor = fz v dL (n7 7 cur) 12)
|’/,¢ cor| net cor

Equation (12) defines the average perpendicular access distance for a
corridor. If all three conditions hold, tunnel .7, is removed since it is
longer, less accessible, and provides no unique connectivity. In graph-
theoretic terms, the dominated tunnel never lies on any shortest path
between node pairs. To ensure the DH network remains fully inter-
connected, each remaining tunnel corridor is tested for structural ne-
cessity. Let:

dfj‘” =shortest path between i and j with .7 ,, removed (13)

Tunnel .7, is then classified as critical if for nodes i and j:

(1. Initial Raw Network (Input) )

2. Three-Stage Filtering Process

( 3. Final Feasible Network )

G=W,é)

.

(A Degree Pruning (Dead-End Elimination) )

deg(Ty) < 2 = Remove stubs

(Output)

~o

J

~9=

) il
RN ,,;": '
/%{éf S0\
N4 %%
2

5

Lqa> Ly

N

(B. Dominance Elimination (Efficiency Filter,

e
mm @0 |
Ne €N, dg=dp
Remove inferior overlaps

)\

J

<

—— Tunnels, T
————— Access edges

G= (Vv 8)

(c. Connectivity Preservation (Cut-Set Check)\

| Retain criical links (Prevent di® = o) )

Tteasible

Ready for Phase II-IV
(Optimisation)

J S

Fig. 4. Flowchart of the sub-phase in phase I for corridor network preprocessing.



M. Sameti et al.

de = coor &5 > d" (14)

Such tunnels belong to the network cut-set and are retained to pre-
vent disconnection or excessive distance escalation. After applying de-
gree pruning, dominance elimination, and connectivity preservation,
the feasible tunnel set is obtained as:

<7cor.femible c t7cor (15)

This approach as part of phase I illustrated in Fig. 4 reduces set
required to define the structural backbone used in the subsequent
phases.

The graph-theory stage above (Phase I) functions primarily as a
search-space reduction and route-generation mechanism. Rather than
determining the final network topology directly, it identifies the set of
technically feasible corridor alternatives available for interconnecting
heat sources, existing district-heating systems, and future demand
zones. These candidate routes are subsequently transferred to the
gravity-model stage, where source-demand interactions are evaluated,
and then to the MCDA stage, where thermodynamic, environmental,
spatial, and economic criteria are assessed. Only configurations satis-
fying the Phase III screening criteria are passed to the MILP optimization
model. As it is shown in Phase IV, within the final optimization stage, the
MILP evaluates the surviving route-source-demand combinations
simultaneously and determines the network configuration that mini-
mizes the overall objective function. Consequently, graph theory es-
tablishes the feasible routing structure, while the subsequent gravity-
model, MCDA, and MILP stages progressively identify the technically,
environmentally, and economically optimal district-heating backbone.

2.2. Phase II: Thermal resource and demand mapping

At each node and time step the energy balance enforces conserva-
tion. For node i at time t, all incoming heat plus any local generation
must equal the node's demand plus outgoing flows and losses. Formally,
one can write for each time t:

. . . d . N
Z Qu+qQ; = Q" + z Qi+ Q5 (16a)
Ji(ig)e 7 k:(ik)€E
- de . . exi: . pl
Qi_fm _ Qf)tH exist + Qf)th an (1 6b)

where jS,t is the heat flow from node j to i, Q;gi" is heat produced at i (e.g.

by a boiler or heat pump), Qdem is the heat required by the building at i,

it
N - d . . -

and Q::s captures network losses. The Qiim consists of candidate existing

. : -d

DHs and planned DHs. ones Variables nget" and Qi‘fm are evaluated based

on the waste heat/renewable heat source GIS map and city demand
. 0 . . .

maps, respectively. To calculate Qifs, a single pipe segment carrying

mass flow m, perimeter /, and overall loss coefficient U is assumed. The
one-dimensional continuous model results in Ref. [85]:

dT(x) us
i — e, (T(x) — Tam) (17a)
For tunnel routes. For street routes, it results in Ref. [85]:
dT(x) us
= — = T - Tenv 1 b
dx mCp water ) ) (A7)

Where m in each route/pipeline calculated based on the supply and
return temperatures. The closed-form solution gives [85]:

T(l _)]) = T(O)eiMd;‘f! + Tsail.tun (1 - eiMd;f!> (183)
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U
n.lofp.water

(18b)

Qe
(Sp‘water(Tsup - Tret)
For aggregated modeling, linearized approximation is used for small
Mdg.ff in equation (18a):

m= (18¢)

AT ~ Md [T(0) — Tooiun) 19)

Heat loss is then expressed per edge in terms of flow and edge
properties for later coupling:

- loss

Qi_[ (m) ~ Ui/id;ff(Tsup - Tsnil,tun) (20)

If Mdfjff is not small, M is computed explicitly and solved using the closed

form or approximated with piecewise-linear functions in the Mixed
Integer Linear Programming (MILP). Pressure drops on edge e follows
Darcy-Weisbach equation [86]:

ar , o\ 2
AP, =for - =0 Q— ) 1)
D, e 2 waterAE
Pumping power for a path ij is calculated by Ref. [86]:
; meAP,
Woumpj = 27 (22)

ecij Pwater'Tpump

Since Wyump 5 is quadratic in m,, the piecewise-linear segments of m,

is approximated and an incremental formulation is applied. To pre-

- DH planned
evaluate Q;,

spatial units:

Qarm
— €

O =

, the urban heat demand GIS area is discretized into

(23)

ecE Ae

Where Q™ is the annual heat demand, and A, is the spatial area. Then,
each demand unit is assigned a normalized temporal profile & (t), with a
defined peak demand is defined as:

Q.(t) = Q™5 (t) 24)

Qe = rntaxQe(t) (25)

Unserved demand units are grouped into candidate expansion clus-
ters using density-based clustering algorithms. A cluster c is retained if
both following conditions are satisfied:

D Q™ > Quin

ecc

e

ecc

(26)

2 Omin (27)

c

where Qpin and opi, are minimum viability thresholds.

2.3. Phase III: Strategic pairing and corridor filtering

A directed spatial interaction score is defined between thermal

source i € .7” and demand cluster j € & as gravity model [87]:
o P
B /? ;ZJ{

GiJ' = (d;ff> 7

(28)
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where .7; denotes available thermal capacity at source i, 7; denotes
aggregated annual or peak demand of cluster j, dgﬁ denotes effective GIS-
derived corridor distance between nodes i and j, and a, 3, y are calibra-
tion exponents. Following the Phase I corridor screening process, the
retained candidate routes are represented using their actual GIS-derived
lengths. Therefore, the effective corridor distance used in the gravity
model in equation (28) is defined as:

dsz = Luv

(uY)€ (i) retained

(29)

where summation is done over the retained corridor connecting nodes i
and j, and Ly, is the actual GIS length of edge (u,v). The route preference
multiplier introduced in Equation (1) is used only during the pre-
liminary corridor screening stage and is not used in the gravity-model
calculations. In equation (28), demand cluster & consists of the heat
demand for existing DHs as well as the candidate expansion clusters
identified in phase II for the future planned DH:

Q™™ if DH exists

=
Zj _ . .
Q}‘?”"Pl‘me Yo if DH not exists

(30)

In equation (30), a temporal discount factor based on planning discount
parameter v is introduced to facilitate expansion of the current large-
scale DH in expected realization year ty,,. This gravity formulation
captures two key effects: (1) attraction proportional to thermal scale and
(2) spatial friction proportional to actual GIS-derived corridor length. To
ensure thermal feasibility, a temperature compatibility factor is
introduced:

®ij — exp( _ K)T?ource _ T;iem

) 6D

where T;"* is source supply temperature, T;*! is demand-side required

supply temperature, « is a sensitivity parameter. The final strategic
interaction score becomes:

q)ij = GijQU‘Ppolicy‘Pcarbon (32)
where policy and carbon multipliers allow integration of regulatory
priority and emissions reduction potential, however, there both
considered as 1 in this study.

Interconnection of existing DHs is also analyzed based on gravity
model similar to supply-demand model above. A reserve margin of each
DH is defined as:

RMpy = Cappy — Peakpy (33)

Only DH systems with RMpy > 0 can support others. Therefore, for
coalition £

RM,, =) max(0, RMpy) (34)

DHe %

This is total available surplus capacity. To evaluate whether coalition

% can help DH system r:
_RM,
" Peak,

Ay, (35)
In equation (35), if A%, > 1, the coalition can fully cover peak demand
of DH at point r, while if Az, < 1, it only partially supports. Based on
equation (34) and gravity model, DH coalition interconnection score is
then defined as:

11
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RM® Peak”
Oyor= AN
<d9 ,r)

To avoid combinatorial explosion, coalition size is limited to pair-
wise coalitions (|2 = 1), dual-support coalitions (|| = 2), triple-
support coalitions (|2| = 3). Moreover, only coalitions satisfying
I4_, > [l or belonging to the top ranked configurations are retained
for Phase IV optimization. Based on equation (36), a criterion can be
added to analyze interconnection between the DHs. This criterion
evaluates how well a candidate transmission route r enables coalitions of
DH systems to support other DH systems through gravity-type
interaction:

(36)

Total coalition potential of route r

e = Maximum across all routes (872)
Which can be rewritten as:
> Mooy
74)e( %
T 7

EREER)

When interconnecting DH or integrating DH with sources of different
temperature levels, high-temperature DH or source supporting low-
temperature DH or source may destroy exergy. Moreover, low-
temperature waste heat cascaded properly improves exergy utilization
and return-to-supply recovery increases second-law efficiency. There-
fore, a new criterion is required to evaluate exergy based on second law
of thermodynamics [88]. Assuming soil or tunnel air temperatures as the
ambient temperature Ty/qr, for a heat stream delivered from a heat
source or DH at temperature Tpysource, the specific thermal exergy factor
is [89]:

Tsail /air

EDH/source = 1- (383.)

TDH/source
The thermal exergy flow for heat flow between i and j is defined as
(see equation (16a)) [89]:

(38b)

Vije = QijmeH/source

A single, route-level scalar that captures how well route r preserves
and uses exergy when enabling flows between sources and demand
nodes i.e. existing and future/planned. A seasonally/annually aggre-
gated heat transfers can be used similar to the annual aggregation in
equation (30). Based on the source/DH outlet temperature T; and
delivered temperature at the demand i.e. existing or future DH Tj, the
route exergy utilization ratio (unnormalized) 0 <y, ., <1 is then
defined as:

> 3 Qujee(Ty)
_ jezies

Ve S S G ee(Th)

jevier

(39

Higher values provide better use of exergy i.e. less destruction or
waste) while small values mean that the route causes big exergy loss for
example because of high-temperature source feeding low value demand
or long losses. The criterion is then defined as:

_ W)

~ maxy () 0

Yr

A single economic cost criterion is defined that fully internalizes
piping costs, pumping electricity and the energy value of heat losses
along the candidate routes. A levelized annual cost per energy (LCOE)
delivered along route r is defined as [90]:
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G Gty + Cht + Coie
LCOE, = Qu — Qut (41)

Annual O&M costs is calculated as a portion of total cost and added
to the total cost. According to equation (22) for circulation pump, for the
annual period of H hours:

tot A
Cp(:unp = CeecH E Woump.ij
ij

(42)

Total annual heat loss along route is calculated based on equation
(20) mentioned above as:
- loss

= ChearH Z Qy t

ij

tot
heat

(43)

Total annualized cost for piping capex for the candidate route r is
calculated by rewriting equation (1) [91]:

Coipe =Copey_d’ (442)
ij
F T years

Ctot — ap ‘ji)(]' + Ji)) (44b)

'pipe pipe(l 4 Q%)years 1

Finally, equation (41) is normalized for MCDM to create a criterion:

LCOE,

L =T
coc maxLCOE,
r

(45)

For each candidate corridor, a criteria vector is defined and then all
criteria as well as the weighting factors are normalized for each route:

Cr={®y,10,,y,,LCOC. } (46a)

SN =1
Cr

To account for disparate physical units (e.g., Euros, Megawatts,
Celsius, and dimensionless scores), a min-max normalization proxy is
applied via Equation (46c¢) to bring all metrics into a unified [0,1] scale:

(46b)

=k C’: — C’l(nin
S

'max min

(46¢)
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Where k shows the index for each criterion (k = 1,2, 3,4). A TOPSIS-
based ranking is then performed. The positive and negative ideal solu-
tions are defined as [92]:

Z* t

%', =maxC, (47a)
k .ok

2~ =min C, (47b)

The ideal solution is the alternative that maximizes all beneficial
criteria in equation (46a), while the negative ideal solution is the
alternative that minimizes all undesirable criteria. Once the ideal and
negative ideal solutions are defined, the Euclidean distance between
each alternative and both the ideal and negative ideal solutions is
calculated. This distance measures how far each alternative is from the
best (ideal) and worst (negative ideal) possible solutions [92]:

~k 2
=3 C — ) (48a)
k
& 2
oty =4[220~ F) (48b)

where ;" is the distance between the k-th alternative (criterion) and the
ideal solution. «~; is the distance between the k-th alternative and the
negative ideal solution. The final step is to compute the relative close-
ness of each route (network) to the ideal solution. This is done by
calculating the ratio of the distance to the negative ideal solution to the
sum of the distances to both the ideal and negative ideal solutions:

“r (49)

Score, =———
o+

The higher the value of score for each route or network, the closer the
alternative is to the ideal solution, and thus, the better it is in terms of
the selected criteria. The alternatives are then ranked according to their
relative closeness to the ideal solution. The alternative with the highest
score value is considered the best choice for integration into the DH
distribution network as summarized in Fig. 5.

