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ABSTRACT:

As cities look for practical ways to reduce fossil-fuel use in heating, district heating offers a
shared infrastructure through which buildings can be connected to more efficient and renewable
heat sources. The planning of such networks is especially challenging when they are expected
to grow over time, because each new consumer or heat source can change the pressure, flow,
temperature, and cost profile of the whole system. This thesis develops HeatNet, a transparent
graph-based pre design tool for testing radial district-heating networks before detailed engi-
neering design is carried out. The tool represents the supply and return network as a radial
tree and combines topology validation, demand-based flow estimation, pipe sizing, hydraulic
balancing, thermal propagation, final-state checking, and distribution-side cost comparison in
one reproducible workflow. It is applied to reference expansion cases and to a campus-scale
case study at the University of Mons, using network layouts derived from geographic data and
heat-demand information from building consumption records. The results show that HeatNet
can compare alternative radial layouts, reveal when a passive single-pump network becomes
hydraulically weak, and indicate balancing valves as a practical correction when short loops are
overdriven. The thesis concludes that a topology-aware graph formulation is a useful basis for
early-stage district-heating planning, particularly when several expansion or supply scenarios
must be compared before committing to a final design.
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Table 1. Abbreviations.

Abbreviation Meaning

CAPEX Capital expenditure

DH District heating

DHN District heating network

GIS Geographic information system
HX Heat exchanger

LCOH Levelized cost of heat distribution
NPV Net present value

OPEX Operating expenditure

PUR Polyurethane (insulation material)
SMACCs Smart Cities and Communities (Erasmus Mundus programme)
UMONS University of Mons




1 Context

1.1 Motivation and Background

Since 2021, the European Union has experienced one of the most severe energy disruptions in its
recent history. Household natural gas prices reached 12.33 EUR per 100 kWh in the second half
of 2024, the highest level recorded since 2008, even after a partial easing that followed the 2022
peak [1]. Electricity prices for households remained close to their post-crisis maximum over the
same period [2] (Fig. 1.1). These price shocks re ect a deeper structural shift triggered by the
Russian invasion of Ukraine in February 2022, which forced the EU to reduce its dependence
on Russian fossil-fuel imports as a matter of strategic priority.

According to Eurostat data, the Russian share of EU oil imports fell from 29.2 % at the end
of June 2021 to 2.3 % two years later, the share of natural gas from 38.5% to 12.9 %, and the
share of coal from 45% to 0% [3]. Although Russian gas still represented roughly 18 % of
extra-EU natural-gas import value in early 2024 (Fig. 1.2), the absolute volume dropped from
about 140 billion M in 2021 to approximately 42 billion #fin 2023 [4]. The transformation
is therefore both structural and ongoing, and energy security has become an explicit pillar of
European energy policy rather than a background concern.

Compounding this transition, the European Climate Law commits the Union to reducing net
greenhouse-gas emissions by at least 55 % by 2030 relative to 1990 levels, on a trajectory toward
climate neutrality in 2050 [5]. The REPowerEU plan, launched in May 2022, reinforces these
objectives by simultaneously phasing out Russian fossil fuels, accelerating energy savings, and
expanding renewable deployment [6]. The combination of price shock, security concerns, and
climate commitments therefore creates a coherent and unusually strong set of incentives to decar-
bonise the European energy system on every front where signi cant nal-energy consumption
occurs.

Among end uses, heating and cooling stand out as the largest single share of European nal
energy consumption. According to Eurostat, energy used for heating and cooling represents
almost 50 % of the EU's total gross nal energy consumption [7]. The dominance is even more
pronounced at the household level: space and water heating together accounted for 77.6 % of
the nal energy consumed by EU households in 2023, while the share of renewables in heating
and cooling reached only 26.7 % in 2024 [8]. Decarbonising heat is therefore not a peripheral
qguestion of the energy transition; it is the lever with the largest absolute leverage on nal-energy
emissions.

The picture varies considerably between Member States. Eurostat reports that space heating
alone ranges from 22.0 % of household energy consumption in Malta to 79.3 % in Luxembourg,
with an EU average of 62.5 %. Belgium sits near the upper end of this distribution at 70.8 % [9],
which re ects both the country's climate and the predominance of individual fossil-fuel boilers
in its building stock.
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Figure 1.1. Evolution of natural gas prices in the EU, 2021{2024 [1].

Figure 1.2. Share of extra-EU natural-gas import value from Russia, 2010{Q1 2025 [4].
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1.2 Topologies of District Heating Networks

Understanding how heat is distributed in a system requires knowledge of the structural layout, or
topology, of the network. District heating and cooling (DHC) networks are generally classi ed
into the following basic con gurations [10, 11, 12].

Radial (tree) network. The radial or tree topology is the simplest type of network, consisting

of a central energy supply system (DES) that acts as the root, from which pipe branches extend to
deliver hot water to buildings [10]. The characteristic of this network is that ow moves in only
one direction from the source to the loads, and similarly in the return pipes. The ow directions
remain xed during operation, meaning there are no closed loops, and the pipe investment cost
is the lowest among all network structures [12, 11]. A simple radial layout is shown in Fig. 1.3.

" Advantages. The radial layout requires the shortest total pipe length among all topolo-
gies, which translates directly into the lowest capital investment for trenching and pipe
material [11].

" Disadvantages. Reliability is limited because a single pipe failure can disconnect all
downstream consumers. Expandability is also constrained: adding a new consumer or
integrating a distributed heat source alters the pressure pro le in a complex way, potentially
requiring repumping of the entire branch [10, 11].

Figure 1.3. Example of a radial (tree) network with one source and two loads.

Ring and meshed networks. In contrast to the radial topology, a ring network connects pipes
into a single closed loop, allowing the integration of multiple heat sources and signi cantly
improving supply reliability [10]. Over time, as the heating network continues to expand with
multiple interlocking loops, it evolves into a meshed network [11]. The meshed topology
provides extremely high supply reliability, facilitates the integration of multiple distributed heat
sources, and enables ow to move exibly in both directions, but it requires the highest initial
investment due to the large total pipe length and complex system [10, 12, 11]. The progression
from radial to ring and meshed layouts is illustrated in Fig. 1.4.
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Figure 1.4. Comparison of the evolution from radial tree to single closed loop (Ring) to multiple
interlocking loops (Meshed) [10]. DES: distributed energy system.

Bidirectional network. A bidirectional network is an advanced operating mechanism in which
smart pumping stations route thermal energy precisely to the locations where it is needed, rather
than forcing ow in a xed direction [10]. Thanks to the exibility of this bidirectional ow

model, the concept of dedicated supply and return pipes is eliminated; the system instead consists
only of \hot" or \cold" pipes [10].

Prosumer network. In a prosumer network, customers are not merely consumers but can
also act as producers thanks to distributed thermal generation devices (such as solar thermal
collectors, heat pumps) and thermal storage tanks located at the buildings [13, 14, 15]. Through
bidirectional substations, these prosumers can self-consume the thermal energy they produce
and exibly pump any excess heat back into the shared district heating network for other
buildings [14, 13]. The combination of the prosumer model and bidirectional substations is
considered a key enabling technology for integrating renewable energy and decarbonising urban
heating [15, 13, 14]. A representative prosumer con guration is shown in Fig. 1.5.

Prosumer network

Figure 1.5. A building drawing heat from the network while collecting solar heat from rooftop
panels for self-use and pumping excess heat back into the network.
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1.3 Problem Statement

District heating (DH) is one of the few technologies that addresses heat decarbonisation at
neighbourhood and city scale rather than building by building. By distributing hot water from
one or several centralised generation units through an insulated pipe network, DH allows the
use of heat sources that would otherwise be inaccessible to individual consumers: geothermal
heat, industrial waste heat, large heat pumps, biomass, or solar thermal collectors. DH currently
supplies approximately 12 % of total EU heating demand, with national penetration rates as
high as 65 % of urban connections in Denmark and renewable shares above 70 % in Swedish
DH systems [16] (Fig. 1.6). These gures demonstrate that high-share, low-carbon district
heating is technically and economically feasible at country scale. Looking forward, the Heat
Roadmap Europe study recommends expanding DH from roughly 13 % to 55 % of European
heat supply by 2050, saving an estimated 280 TWh of nal energy and requiring an investment
of about e1.16 trillion across the network and generation infrastructure [17]. From a regulatory
standpoint, the revised Renewable Energy Directive (RED lll) sets an indicative target of an
average increase of 2.2 percentage points per year in the share of renewables in district heating
and cooling from 2021 to 2030, while the IEA Net Zero scenario projects renewables to exceed
8% of DH supply by 2028 [18]. DH is thus simultaneously proven in practice, recommended
by independent studies, and supported by binding European regulation.

Figure 1.6. Shares of district heating and renewable energy in gross nal consumption for
heating and cooling (year 2022), source: Euroheat & Power and Eurostat [19].

Belgium, however, lies far behind this trajectory. Arecentfeasibility study by Sensil etal. [20]
on fth-generation district heating and cooling (6GDHC) in Belgium concludes that DHC in the
country remains at an \infant stage", with no operational 5GDHC system in Wallonia and only
a handful of pilot initiatives in Flanders. In Wallonia, roughly 4 % of households are classi ed
as energy-poor, and residential heating still relies heavily on individual fossil-fuel installations.
The contrast between the EU-level momentum behind district heating and its near-absence on
the Walloon territory de nes the practical gap addressed by the present work.

Deploying a district-heating network in practice is rarely a one-shot operation. A rst phase
typically connects a small number of anchor consumers, and the network grows incrementally as
additional buildings, neighbourhoods, or industrial sites request connection. Each such extension
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raises a coupled hydraulic{thermal question that cannot be reduced to a simple load addition:
when a new consumer is connected, the upstream branches must carry redistributed ow, the
pump operating point may need to be raised, commercial pipe diameters may become locally
undersized, and the supply temperature delivered at the farthest load may drop below its required
minimum. The central engineering question of incremental network design is therefore: can
the existing network still deliver su cient mass ow and supply temperature to every consumer,
including the new ones, without violating its operational limits?