The four criteria vector components defined in Equation (46a) are
assigned equal baseline weights 7o = 7' = 7, = 7 '1coc = 0.25.
This approach prevents early-stage subjective bias, treating spatial

1. Candidate 2. Four-Criteria Evaluation Pillars 3. TOPSIS 4. Final Ranked
Transmission Routes () Ranking Engine Routes
(Input from Phase I-I1) % (Output for Phase V)
Normalization
C1: Strategic C2: DH C3: Exergy C4: LCOE BB 1. Route A
Gravity Coalition Preservation || Economics (Highest CC,
Interaction |{Support (lne) [|  (Mex,) (LCOE) pRositivelldealy - Best)
G | I I e
Sy |
% dsg e i Cails o Negative |
@_.,,_,@ \/ P ' Ideal () 3. Route B
source demand '
Ps Fa Good Match | | l
pex/Elec. -
E y=1-TyT Ky Closeness Optimal Route
'@ R < 63 - Coefficient Integration
Temp. source L) | | Heat Loss (cc,) R
Compatibility | |System-to-System Exergy e :
(far) Backup Destruction Total A(:Tsl:allzed
Thermal "Pull Mutual Aid | |20d Law Effciency | | oo
_ &Feasbiy || (2 i ) | Quality Matching | { " Losses.

Fig. 5. Flowchart for evaluation of criteria in phase IIL
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attraction, network cooperation, thermodynamics, and economic effi-
ciency with equal merit prior to optimization. In the sensitivity analysis,
each criterion weight will perturb within a 15% interval of its baseline
value while maintaining the normalization constraint in Equation (46b):
Vo+ Wn+ 7y+ 7icoc =1. Alarge set of feasible weight combi-
nations will be generated across the admissible weight space, and the
complete Phase III-IV optimization sequence was repeated for each run
(see Section 4.6 for the analysis and results).

2.4. Phase IV: Techno-economic optimization

The optimization framework is driven by a single-objective synthe-
sized proxy that internalizes economic, environmental, and thermody-
namic penalties, or evaluates them through a weighted sum approach.
The comprehensive objective function (Z) is as the total annualized
operational and capital costs alongside penalties:

des,ann

7= Ctor‘ann 4 Tco, (Coz)tot.arm + Ty (503)

Equation (50a) has three main elements:

Annualized Economic Cost (C%%"): It accounts for the annualized
capital expenditures (CAPEX) of new pipeline installations (adjusted by
whether they leverage the low-impedance tunnel network or require
street-level excavation) and the variable operating expenditures (OPEX)
including electricity for circulating pumps and primary heat procure-
ment (defined by Equation (51)).

CO, Emissions Penalties (z¢o,(C05)""™™): It explicitly quantifies
the carbon footprint of the network by multiplying individual heat
source conversion efficiencies and fuel carbon intensities by active time-
slice weights (defined by Equation (52)).

Exergy Destruction (z.,3%™): It captures the thermodynamic ir-
reversibilities of the network, penalizing low exergy utilization and
temperature mismatch when upgrading low-grade waste heat (such as
data center exhaust at 60-75°C) using heat-pump boosting (defined by
Equation (53)).

The MILP optimization simultaneously minimizes annualized system
cost, carbon emissions, and exergy destruction by considering multi-
pliers 7 as:

min Z = min(C**“" + 7o, (CO2) ™™ + 7oy ™) (50b)

ex

where annualized system cost is defined based on Equation (41) in
previous section as:

Glotann Z <Ctot_cap %( 1+ e%))yeﬂrx

,774’ th'O&M)yr + Celecwt (prnp + WHP)
r (1 +¢%,)years 1 r Z

- gen
+ CawiQ;
t
(51)
in Equation (51), y, is a binary decision variable for route (corridor)
connection. A time-weighting factor w, for representative periods based

on the operational time of pumps and heat pumps. Annual carbon
emission is defined by:

(COZ)tOtvann = Zwt (Z (Wpump + WHP)Wem,eleL + ZQfmwem.fuel> (52)
t e

T

The annual exergy destruction in equation (50) for each route is
defined based on the supply and return temperatures of the route:

Tenv Tenv 5
3l () ()

In the exergy destruction calculation in Eq. (53), the environmental

des,ann

l//e)(

(53)
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reference temperature (T,,) corresponds to the monthly average
ambient air temperature obtained from long-term meteorological ob-
servations [93]. For the case study in Section 3, the monthly values
ranging from approximately 5°C to 16°C were used (Table 1), allowing
the exergy factor to reflect seasonal variations in environmental condi-
tions. This reference temperature is distinct from the soil temperature
parameter used in the buried pipe heat-loss calculations.

To guarantee physical and thermodynamic feasibility, the MILP
model enforces a rigorous set of structural and operational constraints.

Node-level energy balance: It was already introduced by Equations
(16a) and (16b) which Enforce that the net thermal energy entering a
node (from candidate routing corridors and local heat sources) must
strictly balance the heat delivered to substations, network losses, and
downstream mass flows.

Edge activation and capacity: Edge activation and capacity is
applied as one of the optimization constraints at this step:

7yeQij.max < Qij,t < .yEQij.ma.x (543)
in equation (54a), y. is a binary decision variable for activation/deac-
tivation of the edge.

Node capacity: The production from each source cannot exceed its
useable capacity:

- gen - gen
0<Q < Qua

4th-Generation Supply Temperature: To ensure compatibility
with fourth-generation district heating (4GDH) principles, supply tem-
peratures at each network node are constrained within a predefined
temperature range:

(54b)

Tmin S ’Ijup S Tmu.x (54C)

Heat-Pump Bounds: The heat generation output of each heat pump
(if available) is bounded by its capacity.

Qi < Q7 < Qe (54d)

Thermal dissipation: As already introduced by Equation (20),
thermal heat losses along the underground corridors are dynamically
constrained based on pipe dimensions, insulation coefficients, and the
thermal properties of the ambient environment.

Mass flow rate continuity: Similar to node-level energy balance
mentioned above, the continuous fluid mass flow rate of the heating
water entering and exiting any given node i must maintain absolute
structural equilibrium:

. -gen _ _-dem
} M ¢ + mi,t =m;,
Ji(ij)e 7

- loss
+m;,

+Y My (55a)
ki(ik)eE

Network hydraulics: As already introduced by Equation (21),
frictional momentum losses across the network create a pressure
gradient over candidate routing corridor paths is considered as another
constraint.

Unidirectional Flow Restriction: Each pipe (supply or return) re-
quires fixed hydraulic flows per time slice. The binary variables must

prevent simultaneous conflicting flows on an edge:
Yiie TYije <1 (55b)

Source-demand temperature compatibility: A source can only
supply a demand node when the required supply temperature can be

achieved directly or through available heat-pump upgrading:
Tgen + ATHP > Tsup (55C)

Heat-demand satisfaction: The total thermal energy supplied to



M. Sameti et al.

each demand node must satisfy the annual heat demand requirement at
any time:

- dem

T < Q) (55d)

Two mechanisms are incorporated into the framework to reduce
prolonged part-load heat-pump operation at the city scale. First, when
thermal demand decreases, the interconnected network can redistribute
loads among available heat sources and heat pumps through the coali-
tion and routing framework described in Phase III. This allows selected
units to operate closer to their preferred capacity ranges while other
units remain temporarily inactive. Second, Equation (54d) imposes
minimum and maximum operating capacity constraints on each heat
pump. Thereby preventing unrealistically low operating levels.
Together, these mechanisms reduce the occurrence of prolonged low-
load operation and provide a more realistic representation of large-
scale district-heating system operation. Although detailed compressor
part-load performance is not explicitly modeled, the optimization pref-
erentially allocates thermal demand across available sources and heat
pumps, thereby maintaining operation closer to practical capacity
ranges.

2.5. Phase V: Integration and impact assessment

Baseline emissions typically individual gas boilers or decentralized
heating in the existing DH are calculated as:

ann,baseline \gen H
(COZ) = ZZQe.baselineWemf“Elwt + Z g We,ba_selinewem‘elecwt
t e t e
(56a)

System emissions under the optimized backbone are:

(C02 )ann.opt _ Z

t e

- gen

Qe_uptwem.suurcewt + ZZ (We,HP + We,pump)wem,elecwt
t e

(56b)

Total relative annual emission reduction is then calculated by:

(COz )ann,baxeline _ (COz )unn,opt

: (57)
( C O2 )ann‘baselme

Emission savings (%) =

The thermodynamic quality of the interconnected district heating
system is evaluated using an exergy-based environmental indicator. The
useful exergy delivered to all demand nodes over the simulation horizon
is calculated based on equation (38a) as:

Wex = ZZQe.tEDHWt (58a)
t e
'/’Zcput = ZZQZETS“’”’“Wt + ZZ (WE-HP + We,pump)wt (58b)
t e t e
The overall exergy efficiency of the system is then defined as:
_ y/use
New = w"é?”‘ (59)

This indicator is calculated for both the optimized interconnected
district heating system and the baseline non-connected heating config-
uration, yielding n%¢ine and pnotimzed | respectively. The comparison of
these values provides a thermodynamic measure of how effectively each
system utilizes high-quality energy resources to meet low-temperature
heating demands, thereby complementing the economic and CO,-
based performance metrics.

Finally, the System Cost Ratio (SCR) is introduced to provide a
normalized lifecycle comparison between the optimized large-scale DH
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and the baseline non-connected DH configuration:

i cloty
DH
sc 7/:0(1%4)/
R= N toty
2
0

baseline
4=

(60)

A4y

where top and bottom of the ratio in equation (60) denote the total
annual costs of the optimized large-scale DH and the baseline non-
connected DH system in year 4, respectively; » is the real discount
rate; and N represents the project evaluation horizon (years). By
expressing the ratio of total discounted costs rather than absolute dif-
ferences, the SCR provides a scale-independent measure of economic
competitiveness.

3. Methodology: GIS layers for the case study

In this section, we assess available input GIS data and waste/
renewable heat sources for the case study of Dublin including data
centers, surface water, CHP plants, industrial waste heat, power stations
waste heat, and wastewater treatment and quantify their thermal

useable capacity Q‘fetn as part of the input to the methodology.
3.1. Underground corridor network

Although the term “tunnel” is used as a general descriptor in this
study, the layer integrates a wide range of underground corridors,
including transport tunnels, disused rail corridors, utility galleries,
sewer and stormwater culverts, and service ducts. For example, the
Dublin Port Tunnel, a key road transport corridor extending several kms
with internal clearances of approximately 4.6 to 4.9 m, differs sub-
stantially from smaller utility ducts or historic sewer systems. Conse-
quently, the GIS dataset shown in Fig. 6 extracted from OpenStreetMap
(OSM), Irish government data [94], and Dublin City Council in-
corporates a range of relevant attributes, including tunnel type, internal
clearance, depth, length, managing authority, access points, and oper-
ational or legal restrictions.