Answering this question quickly, transparently, and reproducibly is essential if district heating
isto scale atthe pace required by EU climate targets. The challenge is particularly acute inregions
such as Wallonia, where only a few operational DH networks exist to learn from (Fig. 1.7) [21]
and where each new project must be justi ed on its own technical and economic merits, often
before its long-term expansion path is xed.

Figure 1.7. Geothermal well in Wallonia. [21] (accessed 05/06/2026).

Commercial software packages such as EcoStruxure District Energy (formerly TERMIS) [22]
and Apros DH [23] can handle these calculations, but they are typically expensive, closed, and
di cult to integrate into a fast iterative work ow when an engineer wishes to compare several
expansion scenarios before committing to a layout. Open-source alternatives exist, but their
internal logic is rarely documented at the level of granularity required for a master's thesis,
and most of them are not speci cally structured around the scenario-comparison question that
motivates this work. There is therefore a clear methodological gap for a transparent, fully
documented, topology-driven tool, compatible with network layouts derived from geographic
(GIS) data, able to test network extensions against coupled hydraulic and thermal feasibility
criteria in a reproducible way.

This thesis develops such a tool, referred to throughout the document as HeatNet, and
demonstrates its use as a pre-design decision-support instrument for the analysis of radial
district-heating networks under incremental expansion, providing rapid feasibility assessments
before detailed engineering design is committed.
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1.4 Scope and Limitations
The thesis pursues four interconnected objectives:

1. To develop a graph-based computational work ow capable of reading a network de-
scription from tabular CSV input les, validating its radial supply{return topology, and

constructing a directed graph that supports every subsequent hydraulic and thermal cal-
culation.

2. To implement a staged hydraulic{thermal solver that

(i) constructs a design-state mass- ow eld from the prescribed load demands (Phase 0),
(i) selects commercial pipe diameters by upward snapping from a catalogue,

(i) replays the design state to evaluate pipe pressure drops and identi es the critical loop
that de nes the initial pump head (Phase 1),

(iv) solves the xed-head pressure-balancing problem (Phase 2),
(v) propagates supply and return temperatures through the network (Phase 3),

(vi) applies a hydraulic correction on the pump head until every consumer receives at
least its design mass ow (Phase 4), and

(vii) applies a thermal correction of the source supply temperature until every consumer
receives at least the required minimum supply temperature (Phase 5).

3. To guarantee traceability by exporting at every stage the intermediate quantities, including
design and actual mass ows, theoretical and commercial diameters, Phase 1 and Phase 2
pressure drops, residual balancing quality, pipe heat losses, and a global rst-law energy
balance, so that every calculation step can be audited and reproduced.

4. To demonstrate the tool as a decision-support instrument by applying it to a reference
radial network and to three expansion scenarios of increasing topological complexity,
including a case in which a new internal junction is inserted within the existing tree.

A secondary objective is to couple the technical model with a rst-order economic layer that
estimates network CAPEX, OPEX, pump electricity, and net present cost, so that alternative
expansion strategies can be compared not only in engineering terms but also in nancial terms.

Scope. The present work is restricted to steady-state simulation of radial supply{return net-
works at the distribution boundary. Heat-generation plant sizing (geothermal wells, boilers,
large heat pumps), transient and start-up behaviour, meshed or looped topologies, and detailed
substation modelling are deliberately out of scope. Fluid properties are treated as xed repre-
sentative values within the pressure-balancing stage, and a single mean ground temperature is
used in the thermal model.
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Main contribution. The main contribution of this work is a transparent, fully auditable,
topology-driven work ow in which every intermediate quantity used by the solver is exported
and veri able, and in which the same work ow is shown to handle structural topology changes,
including the insertion of a new internal junction, without manual reformulation of the hydraulic
residual system. To the author's knowledge, no openly documented thesis-scale tool currently
o ers this combination of staged hydraulic{thermal correction, exported energy-balance veri-
cation, and built-in expansion-scenario comparison for radial district-heating networks in the
Belgian context.
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2 State of the Art

2.1 Modeling paradigms for steady-state DHN simulation

District heating network (DHN) models are commonly classi ed according to two dimensions:
temporal resolution and spatial granularity. In terms of temporal resolution, models may be
steady-state, quasi-steady or quasi-dynamic, and fully dynamic. In terms of spatial repre-
sentation, they may use lumped, nodal, or distributed pipe formulations. Steady-state and
guasi-steady formulations remain widely used for design-level DHN studies, including network
layout evaluation, pipe sizing, insulation sizing, sensitivity analysis, and static techno-economic
assessment [24, 25, 26]. Their computational e ciency makes them attractive when the ob-
jective is to evaluate many design alternatives rather than to reproduce short-term operational
transients. However, when the focus shifts to operational optimization, peak-load estimation,
demand-side management, or control actions involving strong thermal transients, dynamic or
quasi-dynamic formulations become more appropriate [24, 25, 27, 28].