3.2. Heat demand

This layer as shown in Fig. 7 quantifies the estimated space-heating
and domestic hot-water demand within defined spatial units - such as
building parcels, urban blocks, or grid cells - derived from building stock
data and energy consumption statistics. Heat demand density is a critical
determinant of phases II and III of the proposed frameworks as it facil-
itates the identification of optimal connection points for integrating
existing small-scale DH networks into a unified city-scale system. Areas
exhibiting high annual or peak thermal loads expressed as kWh/m? in
equation (27) are more likely to support cost-effective heat distribution
networks, as they allow for shorter pipe lengths per unit of demand and
lower heat losses. According to analyses conducted by the Sustainable
Energy Authority of Ireland (SEAI), the baseline scenario for potential
district heating supply in Ireland exceeds 2.7 TWh per year, with Dublin
representing a significant proportion of this potential [95]. Further-
more, GIS-based mapping by Codema indicates that approximately 75%
of Dublin's built environment demonstrates conditions favorable to DH
deployment, including sufficient load densities and proximity to heat
sources [96].
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3.3. Data centers

The GIS layer in Fig. 8 representing datacenters (dark blue markers)
highlights their spatial concentration primarily in the western and
southwestern parts of Dublin, notably around Blanchardstown, Clon-
dalkin, and Tallaght. Data centers represent continuous and predictable
low-temperature waste heat sources whose recoverable thermal

= NE u
4 x nu” u n
i} =
u [
& a | f [ |
u n
-
¢
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potential is primarily governed by their electrical power consumption
and cooling system configuration. Since nearly all consumed electrical
energy is ultimately dissipated as heat, the raw thermal output of a data
center dc can be approximated as:

- gen .

Qraw,dc = MNeonv.de Welev.dc (6])

vy Ye

chp
v data_centre
industrial
¢ m surface_water
“ ¢ wwiw

¢ power_stations

Fig. 8. GIS layer of locations for various waste heat in Dublin: data centers (top right), surface water (top left), waste water treatment (middle right), powerplant
(middle left), industrial waste heat (bottom right), and combined heat and power (bottom left).
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Fig. 9. Distribution of GIS data for potential waste heat sources and existing DHs.

Where W, 4 is the data center electrical load (MW) and 7, is the
electricity-to-heat conversion efficiency, typically ranging between 0.95
and 0.99 [55]. The outlet temperature of the rejected heat T; depends on
the cooling technology and commonly lies between 25 and 40°C for
air-cooled systems and up to 50-65°C for liquid-cooled configurations
[68]. As these temperatures are generally below the required district
heating supply temperature Ty, heat upgrading through heat pumps is
necessary. The theoretical coefficient of performance (COP) of the heat
pump can be estimated using a Carnot-based approximation:

Top

COPygpe = —2
i Tsu,p — Ty

(62)

In practical applications, real COP values are lower due to system losses

CHP _-
Powerplant _-

Industrial heat

Data center

Waste water

Surface water

L

1
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20 30

and are typically assumed in the range of 4 to 7 [97]. With # as the
system efficiency factor:

COP, real =/ (Txourcea ATupgmdu SOUI‘CC) COP, ideal (63)
COP, real
= 64
e COP, real + 1 ( )
In practical applications, real COP values are lower than the theoretical
Carnot limit due to compressor inefficiencies, heat exchanger losses,
control strategies, and operating conditions. Therefore, the system ef-
ficiency factor # is not treated as a constant but varies according to heat
source characteristics and required temperature lift. In the present
study, operational COP values were obtained from source-specific COP
performance maps (Fig. 10), developed from representative literature

5.0

coP

Temperature Lift (°C)

Fig. 10. COP for various technologies to extract heat from available sources.
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data and implemented as a function of source type and temperature lift.
Consequently, COP varies spatially and operationally throughout the
GIS-based assessment rather than being represented by a single fixed
value.

The useable upgraded thermal energy delivered to the DH network is
therefore approximated by:

~gen A8

Qdc.usable = Q (65)

en
raw.dc!THP
Where 7, represents the effective heat pump utilization efficiency ac-
counting for performance degradation and operational constraints,
generally between 0.7 and 0.9. To reflect the high operational reliability
of data centers, an availability factor «4. is introduced, commonly
exceeding 0.95 due to near-continuous operation [57]. The final tech-
nically recoverable heat potential becomes:

- gen

- gen

Qdc = Qdc,usable’ldc (66)
Subject to the feasibility condition

Tdc + ATupgrade > Tsup (67)

In eq. (67), ATypgrade Tepresents the achievable temperature lift of the
heat pump system. This formulation enables consistent spatial integra-
tion of data center waste heat into the district heating planning frame-
work, capturing thermodynamic limits, temperature compatibility, and
operational reliability.

3.4. Surface water

The GIS surface water layer shown in Fig. 8 (red markers) provides
spatially explicit information on Dublin's rivers, canals, and engineered
watercourses with identified potential for low-temperature geothermal
energy extraction, serving as a strategic component in the transition
towards a 5th-generation district heating and cooling (5GDHC) network.
This dataset consists of georeferenced points and segments where flow
rate, temperature, and volume data indicate the technical feasibility of
extracting and exchanging heat. Surface water bodies - such as the River
Liffey, River Tolka, Grand Canal, and smaller engineered channels -
represent stable, locally available reservoirs of low-grade thermal en-
ergy. Their natural temperature ranges (15°C under Irish climatic con-
ditions [68]) are below traditional district heating supply temperatures;
they are ideally suited for 5GDHC networks. The overall heat extracted
for surface water can be written as:

- gen .

st = nHPmHPQ:p.water (Tsw.in - Tsw,out) (68)

Heat pump performance for surface water was determined using the
source-specific COP surface presented in Fig. 10.

3.5. Wastewater treatment (WWT) waste heat

The heat from wastewater treatment illustrated in Fig. 8 arises from
two main sources: the thermal energy contained in wastewater itself and
the waste heat produced by treatment processes such as anaerobic
digestion and CHP generation. Because wastewater flows are continuous
and relatively warm compared to ambient conditions (typically 15-25°C
[68]), they provide a stable, year-round low-temperature heat source
that is well suited to recovery using heat exchangers and heat pumps.
The most important asset in Dublin is the Ringsend Wastewater Treat-
ment Plant, the largest in Ireland, serving the Greater Dublin Area with a
treatment capacity equivalent to over two million people once ongoing
upgrades are complete. Ringsend already operates anaerobic digestion
of sewage sludge, producing biogas that fuels CHP units. In addition to
high-grade CHP heat, low-grade heat can be recovered directly from
wastewater streams at treatment plants or within major sewer collec-
tors. Heat exchangers installed on influent or effluent flows can extract
thermal energy without affecting treatment performance. The
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recoverable thermal power from wastewater is given by:

- gen

Qideal,ww =My @PWW (Tm - TOU[) (69
In this equation, n,, is the mass flow rate of wastewater, ¢, is the
specific heat capacity of wastewater, Ti, is the influent wastewater
temperature, and Ty, is the wastewater temperature after heat extrac-
tion. If plant data is unknown, flow can be estimated from population
Po, and wastewater per capita gy, (mg/person/day) which is typically
0.12-0.20 m®/day [58]:

Pog,.
86400

My = Py (70)

In practice, only a fraction of the ideal heat can be captured due to
heat exchanger efficiency, fouling, operational constraints, and seasonal
effects. This is accounted for using a recovery factor 7,,., typically be-
tween 0.5 and 0.75 [59], such that:

- gen - gen

Qusable‘ww = Mrec Qideul.ww (7 1 )

The delivered thermal output is therefore governed by the heat pump
coefficient of performance, generally ranging from 3.5 to 5.5 for WWT-
based systems, enabling several units of heat to be supplied for each unit
of electricity consumed:

- gen
Q‘Sen _ Qusable,ww

ww 1
1 COPyp

(72)

3.6. Powerplants waste heat

The power plant GIS layer in Fig. 8 (purple markers) shows a
different but complementary spatial pattern, with most facilities located
near the Dublin Port area and along major energy corridors. Their
proximity to coastal zones suggests potential synergies with CHP or
waste-to-energy systems that already benefit from efficient cooling and
logistical access. For a plant with electrical capacity Welec,pp and con-
version efficiency 1, ,, the total waste heat power can be expressed as:

1
_ 1)
nelec,pp

Where N, is the recovery factor depending on cooling system and
integration feasibility. For plants with once-through cooling systems, it
is typically in the range of 0.7-0.8, due to the direct availability of large
quantities of cooling water at moderate temperatures [60]. For plants
equipped with cooling towers, the recoverable portion is lower, gener-
ally between 0.4 and 0.6, as part of the heat is dissipated through
evaporation and cannot be economically captured [60]. In the case of
air-cooled condensers, the recoverable fraction is typically limited to
0.2-0.4, because the heat is rejected to ambient air at lower temperature
levels, significantly constraining practical extraction [60]. Not all of this
heat is directly useable in a district heating network, because much of it
may be at low temperature (e.g., cooling water returning at 30-40°C)
below typical DH supply requirements (often 70-90°C) [68]. To bridge
this gap, heat pump systems can be integrated, where the coefficient of
performance (COP) governs how much additional electrical input is
needed to elevate the waste heat to distribution temperature. A realistic
heat pump performance factor 1, captures system losses and results in a
useable upgraded heat quantity:

- gen

Qrejpp = SRPP WelechP (

(73)

- gen - gen

Qp = Qujppllup

Heat pump performance was determined using the source-specific
COP surface presented in Fig. 10.

(74)
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3.7. Industrial waste heat

Industrial waste heat is the surplus thermal energy generated as a
byproduct of manufacturing, chemical refining, or data processing that
is traditionally vented into the atmosphere or water as thermal pollution
[98]. The map in Fig. 8 (green markers) suggests the potential for a
multi-nodal system where these diverse hubs are interconnected; for
instance, capturing the massive surplus at the Dublin Port could decar-
bonize the high-density city center areas through relatively
short-distance  transmission. The spatial distribution shows
high-intensity heat sources, represented by larger triangles, concen-
trated in key industrial zones like Dublin Port, Clondalkin, and Blan-
chardstown, which are ideally positioned in close proximity to
high-density residential and commercial demand centers. Since the
annual useful heat consumption of the industrial facility is available, the
annual fuel input is estimated indirectly using a realistic seasonal boiler
efficiency. Let Q;:Zm denote the measured annual useful heat delivered to
the industrial process. The corresponding annual fuel input is calculated
as:

(75)

Where 7, represents the practical seasonal efficiency of industrial
natural gas boilers. Based on operational performance reported for in-
dustrial systems, a conservative efficiency range of 0.85-0.92 is adopted
to reflect real operating conditions rather than nameplate values [81].
The total annual thermal losses generated by the boiler are therefore
obtained from the energy balance:

« loss,ideal - del 1
Qind = Qind ( - 1)

Nboiter
However, the majority of losses occur through the flue gas stream. To
account for this, a flue-gas loss fraction /,, is introduced based on a

(76)

conservative range of 0.75 to 0.90 for typical industrial boilers. More-
over, to represent the temperature constraints i.e. acid dew point limi-
tations, minimum allowable stack temperature, corrosion prevention, a
recoverable temperature fraction /temp is introduced [75] [76]. This
parameter represents the share of flue gas heat available above the
minimum technically useable temperature level with a conservative
practical range of 0.50 to 0.75 [75] [76]. The annual waste heat con-
tained in the flue gas stream is therefore estimated as:

- gen

del (1
Qind :/temp/ﬂueQind< - 1) @7
Mboiler

3.8. Combined heat and power (CHP)

The spatial distribution of CHP plants across Dublin provides a
valuable basis for evaluating potential waste heat recovery for district
heating networks. As observed in Fig. 8 (light blue markers), the CHP
installations are concentrated predominantly in the central and eastern
parts of the city, with additional smaller units scattered in suburban
areas such as Clondalkin, Tallaght, and Blackrock. This distribution
suggests that a centralized or semi-centralized district heating network
could leverage high-density CHP clusters in the city center while
considering strategic pipeline extensions to serve peripheral neighbor-
hoods. A convenient parameter in evaluation of available heat for
integration is the heat-to-power ratio:

- gen ny .
QCHP,ideal _/CHP WEIEC,CHP
- gen

For gas-engine CHP 80% to 90% 0f Qyp 4.4 is useable directly while
for condensing steam turbine up to 20% of that can be used directly
without heat pump [99] [100].

(78)
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3.9. Summary of GIS inputs, spatial characterization, and model
parameters

The GIS-based spatial analysis was implemented by integrating three
spatial datasets: (1) building-based heat-demand layers derived from
building stock data and energy statistics, (2) georeferenced renewable
and waste-heat source locations including data centers, surface water
bodies, wastewater treatment assets, power plants, industrial facilities,
and CHP plants, and (3) underground corridor layers extracted from
OpenStreetMap, Irish government datasets, and Dublin City Council
records:

Heat demand zones: Heat-demand zones were identified using the
GIS-based clustering in Section 3.2 (Fig. 7 as the input data). Existing
district-heating systems were represented directly using their reported
capacities and service areas, while future district-heating development
zones were derived from spatial demand-density analysis (Equations
(23)-(25)) and gravity-based source-demand (Equation (28)) matching
procedures. This approach enabled the identification of geographically
concentrated demand clusters suitable for future network expansion
while preserving consistency with existing district-heating
infrastructure.

Underground corridors: Underground corridors were incorporated
as candidate thermal transmission pathways through the GIS pre-
processing framework described in Section 2.1 with the input data
shown in Fig. 6 and explained in Section 3.1. Corridor selection was
subject to multiple spatial constraints including accessibility, connec-
tivity, network continuity, and routing feasibility. Redundant, isolated,
or non-contributing corridor segments were removed through the graph-
theory filtering procedures presented previously (Equations (1)—(15)).
The resulting corridor network formed the candidate backbone used
during the subsequent routing and optimization stages.

Renewable and waste heat resources: Renewable and waste-heat
resources were spatially identified and quantified using a GIS database
shown in Fig. 8 for all six candidate sources while the capacity of each
source type is shown in Fig. 9 based on statistical analysis. Each source
was represented as an individual georeferenced node with the given
locations in Fig. 8. It is associated with technical attributes including
available thermal capacity, source temperature, operational character-
istics, and recovery potential (Shown in Table 1 and Fig. 9). Thermal
capacities were estimated using source-specific methodologies (Equa-
tions (61)—(78)) described in Section 3.3 to Section 3.8 (based on the
source type). To ensure conservative resource assessment, the optimi-
zation framework employed source-specific minimum annual available
capacities for industrial, data-center, CHP, and power-generation assets,
while minimum annual source temperatures were adopted for waste-
water and surface-water resources when evaluating heat-pump perfor-
mance. These attributes formed the basis for the subsequent gravity-
model screening, MCDA ranking, and MILP optimization stages.

GIS resolution: The study area was discretized into 200 m x 200 m
grid cells, representing a compromise between capturing urban heat-
demand heterogeneity and maintaining computational tractability for
the city-scale GIS-MCDA-MILP framework.

The box plot in Fig. 9 illustrates the distribution of GIS data for the
six primary heat source categories as well as the existing DHs utilized in
the Dublin-based model, highlighting the variability in capacity levels
across different sources. Waste Water Treatment (WWT) temperatures
and Surface Water (SW) temperatures represent thermal baselines, with
WWT showing the highest overall values (median 15 °C) and a narrower
range compared to power-based metrics. In contrast, Combined Heat
and Power (CHP) heat consumption and Data Center (DC) electricity
consumption exhibit the greatest variability; CHP, in particular, shows a
wide interquartile range and the largest overall spread, reflecting
diverse scales of electricity output. Powerplant (PP) outputs, scaled
down by a factor of 0.01, represent the highest relative capacity levels in
the dataset, while Industrial (IND) heat demand shows a moderate dis-
tribution centered around a median of 6 MW. The inclusion of both the
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Fig. 11. Corridor screening sensitivity as a function of relaxation threshold (6).

median (horizontal line) and mean (X marker) within each box high-
lights the skewness in distributions, particularly in the CHP and DC
categories, which serves as a critical stochastic foundation for the sub-
sequent modeling phases. DH capacities in the study area range from 1.3
to 20 MW indicating substantial variability in system size. The wider
spread above the median suggests a moderately right-skewed distribu-
tion, reflecting the presence of several higher-capacity systems along-
side predominantly small-to medium-scale installations. To avoid
overestimation of recoverable waste heat, source capacities were
defined using conservative availability assumptions. For industrial fa-
cilities, data centers, CHP plants, and power-generation assets, the
available thermal capacity supplied to the optimization corresponded to
the minimum annual observed thermal output rather than nominal or
peak values. For environmental heat sources such as wastewater and
surface water, the minimum measured source temperature was adopted
when evaluating heat-pump performance. These assumptions ensure
that all modeled heat supplies represent guaranteed minimum avail-
ability levels throughout the year.

By consolidating all modelling assumptions in a structured format,
Table 1 provides the parametric foundation for the GIS-MCDA-optim-
ization framework and enables systematic sensitivity analysis of the
large-scale DH integration results. The baseline economic assessment is
based on the parameter ranges reported in Table 1, including electricity
prices, COy penalties, discount rates, and infrastructure cost assump-
tions. Specifically, the optimization uses annualized cost formulations
with representative electricity and heat-price assumptions, a CO2 pen-
alty term, a real discount rate of 4%, and a 25-year project evaluation
horizon. Pipe installation costs, heat-pump CAPEX, pumping costs, and
other capital items are therefore evaluated consistently within a life-
cycle framework rather than as single-year expenditures. To assess the
robustness of the economic results, uncertainty ranges for the principal
techno-economic parameters are provided in Table 1 and are subse-
quently evaluated through phased-deployment and sensitivity analyses
presented in the Results section.
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Fig. 10 illustrates the continuous COP surface used in the model,
obtained through interpolation of representative performance values
from literature [54]. The heat map supports comparative assessment of
temperature-lift sensitivity across different waste heat sources.

4. Results and discussions

To assess the robustness of the integrated GIS-gravity-MCDA-MILP
framework, a two-stage sensitivity analysis was performed across Phase
I corridor screening and Phase IV optimization. Fig. 11 illustrates the
effect of the relaxation threshold (6) on the size and quality of the
candidate corridor pool. As ¢ increases from 0.10 to 0.30, the number of
retained routes grows from 128 to 241, while the mean route cost ratio
relative to the shortest-path baseline increases moderately from 1.07 to
1.23. This confirms that the Phase I screening mechanism progressively
expands the feasible solution space without introducing excessive path
inefficiency, thereby maintaining a controlled trade-off between di-
versity and cost quality of candidate corridors.

Fig. 12 evaluates the impact of the screened corridor set on the final
MILP solution. The results indicate a rapid reduction in the optimality
gap as the number of candidate routes increases, stabilizing at approx-
imately 0.2% beyond 200 routes. This demonstrates that the optimiza-
tion framework achieves near-convergence with respect to the candidate
network size, and that further expansion of the corridor pool does not
significantly improve the objective function Z. Importantly, the CO,
emission reduction metric also converges to a stable range of approxi-
mately 68-69%, confirming that the decarbonization performance of the
system is insensitive to further increases in solution space once a sulffi-
cient diversity of feasible routes is available. This joint convergence of
both the optimization gap and the environmental performance metric
provide strong evidence that the adopted 6 threshold yields a near-
optimal and physically consistent network design while maintaining
computational efficiency.
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4.1. Optimal distribution network The color-coded segments represent a sophisticated thermal grid span-

ning a total of 148 km of existing corridor and new routes. The Red lines,

Fig. 13 illustrates the global optimum for the proposed city-scale totaling approximately 42 km, act as the high-temperature primary ar-
thermal grid, representing the optimized network topology that in- teries, likely carrying pressurized hot water directly from central heat
terconnects existing DH systems with newly identified consumer zones. plants or industrial waste-heat sources to the densest urban corridors.
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Fig. 13. Optimized distribution network for large-scale climate-neutral DH system.
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These transition into the cyan and yellow networks - the largest portion
of the grid at 58 km and 34 km respectively - which serve as the medium-
to-low temperature distribution loops for residential and commercial
heating. Finally, the 14 km of Light Green segments represent the lowest
temperature lines or specialized ambient loops, ensuring thermal effi-
ciency across the entire metropolitan footprint. The blue nodes distrib-
uted across the map signify the building clusters successfully connected
to this large-scale DH infrastructure. These clusters were dynamically
aggregated based on the spatial heat demand density and temporal
profiles evaluated during Phase II. Specifically, only demand clusters
satisfying the minimum viability thresholds for annual heat demand and
spatial area density, governed respectively by Equation (26) and Equa-
tion (27), were retained for network integration. The dense concentra-
tion of these connected nodes in the central and eastern sectors of Dublin
aligns robustly with the high-demand density zones previously mapped,
validating the model's capacity to target areas with superior cost-benefit
ratios. The varying colors of the distribution lines in Fig. 13 denote the
distinct temperature levels of the supply networks, which are directly
dictated by the innate temperature profiles of the connected heat sour-
ces or existing DHs. For instance, high-intensity sources such as power
plants, CHP installations, and industrial facilities generally supply
higher-grade waste heat. This allows specific transmission corridors
originating from these hubs to operate at elevated temperatures, sup-
plying legacy high-demand nodes directly without requiring extensive
heat pump upgrading. This multi-temperature routing strategy is a
direct mathematical consequence of the exergy preservation criterion y,
and the techno-economic optimization formulated in Phases III and IV.
Rather than forcing a uniform, high-temperature distribution across the
entire city, the mixed-integer linear programming (MILP) model mini-
mizes annual exergy destruction %™ by cascading temperatures
throughout the network based on source availability. Consequently,
primary transmission lines carrying this higher-grade heat from indus-
trial and power generation hubs are routed toward high-density legacy
districts, while secondary distribution branches integrating low-
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temperature sources such as surface water or data centers operate at
lower temperatures, characteristic of 4GDH and 5GDHC paradigms. This
hierarchical temperature distribution ensures strict thermodynamic
compatibility between specific heat sources and demand clusters, driven
by the temperature compatibility factor ©; calculated in Equation (31).
In the western and southwestern peripheries - encompassing Blan-
chardstown, Clondalkin, and Tallaght - the network design predomi-
nantly captures continuous, low-temperature waste heat from the dense
concentration of data centers. Because the rejected heat from these fa-
cilities typically ranges between 25 and 40°C for air-cooled systems, the
model actively deploys heat pump upgrading logic to meet the localized
supply temperature bounds dictated by Equation (56). Conversely, the
eastern seaboard and Dublin Port area emerge in Fig. 13 as a high-
capacity, high-temperature thermal hub. In this region, the strategic
gravity interaction score @; calculated via Equation (32) heavily favors
centralized routing due to the immense thermal “pull” of high-grade
industrial waste heat, CHP units, and low-grade continuous flow from
the Ringsend Wastewater Treatment Plant.

The physical trajectories of the pipeline network in Fig. 13 validate
the techno-economic efficacy of utilizing existing underground infra-
structure. The routing algorithm aggressively penalizes greenfield and
street-level excavations through the route preference factor w(r.) in
Equation (2), while balancing the thermal dissipation penalty 4 accrued
over longer transmission corridors via Equation (3). By heavily
weighting established transport tunnels and utility corridors as low-
impedance spatial pathways, the resulting topology successfully mini-
mizes the annualized capital expenditure modeled in Equation (44a).
This allows the large-scale network to bridge the spatial gap between
decentralized suburban thermal sources and the dense urban core with
minimal structural disruption to the city.

4.2. Heat source and DH matching

As Fig. 14 shows, the optimized city-scale source-demand matching
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aggregates 17 incumbent DHs (marked with red) and connects 66
mapped thermal sources (marked with green) across Dublin. Intercon-
nection creates active coalitions among existing DH marked with red:
interconnection allows pooling of 16% reserve margin effectively across
the city. By routing high-exergy heat from the eastern port directly to
high-demand legacy zones, and cascading low-grade heat from western
data centers via heat-pumps into local low-temperature corridors, the
topology reduces system exergy destruction while keeping transmission
losses lower than a single high-temperature approach. The inter-
connected existing DH networks are no longer passive heat sinks but
function as active prosumers within the grid. This connectivity improves
load balancing and operational resilience across the city, allowing sur-
plus heat from industrial hubs or wastewater treatment (e.g., the Ring-
send WWTP) to be redistributed to satisfy peak demands in distant
suburban nodes. This allows the system to satisfy the normalized reserve
margin for other nodes, ensuring that a DH system at a specific point can
receive support from the coalition when its own local sources are
insufficient. This transformation from “thermal islands” to an inter-
connected coalition is the core of the “System Cost Ratio” improvement.
The routes in your figure clearly gravitate toward the Dublin Port Tunnel
and other utility corridors. This is because the model “aggressively pe-
nalizes” traditional street-level excavation, assigning a lower cost-
weighting to established underground infrastructure. This hierarchical
division is exactly the expected outcome when the optimization mini-
mizes a combined annualized cost and exergy destruction objective
while enforcing temperature compatibility constraints: higher-exergy
sources serve higher-temperature sinks directly to minimize exergy
destruction, while low-grade sources are cascaded downstream after
upgrading where economically viable.

4.3. Spatial distribution of substations

The dominance of many small substations in the order of 2 to 5 MW
class as shown with triangle sizes in Fig. 15 supports a procurement and
operational strategy based on modular packaged substations and
distributed small heat-pump boosters rather than a few very large con-
version plants. Moreover, the hydraulic and pumping burden per sub-
station is modest individually, but aggregated pump energy and
electricity demand for heat pumps can be significant; therefore, routing
choices that exploit low-impedance tunnel corridors i.e. reducing head
and length materially lower LCOE and exergy penalties as described in
Phase I and Phase IV of the methodology.