Quasi-dynamic models usually rely on the assumption that the hydraulic state can be treated
as quasi-steady while the thermal eld evolves over time. This separation is commonly justi-
ed by the much faster propagation of pressure disturbances compared with thermal fronts in
district-heating pipelines. Nevertheless, fully dynamic studies have shown that neglecting hy-
draulic transients may become inaccurate in long-distance DH systems or during fast operational
changes [27].

Within steady-state DHN simulation, three main modeling paradigms can be identi ed. The
rstis the equation-based nodal formulation, where mass conservation at nodes and momentum
conservation along pipes are assembled into a nonlinear algebraic system. Pipe pressure losses

are usually represented using Darcy{Weisbach-type equations with suitable friction-factor corre-
lations, while the thermal part is described through energy balances and steady heat-loss expres-
sions [26, 29, 30]. The second paradigm is the equivalent-circuit or thermal-resistance analogy.
In hydraulic applications, pressures and mass- ow rates may be treated analogously to voltages
and currents, whereas in heat-loss calculations temperature di erences and heat uxes play the
analogous roles. This approach is particularly useful for compact steady-state representations of
buried-pipe heat losses. Wieland et al. [31], for instance, compared an equivalent-circuit-based
method with standardized procedures such as EN 13941. The third paradigm is design-oriented
sizing and techno-economic assessment, where steady-state or quasi-steady thermo-hydraulic
calculations are used to compare pipe dimensions, insulation levels, pumping requirements,
heat losses, and distribution costs [26, 32]. In some studies, these calculations are embedded in
formal optimization frameworks [26], whereas in others they are used as calculation tools for
scenario-based comparison of design guidelines or sizing alternatives [32].

The present work belongs to the equation-based family, but with an important specialization.
Rather than assembling a global nodal nonlinear system for arbitrary meshed networks, the
present work exploits the radial topology of tree-structured DHNs to impose an ordered solution
procedure. In this setting, mass- ow accumulation, pressure propagation, and temperature
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propagation can be performed directly through graph traversal along the unique supply and
return paths.

2.2 Sequential and fully coupled thermo-hydraulic solvers

A central methodological issue in DHN simulation is how to treat the coupling between the
hydraulic variables, namely pressures and mass- ow rates, and the thermal variables, namely
supply temperatures, return temperatures, and heat losses. Two broad solver strategies are used
in the literature: sequential and fully coupled formulations.

The sequential, or decoupled, approach solves the hydraulic and thermal subproblems sepa-
rately. Typically, consumer mass- ow requirements are speci ed rst, the hydraulic problem is
solved to obtain pipe ows and pressure drops, and the thermal problem is then propagated on
the resulting ow eld. This approach is attractive because each subproblem remains smaller
and better conditioned than a fully coupled thermo-hydraulic system [28, 30, 33].

In radial or directed acyclic networks, the thermal pass can exploit a xed upstream-to-
downstream ordering. Xiang et al. [33], for example, improved the e ciency of a decoupled
steady-state solver by using a recursive search to determine the thermal propagation order
on a directed acyclic graph. In contrast, Wang et al. [28] addressed meshed and bidirectional
networks, where the thermal ordering may change because of ow reversals; they used a breadth-

rst search strategy to update the computational order during the sequential solution. Gumpert
et al. [30] also adopted a sequential steady-state framework for a real DHN case study, but their
contribution is better interpreted as a matrix-based hydraulic and thermal simulation work ow
rather than as a radial traversal algorithm.

Fully coupled approaches instead assemble the hydraulic and thermal equations into one
nonlinear system, usually solved by Newton{Raphson or related methods. This strategy is
particularly relevant for low-temperature, meshed, bidirectional, and prosumer-based networks,
where mass- ow directions may change and where the simple upstream/downstream ordering
assumed by sequential methods may no longer be valid [34, 35]. Tang and Huang [34] intro-
duced out ow indication variables to handle changing ow directions during Newton iterations.
Dancker and Wolter [35] formulated a coupled Newton{Raphson framework in which hydraulic
and thermal interdependencies appear explicitly in the Jacobian, facilitating integration with
multi-energy system analyses.

It is important, however, to distinguish fully coupled mathematical formulations from se-
guential algorithms that are described as \coupled" because they exchange information between
hydraulic and thermal modules. Zheng et al. [36], for example, solve the hydraulic and thermal
problems alternately and use graph traversal to update the thermal calculation order. Therefore,
their method is better interpreted as an advanced sequential or iterative coupling scheme rather
than as a fully assembled Newton system.

The choice between sequential and fully coupled strategies therefore depends less on a univer-
sal hierarchy of accuracy than on network topology, operating regime, and the strength of thermo-
hydraulic feedback. Sequential methods can also be extended to meshed networks through
iterative ordering updates or matrix-based hydraulic formulations [28, 30, 33], but they are
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especially simple and robust for radial, unidirectional networks where the upstream/downstream
order is xed. Fully coupled Newton-type solvers are most justi ed when bidirectional ows,
prosumers, or strong thermo-hydraulic interactions make this ordering uncertain [34, 35].