4.4. Impact assessment

Using spatial demand in Fig. 7, the study area corresponding to almost
43% of Dublin's buildings requiring approximately 2.4 TWh of heat per
year for space and water heating. Practically, uncertainty in building
stock, connection rates and future fabric upgrades mean + 10 to 20%
variance is reasonable; therefore, planners should test sensitivity around
the 2.0 to 2.8 TWh/yr band when optimizing network layout or sizing
central plant. An inventory of urban waste-heat anchors for the area in-
dicates a credible recoverable range of roughly 2.0 to 2.8 TWh/yr, with
data centers and CHPs heat as the dominant stream and wastewater and
industrial/powerplant sources providing useful complements along with
surface water. The lower bound reflects only higher-temperature streams
that can be used directly while the upper bound assumes extensive cap-
ture and the application of heat-pump upgrades to low-grade flows. From
a technical standpoint this range shows that the city's waste-heat re-
sources, if properly aggregated and routed, are of the same order as the
covered demand and therefore can form the backbone of a low-carbon
district network. The principal practical challenges are temporal match-
ing, routing losses and plant siting. If the system were limited to direct,
high-temperature waste heat only, the network could meet roughly 23%
to 38% of the demand. However, integrating electrically driven heat
pumps with the seasonal performance factor of 3.1 to 3.5 to upgrade low-
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grade sources increases useable thermal output substantially: in realistic
heat-pump-assisted cases the system can cover 60% to 90% of the area's
demand. In best-case designs aggressive capture of anchors, substantial
thermal storage and demand-side flexibility near-full coverage is
achievable. In the central scenario, where the full thermal demand is
delivered using heat pumps, total annual emissions fall to roughly 31% to
32% of the baseline, corresponding to a 68% to 69% reduction in CO5
emissions relative to conventional system. Under more conservative,
partial-capture scenarios where only a fraction of the demand is supplied
by recovered heat, the reduction remains significant, typically in the
range of 20% to 40% below baseline emissions, depending on the share of
heat displaced. In contrast, optimistic near-zero-combustion
configurations—maximizing direct waste heat use and minimizing fossil
backup—can achieve reductions of 89% to 94% relative to the baseline,
effectively approaching full decarbonization of operational heating
emissions within the study area.

Using representative system values, the exergy efficiency rises from
roughly 28% for distributed boiler systems to about 52% to 60% for an
optimized low-temperature DH with heat-pump boosting which shows an
absolute increase of 24% to 32%. The observed improvement in exergy
efficiency is primarily driven by the transition from high-exergy fuel
combustion at the building scale to a temperature-matched, low-tem-
perature district-heating architecture. In the baseline configuration,
natural-gas boilers typically generate water temperatures of 70-90°C to
satisfy end-use heating demands that often require substantially lower
temperatures. This mismatch destroys a significant fraction of the avail-
able exergy before useful heat reaches the consumer. In contrast, the
proposed network utilizes a cascading temperature (i.e. four-level tem-
perature) hierarchy that directly exploits high-temperature waste heat
where available while upgrading low-temperature sources through
centralized heat pumps. By matching source temperatures more closely to
demand requirements, the network reduces unnecessary temperature lifts
and therefore lowers thermodynamic irreversibility. Furthermore, the
integration of multiple waste-heat streams allows heat to be recovered
from sources that would otherwise reject thermal energy to the envi-
ronment. Although heat pumps consume electricity, their high coefficient
of performance enables the delivery of several units of useful heat per unit
of electrical input, substantially improving the overall utilization of high-
quality energy resources. The resulting increase in exergy efficiency from
approximately 28% to 52-60% therefore reflects not only waste-heat
recovery but also improved temperature matching, reduced exergy
destruction throughout generation and distribution, and the adoption of
low-temperature fourth-generation district-heating principles. Compared
with conventional third-generation district-heating systems, which often
operate with supply temperatures exceeding 80-100°C and rely
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predominantly on centralized combustion-based generation, the pro-
posed configuration operates at substantially lower temperatures and
integrates a wider portfolio of low-grade renewable and waste-heat re-
sources. This thermodynamic shift is the principal reason for the higher
exergy efficiency achieved by the optimized network.

In terms of cost, the large-scale DH operator's fuel and electricity bill
can fall by 75% to 90% in realistic and optimistic designs compared with
a baseline. With modest additional tunnel reuse to lower trenching costs
the project can reach simple payback in the order of two decades (18 to
24 years) in a realistic heat-pump assisted scenario. Because the exergy
factor depends on the ratio between the reference temperature and the
thermal stream temperature, seasonal variations in ambient conditions
influence the absolute magnitude of both input and useful exergy.
However, both the baseline and optimized configurations are evaluated
using the same monthly reference temperatures. Consequently, seasonal
fluctuations affect both systems in a similar manner and have only a
limited influence on the relative exergy improvement. The reported
increase in exergy efficiency is therefore primarily attributable to the
transition toward lower-temperature district heating operation,
improved temperature matching between sources and demands, and
reduced exergy destruction throughout the network rather than to the
specific choice of environmental reference temperature.

Quantitative evaluation of the gravity interaction, temperature
compatibility, exergy utilization, and economic criteria confirms the
structural logic of the optimized large-scale district heating backbone.
High-capacity eastern power plant and CHP sources exhibit gravity
interaction scores exceeding 58, almost five times higher than medium-
grade industrial or upgraded data center connections. This dominant
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spatial attraction numerically justifies the formation of high-temperature
primary corridors linking eastern anchors to central demand clusters.
Temperature compatibility factors further reinforce this hierarchy. High-
grade 90°C sources yield compatibility values near 1.8, while upgraded
low-grade streams provide values below 1.0, indicating mild thermody-
namic penalties. Exergy analysis shows a clear gradient in thermody-
namic quality: high-temperature sources preserve approximately 0.221
specific exergy factor compared with 0.163 for upgraded low-grade flows,
representing a 35% reduction in thermodynamic usefulness when relying
solely on cascaded heat-pump sources. Economic analysis highlights the
decisive role of tunnel utilization. High-grade connections routed through
existing underground corridors achieve levelized delivery costs near €20/
MWh, while street-based medium-distance connections rise above €80/
MWh. Heat-pump-supported low-grade routes remain competitive i.e.
around €77/MWh, but are constrained by electricity costs and COP lim-
itations. The combined criteria demonstrate that the optimized network
naturally evolves into a multi-temperature hierarchical structure: high-
exergy eastern anchors supply dense legacy zones through cost-efficient
tunnel corridors, while lower-grade western and suburban sources are
integrated via localized heat-pump upgrading and shorter loops. This
confirms that minimizing annualized cost and exergy destruction simul-
taneously leads to thermodynamically coherent and economically
rational city-scale thermal infrastructure.

4.5. Decarbonization

Fig. 16 presents the spatial distribution of decarbonization achieved
after integration into the optimized large-scale DH network. The legend
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Fig. 16. Spatial distribution of decarbonization based on identified regions.
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indicates a performance range from approximately 60% (red zones) to
95% (dark green zones) CO; reduction relative to the baseline individual
boiler-based heating systems. The results demonstrate clear spatial
stratification consistent with the temperature-layered routing and
source-demand matching logic described in Sections 4.1-4.4. The
highest decarbonization levels (90-95%) are concentrated in the inner-
city core and docklands corridor, extending west—east from The Liberties
through the city center toward Dublin Port. These areas correspond to
high heat-density clusters retained after Equations (26) and (27), direct
connection to high-grade waste heat sources (CHP, industrial, power-
plant), short transmission distances along low-impedance tunnel corri-
dors, and reduced thermal losses and pumping penalties. Given that the
study covered area demand is 2.4 TWh-yr !, and that high-temperature
direct-use waste heat can cover roughly 13-28% of total demand without
heat pumps, these central clusters benefit disproportionately from direct
exergy-compatible supply. As shown in Section 4.4, near-zero combus-
tion configurations can achieve 89-94% emission reduction, which is
consistent with the upper range (dark green zones) observed in this map.

Additionally, these areas exhibit the highest population density and
building concentration, meaning avoided emissions per km? are largest
here. Assuming an average baseline emission factor of 0.23 to 0.25
tCO2/MWh for gas boilers, a 90% reduction across a 50 GWh cluster
would avoid approximately 10 to 11 ktCO2 annually in that zone alone.
Blanchardstown-Clondalkin-Tallaght areas display decarbonization
levels predominantly in the 80-90% band (light-to-mid green). These
zones are characterized by strong integration of data center waste heat,
mandatory heat pump upgrading (COP 3.1 to 5.5), moderate trans-
mission distances to demand clusters, and slightly higher electricity-
related indirect emissions. Although heat pump electricity introduces
some residual emissions, the high seasonal performance factor ensures
that the effective carbon intensity of delivered heat remains significantly
lower than direct gas combustion. In the realistic heat-pump-assisted
scenario described previously, system-wide emissions fall to 31-32%
of baseline, i.e., 68-69% reduction. The 80-90% range observed here
suggests that in these districts electricity grid carbon intensity assump-
tions are moderate, routing losses remain below the penalty threshold
defined in Equation (3), and exergy cascading i.e. in equation (31)
temperature compatibility factor ©; is effectively applied. Outer sub-
urban zones and fragmented parcels exhibit decarbonization in the
70-80% range, with isolated pockets down to 65-70%. These lower
values correlate with lower spatial heat demand density, higher network
extension length per unit heat delivered, greater reliance on heat-pump
boosting, and partial fossil backup or reserve capacity (16% system-wide
margin). Because capital and routing penalties bases on equation (44a)
increase with distance, the MILP solution avoids oversizing transmission
lines in marginal-density areas. Consequently, these districts receive
heat that is partly upgraded electrically, and possibly supplemented by
backup capacity. Even so, a 70% reduction still corresponds to sub-
stantial carbon savings. For example, for a 10 GWh-yr ! suburban
cluster, this implies avoiding roughly 1.6-1.8 ktCO, annually. The
limited red/orange patches (60-65%) represent areas with weaker
temperature compatibility ®; closer to threshold, longer transmission
corridors with higher AL penalties, lower building connection rates/
densities, and possible mixed supply including legacy fossil
contribution.

4.6. Sensitivity of weighting scheme

To evaluate the robustness of the TOPSIS weighting scheme, a local
sensitivity analysis was performed by perturbing each criterion weight
within £15% of its baseline value while maintaining the normalization

constraint:
Vot Wu+ Wy+ Zicoc=1 (79)

A large set of feasible weight combinations was generated within the
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Table 2

Robustness statistics for TOPSIS weight sensitivity analysis.
Metric Mean Median Min Max
Backbone corridor overlap (%) 94.6 95.2 87.9 100.0
Connected source overlap (%) 92.1 93.4 82.7 100.0
Existing DH overlap (%) 97.3 98.1 91.5 100.0
Planned DH cluster overlap (%) 89.8 90.7 78.4 100.0
Heat demand coverage deviation (%) 2.4 1.8 0.0 6.3
Average supply temperature deviation (°C) 2.8 2.4 0.0 7.1
Substation location deviation (%) 6.7 5.9 0.0 18.2

admissible weight space and the complete Phase III-IV optimization
procedure was repeated for each realization. The robustness of the
resulting network configurations was quantified using several comple-
mentary indicators. The backbone corridor overlaps index (OI) measures
the proportion of transmission corridor segments preserved relative to
the baseline solution:

((’/(’pertm gbase|
‘g/baxe‘

Oloutes = (80a)

where #pq and &, denote the sets of corridor segments in the baseline
and perturbed solutions, respectively. Similarly, overlap indices were
defined for connected thermal sources, existing district heating systems,
planned district heating clusters, and substations:
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The robustness of energy delivery was evaluated through the heat
demand coverage deviation:

- Qs
AQensitivity = %
ase

(81)
Where Qper; is the annual heat demand supplied by the perturbed solu-
tion and Qpgs is the corresponding value for the baseline network. The
influence of weight perturbations on operating conditions was evaluated
using the average supply temperature deviation:

ATsup = |Tsup.pert - Txup‘base| (82)
Where Ty perr and Typ pase denote the average route supply temperatures
of the perturbed and baseline solutions, respectively.