2.3 Numerical methods for hydraulic network solving

The hydraulic subproblem in DHN simulation inherits many techniques from water-distribution
and gas-distribution network analysis. The classical Hardy Cross method iteratively corrects
guessed ow rates around network loops until mass and energy balance conditions are satis-
ed [37, 38]. Its appeal lies in its conceptual simplicity and ease of implementation. However,
Hardy Cross-type methods may converge slowly for sti or large networks and can become
cumbersome when many loops and sign changes are present. This has motivated node-loop and
simultaneous-loop variants, which solve more directly for the unknown ows or loop correc-
tions [37].

In modern DHN research, Newton{Raphson methods are widely used for solving nonlinear
hydraulic equations, especially in meshed networks. In these formulations, mass conservation
and pressure-loss equations are assembled from the network graph, and the resulting nonlinear
residual, which is the di erence between the target and the real calculated value, is solved
iteratively [29, 34, 35]. Newton-type methods o er fast local convergence, but they can be
sensitive to initialization and ill-conditioning, particularly when pipe diameters, roughness
values, or operating regimes vary strongly across the network. For this reason, robust variants
such as damped Newton schemes, line-search strategies, or residual-minimization formulations
are often introduced to improve convergence behavior [29].

For radial DHNs, however, the hydraulic problem is structurally simpler. Because each node
has a unique path from the source, mass conservation can be enforced by a single graph traversal
rather than by solving a global hydraulic system. Pipe-wise pressure losses can then be evalu-
ated locally using Darcy{Weisbach and friction-factor correlations. When pressure balancing
between terminal branches is required, the nonlinear solve does not need to be performed over
the entire network. Instead, it can be reduced to a branch-level least-squares problem, where
the unknowns are terminal branch velocities and each residual enforces consistency between
the branch pressure drop and the prescribed pump-head target. In the present work, since the
network is radial, the solver can use the xed branch paths that are computed in advance, instead
of using a more complex meshed-network method that must handle loop-cutting.

2.4 Graph-based and topology-aware approaches

Recent DHN literature increasingly emphasizes the role of graph theory in both model formula-
tion and solver design. Directed graphs provide a natural representation of DHNs, where nodes
correspond to sources, junctions, or consumers, and edges correspond to supply and return
pipes. Graph traversal algorithms have already appeared in DHN studies: Xiang et al. [33] used
a recursive search to determine thermal propagation order on a directed acyclic graph, Wang et
al. [28] employed breadth- rst search to update computational ordering during ow reversals,
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and Zheng et al. [36] applied graph traversal to refresh the thermal calculation sequence within
an iterative coupling scheme. However, in each of these studies traversal serves as an auxiliary
ordering step inside a broader matrix-based or iterative-coupling framework, rather than as the
primary computational mechanism of the solver itself.

For radial networks in particular, the tree topology admits a stronger exploitation. Post-order
and pre-order traversal, standard algorithms in computer-science graph theory [39, 40], map
directly onto the physical propagation directions of a tree-structured DHN: post-order traversal
accumulates mass ow from terminal loads toward the source, pre-order traversal propagates
supply pressure and supply temperature from the source toward the loads, and a second post-
order pass with ow-weighted mixing computes return temperatures at junctions. Based on the
reviewed literature, no prior work was found that formulates graph traversal as a complete staged
work ow speci cally for radial DHN modelling and analysis, in which mass- ow aggregation,
pipe sizing, pressure propagation, and thermal correction are all resolved through ordered
traversals on the same radial structure without assembling a global nodal nonlinear system.

For the present work, this motivates a topology-aware solver specialized for radial networks.
The supply graph is treated as a tree, mass ows are accumulated from terminal loads toward
the source, pressure and temperature elds are propagated along unique supply and return paths,
and return temperatures are computed through ow-weighted mixing at junctions. This avoids
the unnecessary complexity of a full meshed-network Newton formulation while retaining the
physically relevant steady-state thermo-hydraulic balances for radial DHNSs.
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3 Methodology

This chapter follows the HeatNet calculation sequence from input validation to nal veri cation.
Before Phase 0, the CSV input les are loaded and checked to ensure that the supply network
is a valid radial tree. The methodology then moves through design- ow construction, pipe
sizing, hydraulic calculation, pressure balancing, thermal propagation, hydraulic and thermal
corrections, and a nal energy-balance check. These phases are summarized in Table 3.1.

Table 3.1. Methodology phase overview.

Phase

Main purpose Main output

Phase 0: design ow andConvert load demands into design Node ows, pipe mass ows,

sizing

Phase 1: hydraulic
calculation

Phase 2: pressure
balancing

Phase 3: thermal
propagation

Phase 4: hydraulic
correction

Phase 5: thermal
correction

Phase 6: nal
veri cation

mass ows and select commercial diameters, i

pipe diameters

Replay the design state and identify Pressure drops, initial
the critical pressure path
Balance all load loops for a
prescribed pump head
Propagate supply and return
temperatures through the radial
network

Raise the pump head only if aload Corrected

remains undersupplied

Raise the source temperature only ifCorrected lource—supply
the delivered supply temperature is
too low

Check the energy balance of the
selected operating point

Actual balanced load ows, balanced
branch ows
Supply and return temperature elds

Veri ed nal operating state

3.1 Graph-Based Network Construction and Validation

This chapter uses the same four-node radial network throughout the methodology. The base
topology is shown in Fig. 3.1: one source (, one junction 1, and two terminal loads !1 and !2.
Subsequent gures reuse this layout with di erent information layers rather than introducing a
new graph each time.