The sensitivity analysis results in Table 2 demonstrate that the pro-
posed framework exhibits a high degree of robustness with respect to
moderate variations in TOPSIS weights. Across all feasible weight
combinations within the +15% perturbation interval, the average
backbone corridor overlap exceeded 94%, while the minimum overlap
remained close to 88%. The principal transmission corridors connecting
the major thermal demand centers were consistently preserved, indi-
cating that the overall network topology is largely insensitive to mod-
erate changes in decision-maker preferences. The results further confirm
that TOPSIS serves primarily as a candidate corridor filtering mecha-
nism rather than as the final network design tool. The ultimate network
configuration is determined in Phase IV through MILP optimization,
where cost, emissions, exergy destruction, and network constraints are
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evaluated simultaneously. As a result, economically favorable corridors
tend to remain competitive even when their intermediate TOPSIS
rankings vary.

Fig. 17 illustrates a representative slice of the admissible TOPSIS
weight space used in the sensitivity analysis. To facilitate visualization
of the four-dimensional weighting domain, a feasible section satisfying
7'n+ 7', = 0.5 is presented. This plane passes through the baseline
weighting scheme (7o, 7'n, 7"y, 7 1coc) = (0.25,0.25,0.25,0.25)
and therefore provides a representative view of the local sensitivity
around the reference solution. The remaining weight 7 coc is deter-
mined implicitly from the normalization constraint 7'¢ + %'+
7w+ 7 '1coc = 1. The color scale represents the backbone corridor
overlap relative to the baseline network. The baseline solution lies at the
center of the high-overlap region and yields the maximum overlap of
100%. Moving away from this point within the admissible weight space
produces a gradual reduction in overlap, while a large portion of the
feasible region still maintains overlap values above 90%. This behavior
is consistent with the robustness statistics reported in Table 2, where the
average backbone overlap exceeds 94%, indicating that the primary
transmission backbone remains largely insensitive to moderate varia-
tions in decision-maker preferences.

While the backbone structure exhibits strong robustness, the
weighting scheme has a more pronounced influence on secondary
planning decisions. The sensitivity analysis indicates greater variability
in source selection, future district heating expansion priorities, coalition
formation among existing district heating systems, route operating
temperatures, and substation placement. Nevertheless, these variations
produce only minor changes in total supplied heat demand and final
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objective value, demonstrating that the MCDM stage primarily affects
the detailed thermodynamic and operational configuration of the system
rather than the existence of the main transmission corridors. Therefore,
the proposed TOPSIS framework remains valuable because it system-
atically incorporates thermodynamic, economic, spatial, and opera-
tional considerations while reducing the search space explored by the
MILP optimization. Although four criteria are employed in Phase III,
they are not fully independent. The gravity interaction criterion, coali-
tion support criterion, exergy utilization criterion, and economic crite-
rion all partially favor corridors characterized by low effective
impedance, tunnel accessibility, high source capacity, and large heat
demand concentration. Consequently, many strategically attractive
corridors remain highly ranked under a wide range of admissible
weighting combinations.

4.7. Sensitivity of gravity model exponents

The gravity-based source-demand interaction model introduced in
Eq. (28) contains three exponents a, f, and y controlling the relative
influence of source capacity, demand magnitude, and effective corridor
impedance. A sensitivity analysis was performed to evaluate the
robustness of the proposed framework with respect to variations in the
gravity model formulation.

The baseline values @ = = 1, and y =2 were adopted, corre-
sponding to the standard gravity-model representation (i.e. classical
gravity-interaction Newton-inspired formulation) in which source ca-
pacity and demand contribute linearly to the interaction potential while
spatial impedance exhibits a quadratic decay effect. To assess parameter
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Fig. 17. Backbone corridor overlap for a representative slice of the admissible TOPSIS weight space.
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sensitivity, « was varied between 0.5 and 1.5 and y was varied between
1.0 and 3.0, while  was maintained at its baseline value. The demand
exponent f was not varied because demand magnitude is already
explicitly represented in several other components of the framework,
including the demand aggregation procedure, heat balance constraints,
source selection process, and subsequent MILP optimization. Pre-
liminary testing indicated that variations in § produced substantially
smaller effects than variations in corridor impedance and source ca-
pacity.

For each parameter combination, the complete Phase III-IV pro-
cedure was repeated and the resulting backbone corridor overlap rela-
tive to the baseline solution was evaluated. Fig. 18 illustrates the
response surface obtained across the examined parameter space. The
results demonstrate that the framework exhibits considerably greater
sensitivity to the impedance exponent y than to the source-capacity
exponent a. This behavior is physically consistent with district heating
planning, where corridor distance and routing constraints strongly in-
fluence the feasibility and economic attractiveness of interconnections.

These findings further support the robustness of the proposed
methodology. First, the gravity model is employed only as a strategic
screening mechanism in Phase III and does not directly determine the
final network design. Changes in a, 8, and y influence the ranking of
candidate corridors but do not directly determine the final network to-
pology. Second, the gravity score constitutes only one of four criteria
incorporated within the TOPSIS evaluation framework. Moderate vari-
ations in gravity exponents are partially compensated by the remaining
criteria because the criteria are not fully statistically independent.
Finally, the ultimate network topology is selected in Phase IV through
MILP optimization based on cost, emissions, exergy performance, and
operational constraints. Consequently, moderate uncertainties in the
gravity-model exponents have only a limited impact on the final
network configuration.

3.00
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4.8. Sensitivity of the temperature compatibility parameter

To evaluate the influence of the temperature compatibility param-
eter k in Eq. (31), a sensitivity analysis was performed over the range x =
0.03 — 0.07 [101], with the baseline configuration corresponding to
kpase = 0.05. For each value of k, the complete Phase III corridor filtering
procedure was repeated and the resulting backbone topology and con-
nected source portfolio were compared with the baseline solution.
Fig. 19 illustrates the percentage overlap of the selected backbone cor-
ridors and connected heat sources relative to the baseline configuration.
The results indicate that the backbone topology is highly robust to
variations in , with corridor overlap remaining above 93% across the
investigated range and reaching a maximum of 100% at the baseline
value. This demonstrates that the strategic interconnection structure
identified by the framework is primarily governed by spatial accessi-
bility, demand concentration, corridor feasibility, and economic per-
formance rather than by the exact value of the temperature
compatibility parameter.

The connected source portfolio exhibits slightly greater sensitivity,
with overlap varying between approximately 86% and 100%. This
behavior is expected because « directly affects the temperature
compatibility factor ®; in Eq. (31), which influences the ranking of
candidate source-demand pairings during the initial filtering stage.
Nevertheless, even for substantial deviations from the baseline value,
the majority of selected sources remain unchanged, indicating a high
degree of robustness in source selection.

The limited impact of « on the final network design can be explained
by the hierarchical structure of the proposed methodology. The tem-
perature compatibility factor serves primarily as an initial feasibility and
ranking mechanism within the gravity-based interaction score. How-
ever, thermodynamic performance is subsequently represented through
the route exergy utilization criterion y;, and y,,, and , (in Eq. (38),
Eq. (39), and Eq. (40)) and again through the exergy destruction term
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Fig. 18. Response sensitivity surface for gravity model parameters' space.
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Fig. 19. Sensitivity of backbone corridor topology and selected heat sources to the temperature compatibility parameter.

wdesann for the third time in the MILP objective function in Eq. (50) and
Eq. (53). Consequently, exergy preservation is enforced at multiple
stages of the framework, and the final network configuration is not
determined solely by the value of x. Overall, the sensitivity analysis
confirms that the proposed methodology produces stable network to-
pologies and source portfolios while maintaining the intended thermo-
dynamic preference for temperature-compatible heat exchanges.

4.9. Leave-one-out transferability assessment

To assess the transferability of the proposed framework under
structural changes in the urban heat-resource landscape, a leave-one-out
(LOO) analysis was conducted in which one major source category was
removed at a time and the complete Phase III-IV optimization was
repeated. The tested scenarios included the removal of data centers,
surface water, wastewater treatment, combined heat and power (CHP),
power plants, and industrial waste heat. These categories were selected
because they differ substantially in spatial distribution and temperature
level. In particular, data centers and surface water are widely dispersed
across the city, wastewater treatment and CHP exhibit an intermediate
spatial spread, whereas power plants and industrial waste heat are more

Table 3
Results of the leave-one-out (LOO) transferability assessment.
Scenario Demand Decarbonization Exergy SCR Backbone
served (%) efficiency overlap (%)
(%) (%)
Baseline  74.2 68.7 57.0 0.72 100
No DC 72.4 65.3 54.7 0.76 85
No SW 70.5 64.4 55.0 0.77 86
No 72.0 67.1 56.1 0.73 95
WWT
No CHP 70.6 65.5 54.8 0.75 91
No PP 69.1 63.2 53.8 0.78 89
No IND 72.3 66.8 55.4 0.73 94
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centralized and limited in number. Therefore, the leave-one-out cases
probe both the structural and thermodynamic adaptability of the
framework under different source configurations. Table 3 summarizes
the resulting performance metrics. Across all scenarios, the annual heat
demand served remains high, indicating that the optimization frame-
work is capable of compensating for the loss of individual source cate-
gories through reallocation of remaining resources and adjustment of
network routing. In most cases, reductions in demand coverage are
relatively small because the MILP model identifies alternative heat
sources and increases heat-pump utilization where necessary. Conse-
quently, the framework exhibits a high degree of supply flexibility and
does not depend on any single source category for maintaining service
coverage.

However, the leave-one-out results reveal more pronounced differ-
ences in thermodynamic and structural indicators. The largest impacts
occur when data centers or surface water sources are removed. Because
these resources are spatially dispersed throughout the urban area, they
strongly influence the topology of the optimized network. Their removal
forces the optimization to connect more distant resources, increasing
source concentration and requiring additional rerouting of transmission
corridors. This effect is reflected by the largest reductions in backbone
overlap and the highest increases in the Source Concentration Ratio
(SCR). The data-center and surface-water scenarios therefore demon-
strate that distributed resources contribute not only thermal capacity
but also network flexibility and spatial resilience.

The exergy efficiency exhibits greater sensitivity than the delivered
heat fraction. When a source category is removed, the replacement re-
sources often operate at different temperature levels, requiring greater
temperature lifting by heat pumps or longer transport distances. As a
result, the thermodynamic quality of the integrated heat supply de-
creases even when demand coverage remains largely preserved. The
strongest exergy reductions are observed for the removal of data centers
and surface water, followed by power plants and CHP systems, while
wastewater treatment and industrial waste heat produce comparatively
smaller changes. This finding highlights the importance of considering
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source temperature characteristics in addition to heat quantity during
urban heat-source planning. The SCR metric provides further insight
into network robustness. In scenarios where widely distributed re-
sources are removed, the optimized system becomes more dependent on
a smaller subset of remaining sources, leading to higher concentration
values. Conversely, when localized sources such as industrial waste heat
or power plants are removed, the redistribution of supply is achieved
with comparatively minor changes in overall source diversity. The SCR
analysis therefore complements the topology assessment by quantifying
how evenly the thermal load is distributed among available resources.
Fig. 20 illustrates a representative leave-one-out case in which all
data centers are removed from the candidate source portfolio. This
scenario is particularly informative because data centers are among the
most spatially dispersed resources in the study area and therefore exert a
strong influence on network topology. The comparison between the
baseline and modified layouts shows that the primary transmission
backbone in the city center remains largely unchanged, while rerouting
occurs mainly in peripheral corridors where data-center-based supply is
replaced by alternative resources. The substantial backbone overlap
observed between the two layouts demonstrates that the optimization
preserves the dominant network structure despite significant changes in
source availability. The results further indicate that the sensitivity of

network topology follows the approximate order:
DC>SW > CHP ~ PP > WWT = IND (83)

A similar pattern is observed for source concentration and exergy

Cappoge

gh

dalkin

Energy 360 (2026) 141727

degradation, although thermodynamic effects are additionally influ-
enced by source temperature levels. These trends suggest that distrib-
uted low-temperature resources play a disproportionately important
role in shaping network configuration, whereas centralized high-
capacity resources primarily influence the overall energy balance. The
leave-one-out analysis also clarifies the role of existing district heating
systems. These systems are retained as fixed integration points in all
scenarios, and the optimization is allowed to reconfigure only the sur-
rounding source mix and routing structure. Consequently, the analysis
isolates the effect of source availability while maintaining a consistent
backbone infrastructure. Overall, the results demonstrate that the pro-
posed framework is transferable across a wide range of source-
availability conditions and remains capable of producing robust, high-
performing network configurations without dependence on any indi-
vidual heat-source category.

4.10. Uncertainty quantification and robustness assessment

To evaluate the robustness of the proposed framework under un-
certainty, a global uncertainty analysis was conducted using Latin Hy-
percube Sampling (LHS). The analysis propagates uncertainty from key
techno-economic, thermodynamic, and operational input parameters
through the complete optimization framework and quantifies its effect
on the final performance indicators. Unlike the local sensitivity analysis
presented in previous sections (such as criteria weightings, gravity
model exponents, and temperature compatibility factor), which perturbs

Bur

Dunleary

Fig. 20. Comparison of the optimized thermal transmission network in the baseline scenario and the leave-one-out scenario without data centers (No DC).
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the network route and source selections, the present analysis addresses
uncertainty in the physical and economic input data used throughout
the modelling chain.

A total of 25 uncertain parameters were selected from Table 1 based
on their direct influence on network cost, energy recovery, heat pro-
duction, thermodynamic performance, and investment evaluation. A
Latin Hypercube Sampling design comprising 10,000 realizations was
generated using the plausible parameter ranges reported in Table 1. For
each realization, the uncertain parameters were sampled simultaneously
and propagated through the complete optimization workflow. The
resulting distributions of CO5 emission reduction and payback period
were then analyzed statistically to evaluate the robustness of the pro-
posed district heating strategy.

Fig. 21 presents the probability distribution of CO3 emission reduc-
tion obtained from the uncertainty analysis. The distribution remains
strongly concentrated around the baseline value reported in Section 4.5,
indicating that substantial decarbonization benefits are maintained
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across a wide range of plausible future conditions. The majority of re-
alizations remain clustered around the central emission reduction range,
demonstrating that the environmental benefits of the proposed thermal
network are not dependent on a narrow set of assumptions.

Fig. 22 presents the corresponding probability distribution of
payback period. Although economic performance exhibits greater vari-
ability than environmental performance, most realizations remain
concentrated around the central payback range reported previously. The
distribution indicates that uncertainty in future energy prices, invest-
ment costs, and financing assumptions affects economic outcomes more
strongly than environmental outcomes, which is consistent with the
structure of the optimization objective.

The relationship between environmental and economic performance
is illustrated in Fig. 23. Each point represents a single LHS realization.
The scatter distribution demonstrates that realizations achieving higher
emission reductions generally remain economically competitive, indi-
cating that decarbonization benefits are not obtained at the expense of
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Fig. 21. Distribution of CO, emission reduction obtained from Latin hypercube sampling of uncertain techno-economic and operational parameters.
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Fig. 22. Distribution of project payback period obtained from Latin hypercube sampling of uncertain techno-economic and operational parameters.
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Fig. 23. Relationship between CO, emission reduction and project payback period across all Latin hypercube realizations.

disproportionately longer investment recovery periods. The absence of
strongly separated clusters further suggests that the optimization
framework responds smoothly to parameter uncertainty and does not
exhibit abrupt performance degradation under plausible future
conditions.

To identify the principal drivers of economic uncertainty, a global

sensitivity ranking was performed using the complete LHS dataset.
Fig. 24 shows the relative influence of the uncertain parameters on
payback-period variability. Electricity price emerges as the dominant
factor, followed by heat pump COP, pipe installation cost, heat pump
capital expenditure, and the CO5 penalty. These results are physically
consistent with the optimization formulation because electricity

Electricity cost

Heat pump COP

Pipe cost 1

Heat pump CAPEX

CO; penalty -

Exergy evaluation factor

Under/aboveground cost

Discount rate -

Pump CAPEX
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Powerplant recovery |

Industrial recovery -:
Wastewater recovery -:
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Boiler efficiency -:
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Soil temperature -:
Insulation conductivity -:
Data centre heat conversion -:
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Regulatory priority -D
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Fig. 24. Sensitivity ranking of uncertain input main parameters.
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consumption directly affects heat pump and circulating pumps opera-
tion, while infrastructure costs constitute the largest share of total
capital expenditure. Parameters related to thermal recovery efficiencies
and operating conditions exhibit a secondary influence, whereas regu-
latory weighting factors and other planning parameters contribute
comparatively little to the overall uncertainty. Overall, the uncertainty
analysis demonstrates that the proposed framework remains robust
across a broad range of plausible future conditions. The environmental
benefits remain consistently high, while economic performance remains
within an acceptable range despite variations in market, technical, and
operational assumptions. These results provide additional confidence in
the applicability of the proposed methodology for long-term district
heating planning under uncertainty.

To evaluate how variations in the CO5 penalty and electricity prices
impact the optimal network design topology (rather than purely eco-
nomic metrics), the structural stability of the routing backbone was
tracked across the LHS realizations. When the CO, penalty is varied
within its upper bounds, the MILP model actively forces the activation of
lower-temperature waste heat sources (such as data centers and surface
water) coupled with aggressive heat pump boosting to eliminate any
reliance on fossil-based backup systems. Crucially, this economic-to-
environmental shift does not cause a chaotic restructuring of the phys-
ical grid layout. The core underground tunnel corridors—specifically the
high-capacity thermal hubs connecting the eastern seaboard and central
data center clusters—exhibit a backbone overlap of over 85-90% across
the sampled parameter space. This indicates that the structural design of
the city-scale backbone is exceptionally robust; the massive cost savings
from civil infrastructure reuse (utility tunnels) and the sheer magnitude
of localized waste heat anchors outweigh the topological sensitivity to
external carbon or electricity market fluctuations. Thus, while future
carbon trajectories and time-of-use variations modify the operational
dispatch strategy and marginal payback periods, they do not compro-
mise the viability or fundamental layout of the optimized physical
network design. Furthermore, the reported performance indicators are
evaluated relative to a conventional (base line or non-integrated)
heating configuration. Consequently, future changes in electricity pri-
ces would affect both the baseline and optimized systems. Similarly,
increases in carbon pricing would generally strengthen the relative
advantage of the proposed low-carbon district-heating network because
of its greater utilization of waste-heat resources and reduced depen-
dence on fossil-fuel-based heat generation.

4.11. Empirical validation against operational DH infrastructure

To evaluate the realism of the proposed framework, selected model
assumptions and outputs were compared against operational data from
the Tallaght District Heating Scheme (TDHS), Ireland's first large-scale
district heating network utilizing data-center waste heat. The scheme
recovers low-grade waste heat from an Amazon Web Services (AWS)
data center through large-scale heat pumps and supplies heat to a
mixture of residential, commercial, educational, healthcare, and public-
sector buildings as shown in Fig. 25. Because data centers constitute one
of the most important heat-source categories identified by the optimi-
zation framework, the Tallaght project provides a representative real-
world benchmark for validating source temperatures, heat-pump per-
formance, supply conditions, and decarbonization outcomes under
Dublin operating conditions.

Table 4 compares key measured values from the Tallaght scheme
with the assumptions and results adopted in the present study. The
measured data-center waste-heat temperature ranges between 25 and
27°C, which falls directly within the temperature range assumed for air-
cooled data centers in Table 1. Similarly, the measured heat-pump
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coefficient of performance (COP) of approximately 3.9 is consistent
with the thermodynamic assumptions adopted in the framework.
Although the optimization allows COP values between 3.0 and 6.5, the
higher values arise because the proposed network primarily operates
under 4GDH temperature levels, with lower supply temperatures and
consequently smaller heat-pump temperature lifts than the existing
Tallaght system.

The operational Tallaght network supplies heat at temperatures be-
tween 70°C and 85°C with return temperatures of approximately 40°C
to 45°C. In contrast, the optimized Dublin-wide network generally
operates within the lower supply and return temperature ranges of 45°C-
65°C and 17°C-35°C, respectively. This difference reflects the deliberate
exergy-preserving strategy of the optimization framework, which favors
low-temperature district heating wherever thermodynamically feasible.
Therefore, the comparison confirms that the proposed framework re-
mains physically consistent with measured Dublin operating conditions
while simultaneously exploiting the efficiency benefits associated with
next-generation district heating systems. The difference in operating
temperatures also reflects a fundamental distinction between the Tal-
laght scheme and the proposed framework. The supply temperatures
reported for the optimized network correspond to the transmission and
distribution backbone temperatures obtained from the Phase IV opti-
mization rather than the final end-user delivery temperatures. Where
higher delivery temperatures are required, the temperature lift can be
provided either by existing district heating systems through their local
generation assets or by decentralized heat-pump upgrading at the
building or neighborhood scale. Consequently, the lower backbone
temperatures predicted by the optimization do not imply lower service
temperatures at the point of use. Instead, they represent a deliberate
low-temperature district heating strategy that minimizes distribution
losses and exergy destruction while allowing local temperature
upgrading where necessary.

The annual heat delivery of the Tallaght scheme is approximately
118 GWh, whereas the optimized Dublin network delivers approxi-
mately 2.4 TWh annually. The proposed system therefore represents a
city-scale expansion approximately twenty times larger than the existing
operational benchmark. Despite this scale difference, the resulting car-
bon performance remains comparable. The Tallaght scheme achieves
approximately 14,220 tCO- of annual emission reduction, correspond-
ing to approximately 120 kgCO, avoided per MWh of delivered heat.
Using the optimized network results presented in Section 4.4, the pro-
posed framework achieves approximately 430,000 tCO, of annual
emission reduction, equivalent to approximately 158 kgCO; avoided per
MWh of delivered heat. The similarity of these normalized values pro-
vides additional confidence that the model does not overestimate the
environmental benefits of large-scale waste-heat utilization.

To further validate the source-temperature assumptions used for
groundwater and surface-water resources, measured groundwater tem-
peratures recorded at the Dublin Port Tunnel were compared with the
source-temperature ranges adopted in the optimization model. As
shown in Fig. 26, measured groundwater temperatures, which has been
also published in Ref. [102], remain relatively stable throughout the
year, generally ranging between approximately 14°C and 18°C. These
observations fall comfortably within the surface-water and groundwater
temperature ranges assumed in Table 1 and therefore support the
thermal resource characterization employed in the framework.

To place the proposed Dublin framework within the broader Euro-
pean district-heating context, the resulting network characteristics were
compared with several established large-scale district-heating systems
employing waste heat, CHP, wastewater heat recovery, and renewable
thermal resources (Table 5). The selected benchmark systems represent
mature district-heating networks operating under a wide range of
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Fig. 25. Tallaght District Heating: (a) schematics of data center, heat pump, and consumer integration, (b) outside photograph, (c) one of the heat pump units in the

energy center, (d) real-time monitoring and measurement for one of the units in a summer day.
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Table 4
Empirical validation of key results and assumptions using measured data from the TDHS.
Parameter Tallaght measured value Model assumption/result Assessment
Data-center waste heat included as major Consistent

Heat source AWS data-center waste heat

source category

Waste-heat 25°C -27°C

temperature
Supply temperature 70°C —-85°C
40°C —45°C
3.9

Return temperature

Average heat-pump
CcoP

Annual heat delivery

Annual CO,
reduction

CO, reduction
intensity

Connected building

types

3.0-6.5

118 GWh/year
14,220 tCOy/year

120 kgCO,/MWh delivered

Residential, commercial, healthcare,
educational, public sector

45°C -65°C

17°C -35°C

2.4 TWh/year
430,000 tCO4/year

25°C —35°C (air-cooled DC)

158 kgCO2/MWh delivered

Mixed urban demand clusters

Within assumed range

Lower due to 4GDH backbone operation and local
temperature upgrading

Lower due to exergy optimization

Consistent with lower temperature lift in optimized
network

City-scale network (~20x larger)

Consistent

Consistent

Consistent

Temperature (°C)
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Fig. 26. Measured annual groundwater temperature profile at Dublin Port Tunnel outlets used to validate the surface-water source temperature assumption.

climatic, regulatory, and infrastructure conditions. Although direct
comparison is inherently limited by differences in system boundaries
and reporting methodologies, the benchmarking exercise provides an
important reality check for the predicted scale, operating temperatures,
decarbonization performance, and levelized heat costs obtained by the
optimization framework. Overall, the empirical comparison demon-
strates that the key thermodynamic assumptions adopted by the model
are consistent with measured operating conditions from existing Dublin
district heating infrastructure. While the proposed framework remains a
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planning and optimization methodology rather than a detailed opera-
tional simulator, the agreement between modeled and measured per-
formance indicators provides confidence in the realism of the resulting
network configurations and impact estimates.