Throughout the methodology, each physical link is treated as one pipe pair 4 = 1D—E°. The
red supply pipe follows the tree direction from the source to the loads D ! E°; the blue return
pipe is the reverse direction E ! D°. The two pipes share the same length, diameter, material,
and thermal resistance, while their ow directions are opposite. This convention is used in all
hydraulic, thermal, and economic calculations below.

The network is loaded from CSV tables containing source data, load data, and pipe-pair
connectivity. As illustrated in Fig. 3.2, the source node provides the source temperature and
pressure, while load nodes provide heat demand and design temperature drop. Default values
are used only when optional elds are missing: the speci ¢ heat capaeity£180 Jkg' K1
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—— Supply pipe, from source to loads
<---- Return pipe, back to source

Figure 3.1. Running example topology and pipe-direction convention.

is the standard value for liquid water from the IAPWS-IF97 formulation [41], while the heat-
exchanger pressure drop 1 = 20000 Pa is an assumed representative substation value, treated
as a pre-design default in the same spirit as the economic parameters of Section 3.9.

Table 3.2. Example source input data.

Source ID Connected node Supply temperatur&ource pressure (bar) Supply mass ow
(S (kgls)
( 1 90 5 15

Table 3.3. Example load input data.

Load ID Connected node Heat load & (kW) ) (K) Design mass ow
(kg/s)

11 1 40 20 0.5

12 1 80 20 1.0

Tables 3.2{3.4 show an example of the information contained in the CSV input les: source
parameters, load demand data, and branch connectivity. For the radial branch ({ 1, the mass
ow is obtained by aggregating the downstream load ows, i.q,18= &1, & 1> = 1+5Kkg st

Before any hydraulic or thermal calculation is performed, HeatNet checks the red supply
arrow as a directed tree rooted at the source. The source has no parent link, every other node
has exactly one incoming link, and a valid radial layer with # nodes has # 1 links, as expected
for a spanning-tree network [42]. The validator also checks that every node is reachable from
the source, so that no disconnected branch remains in the input data.

The blue return arrow is then generated automatically as the exact reverse of the supply path,
rather than entered as an independent topology. This single pipe-pair convention ensures that
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Table 3.4. Example branch/connectivity input data.

Branch ID From node Tonode Branch type Mass ow (kg/s)
(€ ( 1 Aggregated supply branch 15
{11 1 11 Load branch 0.5
1{12 1 12 Load branch 1.0

Figure 3.2. Input data assigned to the running example.

mass- ow aggregation, pressure-path tracing, and return-temperature mixing all operate on one
unique path between each load and the source.

Terminal-load assumption. HeatNet assumes that consumers are terminal nodes, or leaves, of
the red supply tree. Load nodes receive ow but do not carry ow onward to another consumer;
through- ow is carried only by the source and junctions.

This assumption keeps the pressure-balancing problem well posed. When consumers are
terminal nodes, each load loop has its own terminal branch, so a single pump head can be
balanced by adjusting the terminal branch ows. If a consumer were placed on a shared path
upstream of another consumer, the upstream loop would be contained inside the downstream
loop. Equal loop pressure drops would then require the additional downstream branch to have
zero pressure loss, which is impossible for a pipe with non-zero ow and length. For this
reason, buildings that lie on a geographic routing path are converted into leaf connections before
simulation.

3.2 Phase 0: Design-State Construction and Commercial Pipe Sizing

After topology validation, Phase 0 converts the thermal load data into a branch-wise design
mass- ow eld and uses this eld to select commercial pipe diameters. This preprocessing step
links three quantities directly: load heat demand, aggregated branch mass ow, and selected
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pipe size.

The Phase 0 state is not the nal operating point. Itis the nominal ow eld required if each
load receives its prescribed heat demand at its design temperature drop. The resulting branch
ows are used immediately for catalog-based pipe sizing and later for the Phase 1 hydraulic
replay.

3.2.1 Demand Aggregation on the Radial Tree

Each load converts its heat demand into a design mass ow using the basic heat balance
& =&125) desigy- The model rejects non-physical inputs withgdsign O.

The local load ows are then accumulated on the supply tree from the leaves back toward
the source. In Fig. 3.3, 11 and !2 rst receive their own design ows; junction 1 carries their
sum; and the main branch (! 1 carries the total network ow. By the pipe-pair convention,
the same mass- ow magnitude is assigned to the paired return direction.

Figure 3.3. Bottom-up design- ow aggregation.

This bottom-up pass constructs the design mass- ow eld used for sizing every pipe pair.

3.2.2 Discrete Sizing and Thermal Resistance

The Phase 0 ow eld speci es how much water each pipe pair must carry, but it still gives a
continuous hydraulic requirement rather than a buildable pipe size. The sizing step therefore
converts each design mass ow into a commercial inner diameter. This diameter set is important
because it is used by every later part of the model: cross-sectional area, velocity, pressure loss,
thermal loss, and cost are all evaluated with the selected commercial diameter, not with the
continuous theoretical value.

In the standard CSV work ow, pipe diameters are not prescribed in the pipe-pair input table.
They are selected during this step and then carried through the hydraulic, thermal, and economic
calculations. When an existing network is reused in a scenario analysis, the previously selected
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diameters can instead be kept xed so that the comparison re ects only the change in operating
conditions or heat demand.

Velocity-based sizing. Sizing from a velocity criterion is a common design rule because it
limits both pressure gradients and pumping costs [43]. For each pipe pair 4, the design mass
ow obtained from the upstream aggregation is converted into a continuous theoretical diameter,

S
44
theoretical—4~ W:sign_ (3.1)

Here, theoretica—4S the continuous inner diameter that would carry the design mass gpat «
the target velocity gsign and d is the water density used for the sizing calculation. The default
target design velocity used in this work is

Edesign= 1.0 m ste (3.2)

If a pipe carries no design mass ow, Eq. (3.1) is not evaluated and the smallest available
diameter is assigned. Otherwise, the theoretical diameter is passed to the discrete selection rule.

Commercial diameter and thermal resistance. Each theoretical diameter is snapped upward
to the nearest commercial inner diameter:

4=min 2D catalog theoretical—4 ® (3.3)

Here, 4 is the selected buildable inner diameter anghflgis the nite list of available
commercial diameters. The upward snapping rule ensures that the installed pipe is never smaller
than the continuous diameter required by the velocity criterion.

The adopted catalogue and thermal-resistance values are given in Table 3.5: DN20{DN110
are exible PE-Xa branch pipes from Uponor Eco ex Thermo Single [44], while DN125{DN300
are pre-insulated steel trunk pipes from Logstor Series 2 geometry [45]. The selected diameter
and thermal resistance are stored once for the pipe pair and used in both directions:

" th-4= Rint 4°— (3.4)

Here, ' 14s the linear thermal resistance assigned to pipe pair 4 in Kin #d Rnt  4°is the
catalogue lookup associated with the selected diameter. A laggeimeans better insulation
and therefore a smaller heat loss for the same temperature di erence.

For PE-Xa branches, the catalogue *-value is converted as

, 1
th= 7= (3.5)

In this convention, * is the linear heat-transfer coe cient per metre of pipe. The reciprocal
form is used so that the thermal model can treat all pipe families through the same resistance
variable '.

For steel trunk pipes, the concentric PUR insulation model gives
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I casing® 3steel

th =
2C_puR

(3.6)

Here, casinglS the outer casing diametekes3 is the steel carrier-pipe outer diameter, apdr_

Is the thermal conductivity of the PUR insulation. The logarithmic term represents radial heat

conduction through the cylindrical insulation layer.
Soil thermal resistance is intentionally neglected. The two pipe families are illustrated in

Figure 3.4.

(a) Flexible PE-Xa branch pipe

(b) Pre-insulated steel trunk pipe

Figure 3.4. Commercial pipe cross-sections used for thermal-resistance assignment.

Table 3.5. Commercial diameters and thermal resistances.

DN

Inner

(m)  Thermal basis

' (KmW1)

DNZ20
DN25
DN32
DN40
DN50
DNG63
DN75
DN110
DN125
DN150
DN200
DN250
DN300

0.020
0.025
0.032
0.040
0.050
0.065
0.080
0.100
0.125
0.150
0.200
0.250
0.300

*=0-141
* =0-141
*=00162
* = 0162
*=0-188
* = 0226
* = 0233
* = 0356
1397250
1683280
21991355
27320450
32329500

7.092
7.092
6.173
6.173
5.319
4.425
4.292
2.809
3.430
3.001
2.845
2.946
2.559

3.3 Phase 1: Hydraulic Calculation

Phase 1 is the design-state pressure replay performed after commercial diameters have been
selected. The branch mass ows are still the Phase 0 design ows, so this stage is not the nal
hydraulically balanced operating state. Its role is to turn the sized network into a pressure-drop
layer and to identify the path that sets the rst pump-head estimate.
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Figure 3.5. lllustrative Phase 1 pressure-drop layer and critical-path identi cation on the running
example.

For each pipe, the pressure drop is evaluated from the current design ow, the selected
commercial diameter, the uid properties, and the minor-loss coe cient. The detailed Darcy{
Weisbach relation and friction-factor model are documented in Appendix 2, Section 2.2. Fig-
ure 3.5 uses illustrative pressure-drop values to show the selection logic; the actual values used
in a simulation are those exported by the Phase 1 replay.

The critical path is the source-to-load route with the largest accumulated pressure drop.
In the illustrative example, the route ({ 1{!1 has the largest cumulative pressure drop and
is therefore highlighted as the critical path. Every other load is checked in the same way by
traversing its unique path through the radial graph and comparing the accumulated pressure
drop.