4.12. Impact of phased network realization on discounted cash flow and
payback

A time-phased investment scenario was evaluated over the 25-year
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Table 5

Benchmarking of the proposed Dublin DH framework against operational European DH systems.
City Heat Delivered (TWh/ Share of Main Sources Supply/Return Decarbonization (tCO»/ LCOH Reference

yr) demand Q) yr) (€/MWh)
Copenhagen 30-35 97-98% CHP, waste heat, biomass 70-90/35-50 >1,000,000 40-70 [103]
Stockholm 6-6.6 >80% Waste heat, biomass, lake 80-100/40-50 ~1,000,000 50-80 [104]
Helsinki 6-7 ~90% CHP, seawater, 90-115/45-60 >500,000 50-90 [105]
‘wastewater
Vienna 8-9 40-45% Waste heat, sewage, CHP 90-120/50-60 >500,000 60-100 [106]
Dublin 2.4 40% Mix of 8 sources 45-65/20-35°C 430,000 60-75 Current
study

project horizon to investigate the assumption of immediate full inter-
connection and the results are illustrated in Fig. 27. In this scenario, the
district-heating backbone is implemented progressively rather than fully
realized in the first year. Specifically, the network deployment level
increases from 20% in the early years to 100% by year 15, while the
immediate-deployment case assumes full system availability from
project start. The comparison is expressed using the normalized dis-
counted cash flow (NDCF), defined as:

Cumulative discounted cash flow at year y
Total discounted investment

NDCF = (82)

This metric allows both the initial capital outlay and the delayed
realization of operational benefits to be visualized on a common basis.
As shown in Fig. 27, the immediate-deployment case reaches payback at
approximately 18 years and attains a final NDCF of about 14% by year
25. In contrast, the phased-deployment case reaches payback at
approximately 22 years and yields a final NDCF of about 8% by year 25.
The lower early-year NDCF in the phased case reflects staggered capital
expenditure, while the delayed payback reflects the slower accumula-
tion of operational benefits as the network is commissioned in stages.
These results indicate that phased realization affects the timing of eco-
nomic recovery more than the fundamental viability of the proposed
backbone. Even under staged deployment, the project remains
economically positive within the 25-year evaluation horizon, confirm-
ing that the network remains robust to a more realistic implementation
schedule.

The robustness of these payback estimates is further supported by the

global uncertainty analysis presented in Section 4.10. Across 10,000
Latin Hypercube realizations spanning the plausible ranges of electricity
prices, carbon penalties, discount rates, infrastructure costs, and tech-
nical parameters reported in Table 1, the majority of solutions remained
concentrated around the central payback range, indicating that the
economic conclusions are not dependent on a narrow set of assumptions.
Although a simple payback period of 18 to 24 years appears high under
short-term commercial criteria, it stands as a highly attractive layout
when benchmarked against infrastructure lifespans and alternative
decarbonization pathways. Large-scale district heating networks are
long-lived civil assets with typical physical lifetimes of 40 to 50 years,
while the underground utility tunnels leveraged in this framework
feature structural lifespans extending beyond 50 years. Consequently,
the network achieves full capital recovery well within its operational
mid-life, providing zero-carbon thermal energy for decades thereafter.
When compared to alternative decentralized pathways, the proposed
network offers clear structural advantages. Individual heat pumps
(IHPs) require substantial decentralized investment and possess a short
operational lifespan of 15-20 years, necessitating a full equipment
replacement cycle long before the centralized DH network reaches its
end-of-life. Furthermore, mass IHP deployment strains the low-voltage
electricity grid during peak periods. On the other hand, individual
hydrogen boilers suffer from low source-to-use thermodynamic effi-
ciency and highly volatile fuel price trajectories. By contrast, the pro-
posed city-scale network boosts overall exergy efficiency from a
distributed baseline of 28% to more than 52-60%, while reducing the
collective operational energy bill by 75-90%. This comparative
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Fig. 27. Economic comparison of phased and immediate network deployment.
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performance confirms that despite a prolonged initial payback window,
the interconnected network provides a far more stable, efficient, and
resilient long-term socio-economic investment than decentralized
alternatives.

4.13. Capacity utilization and source availability robustness

Although waste heat availability from data centers, industrial facil-
ities, CHP plants, and power generation assets may fluctuate over time,
the capacities used within the optimization framework were intention-
ally selected using conservative availability assumptions. For each
source category, minimum annual available thermal capacity reported
in the source datasets was adopted as the available recoverable heat
capacity. As shown before, Fig. 9 in section 3.9 presents the statistical
distribution of the available thermal resources across the city, including
minimum, maximum, median, first quartile (Q1), and third quartile
(Q3) values for each source category. These statistics are provided to
illustrate the diversity of resource availability across Dublin and do not
represent the capacities directly supplied to the optimization model. For
the optimization itself, annual minimum available capacities were
assigned individually to each source location based on the source-
specific datasets obtained from the corresponding operators and pub-
lic authorities. Consequently, the optimization was not supplied with
nominal or peak capacities but rather with conservative source-specific
minimum annual availability levels. Due to the large number of indi-
vidual assets considered, the complete location-by-location statistics are
not reported; however, they were incorporated directly into the opti-
mization framework.

For environmental heat resources such as wastewater and surface-
water systems, the limiting parameter is the source temperature rather
than the thermal flow itself. Therefore, the minimum measured source
temperature was adopted in the heat-pump calculations. This assump-
tion ensures that the heat pumps remain capable of satisfying the
required district-heating supply temperature under the least favorable
operating conditions encountered during the year. This assumption is
particularly appropriate for Dublin due to its maritime climate, which is
characterized by relatively small seasonal temperature amplitudes
compared with continental climates. As shown in Fig. 26 is section 4.11,
surface-water (and wastewater treatment) temperatures exhibit limited
annual variation throughout the study period. Consequently, the use of
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Power plant

Surface water

Industrial Heat

Wastewater
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minimum annual source temperatures provides a conservative estimate
of heat-pump performance while remaining representative of actual
operating conditions within the Dublin case study.

As shown in Fig. 28, the optimization results further indicate that the
network does not require full utilization of the available source capac-
ities. Across the selected network configurations, the average utilization
of the available waste-heat sources remained below the conservative
capacity limits adopted in the model. This occurs because the inter-
connected network can draw heat from multiple geographically
distributed sources while simultaneously employing heat-pump boost-
ing when required. Consequently, significant operational reserve mar-
gins remain available within the system. From a system-design
perspective, this redundancy reduces the sensitivity of the optimized
network to short-term fluctuations in individual waste-heat sources.
Even if temporary reductions occur at a specific facility, the remaining
sources and distributed heat-pump infrastructure provide alternative
pathways for satisfying the thermal demand. Therefore, while temporal
variability may influence short-term operational dispatch decisions, it is
not expected to materially affect the viability, routing structure, or long-
term techno-economic conclusions of the optimized district-heating
backbone. The reported utilization values in Fig. 28 correspond only
to sources selected in the optimal network configuration. Non-selected
sources are excluded from the analysis, as they are not activated in
the optimized topology despite being available in the underlying GIS
dataset (see Fig. 28).

4.14. Practical implementation considerations and deployment barriers

Although the results demonstrate the technical, environmental,
thermodynamic, and economic potential of the proposed city-scale
district-heating backbone, practical implementation remains subject to
several non-technical constraints that extend beyond the scope of the
present optimization framework. A primary consideration is infra-
structure ownership and access rights. Many underground utility tunnels
and corridor assets are operated by different public authorities, utility
companies, transportation agencies, or private stakeholders. Conse-
quently, successful deployment of an interconnected district-heating
backbone would require coordinated governance frameworks, long-
term access agreements, and multi-stakeholder planning processes.
While the GIS screening framework identifies technically suitable
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Fig. 28. Utilization range of connected waste-heat sources in the optimized district-heating network.
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corridors, final implementation would depend on project-specific legal
and institutional arrangements. Retrofit complexity represents a second
challenge. Existing underground corridors were not originally designed
for district-heating infrastructure and may require structural assess-
ment, pipe-support modifications, ventilation upgrades, fire-safety
evaluations, and integration with existing utility services. Although
corridor reuse can substantially reduce excavation requirements and
urban disruption compared with conventional street trenching, the
practical retrofit requirements must be assessed on a corridor-by-
corridor basis during detailed engineering design. Thermal losses and
hydraulic performance also require consideration. While underground
corridors provide protected routing environments and reduce con-
struction costs, long-distance heat transport inevitably introduces ther-
mal and pumping losses. These effects were incorporated into the
optimization through the thermal-loss and hydraulic modelling frame-
work; however, detailed transient operational studies would be required
prior to implementation to evaluate seasonal operating conditions and
future load growth. Maintenance accessibility and operational reliability
constitute additional considerations. The presence of multiple utilities
within shared corridors may influence maintenance scheduling, access
restrictions, and operational coordination. Nevertheless, underground
utility corridors generally provide superior accessibility for inspection,
maintenance, and future expansion compared with buried pipelines
requiring repeated excavation. As demonstrated by Yuan et al. [3],
establishing dynamically optimized planning frameworks for building
operations is essential to ensure that urban energy network expansions
remain aligned with broader macro-level carbon budgets and long-term
net-zero ambitions. Neglecting these multi-faceted socio-technical bot-
tlenecks could lengthen project lead times and distort the idealized
payback periods computed via pure techno-economic optimization.
Finally, urban planning regulations, permitting procedures, environ-
mental assessments, and future land-use developments may affect the
feasibility of specific corridor segments. Although these factors were
partially  addressed through the GIS preprocessing and
corridor-screening stages, the present work should be interpreted as a
strategic planning framework rather than a detailed engineering design.
Therefore, the optimized routes identify technically attractive and
economically promising backbone configurations whose final imple-
mentation would require detailed stakeholder engagement, engineering
assessment, and regulatory approval.

Despite these practical challenges, the use of existing underground
infrastructure remains attractive because it substantially reduces civil
construction requirements, minimizes disruption to dense urban envi-
ronments, and enables the large-scale integration of distributed renew-
able and waste-heat resources that would otherwise remain inaccessible.

5. Conclusions

This study developed and demonstrated an integrated GIS—-
gravity-MCDA-MILP framework for the exergy-aware spatial optimi-
zation of a city-scale DH network integrating renewable and waste heat
sources. Unlike conventional DH planning approaches that treat
network expansion and source selection separately, the proposed
methodology simultaneously optimizes routing, temperature hierarchy,
source-sink matching, and infrastructure reuse under thermo-economic
and carbon constraints. Applied to a case study in Dublin, the optimized
configuration interconnected 17 existing district heating systems and 66
mapped thermal sources through a 148 km multi-temperature thermal
grid comprising high-, medium-, and low-temperature corridors. The
assessed heat demand of approximately 2.4 TWh-yr ! was matched
against an aggregated recoverable waste-heat potential of 2.0-2.8
GWh.yr~L. Direct utilization of high-grade sources enabled coverage of
13-28% of demand, whereas heat-pump-assisted integration increased
potential coverage to 60-90%, depending on temperature lift and re-
covery efficiency. From a thermodynamic perspective, embedding
exergy as an optimization criterion significantly improved system
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performance. The optimized low-temperature cascading configuration
increased overall exergy efficiency from approximately 28% in decen-
tralized boiler-based heating to 52-60% in the integrated network. This
improvement stems from reduced high-grade fuel consumption for low-
temperature demand, smaller temperature lifts in heat production,
cascaded distribution network with four-level temperature, and lower
aggregate exergy destruction across generation and distribution i.e.
nodes. Concurrently, central scenarios achieved operational CO; re-
ductions of approximately 68-69%, with optimistic configurations
approaching 90% decarbonization relative to baseline fossil-dominated
heating. Economically, reuse of underground corridors substantially
reduced trenching costs, enabling feasible investment scenarios with
estimated simple payback periods in the range of 18-24 years under
realistic heat pump deployment assumptions. The integration of multi-
criteria corridor ranking prior to MILP optimization proved computa-
tionally efficient while preserving near-global optimality. The principal
contribution of this work lies in coupling spatial planning, thermody-
namic quality preservation, and system-level optimization within a
unified framework applicable to large urban regions. To evaluate
robustness beyond the deterministic optimization results, uncertainty
propagation was performed using Latin Hypercube Sampling across 25
techno-economic and operational parameters. The results demonstrated
that the environmental benefits remained consistently high across
10,000 realizations, while economic performance remained concen-
trated around the central payback range despite uncertainty in elec-
tricity prices, carbon penalties, infrastructure costs, and heat-pump
performance. Furthermore, a phased-deployment analysis showed that
progressive realization of the network delays economic recovery but
does not alter the long-term viability of the proposed backbone, with
payback increasing from approximately 18 years under immediate
deployment to approximately 22 years under staged implementation.
These findings indicate that the proposed framework remains robust
under realistic market, operational, and implementation uncertainties.
The results also demonstrate that renewable and low-grade waste heat
sources, when strategically aggregated and temperature-matched, can
transform fragmented district heating assets into a coherent city-scale
thermal grid with substantial decarbonization potential.
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