The initial pump head used to start Phase 2, denotggl, is then derived from the real
critical loop in the exported calculation: the red source-to-load path, the blue reverse path, and
the heat-exchanger pressure drop at the terminal load are added. A Phase 1 snapshot of pipe
mass ow, velocity, and pressure drop is kept so that this pump-head choice remains traceable
when it is compared with the nal balanced operating point.

3.4 Phase 2: Pressure Balancing

After commercial pipe sizing, the actual hydraulic operating point is recomputed because the
design- ow eld is generally no longer compatible with the discrete branch resistances. For

a prescribed pump head, Phase 2 asks whether all load loops can be balanced under the same
pump pressure. The adjustable quantities are the terminal load-branch velocities on the supply
tree, while the full pipe-pair ow eld is recovered automatically by upstream aggregation.
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Figure 3.6. lllustrative Phase 2 pressure-balancing loops on the running example. The terminal
velocities are adjusted until every load loop has the same pressure drop as the prescribed pump
head yeq.

3.4.1 Unknown Vector and Loop Residuals

For a network with # load nodes, the unknown vector is

V=»fg—eee4EY (3.7)

For each trial vector, the corresponding load mass ows are

gglvO = dgyp - (3.8)

and these are propagated upstream through the radial graph to reconstruct the complete
pipe-pair ow eld. This reconstruction uses the same bottom-up aggregation as Section 3.2.1,
but replaces the design load ows by the trial terminal owgh&.

In the running example of Fig. 3.6, the unknown vector is simply v g » 4. These two
terminal velocities setthe owsin 1! !1and 1! !2, while the shared upstream branch
(! 1 carries their sum. The two pressure loops therefore share one upstream branch but have
di erent terminal branches.

Using this reconstructed ow eld, the full-loop pressure drop associated with load 8 is

~ ~

O O
? loop-8V° = ? Hx-s, ? 400, ? 4tV0e (3.9
42P8 42pP%
Here, ?100p-4S the total pressure drop of the closed supply{return path serving load 8, including
the substation pressure dropy%-g The sets gand Pgare respectively the supply and return
pipe paths connected to that load, and eachi?the hydraulic loss of one pipe segment.
For a xed pump head 4eq, the balancing residual is de ned as

29



g'V° = ? |oop-8V° xed — 8=1—ccerst (3.10)

Thus, gis the remaining pressure mismatch for load loop 8: positive values mean that the loop
requires more head than the pump provides, while negative values mean that the same pump
head would over-drive that loop.

Hence, the hydraulic balance problem is to nd v such that all loop residuals vanish simulta-
neously. In Fig. 3.6, this means that the algorithm adjustsaB&d E, until the pressure drop of
Loop 1 and Loop 2 both match the pump head imposed at the source. The residual evaluation
uses the water-property convention documented in Appendix 2: density is held xed within a
hydraulic solve, while viscosity is evaluated from the available pipe temperature eld and falls
back to reference values before the thermal replay is available.

3.4.2 Nonlinear Least-Squares Solution

The residual system is solved as a bounded nonlinear least-squares problem,
1®
mn W= S @V~ Rin Es Emac (3.11)
8=1

using the trust-region re ective algorithm available in the SciPy scienti c computing ecosys-
tem [46, 47]. The SciPy stopping tolerances for the least-squares iteration are kept at their doc-
umented default values, namely xtol= 19, ftol= 10 2, and gtol= 10 & . These defaults are
su ciently small for the present pressure-balancing problem; tightening them did not change the
converged network results. In physical terms, the solver varies the terminal velocities shown in
Fig. 3.6 until the loop-pressure mismatches are as small as possible within the velocity bounds.
The initial guess is obtained from the design mass ows and the terminal pipe areas:

B Zdesign—? (3.12)
sup 8
The unknown velocities are constrained by a lower and an upper bound,

Enin Eg Emac  [in=0°05ms" — Fax=2°5ms' ¢ (3.13)

The lower bound prevents numerically degenerate near-zero velocities, while the upper
bound encodes the maximum admissible ow velocity in distribution pipes. Both bounds
are con gurable solver parameters. The upper bound is set to 2¢5, rthe recommended
maximum continuous water speed for exible district-heating pipes given in the manufacturer
catalogue [44]; a more conservative ceiling such as 1% may be used when lower pumping
noise and larger erosion margins are required, at the cost of a smaller feasible operating envelope.

The maximum number of function evaluations is chosen as

#fev_ma)(: max 1# iter # 1= 209— (314)

Here #r is the con gured iteration allowance per load. This scaling gives larger networks
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proportionally more residual evaluations while preserving a minimum allowance for small cases.
After the numerical solve returns, the maximum absolute loop residual is evaluated as

Anax = Max] 'V %j— (3.15)

and the solution is declared converged only if it falls below a convergence tolerante Y

this pressure-balancing context, convergence means that the remaining loop-pressure mismatch
is smaller than the prescribed tolerance, so the residual is negligible at the scale of the hydraulic
model. Because the loop pressure dropgog-gre themselves of the order of the pump head

, @ xed absolute tolerance is not scale-invariant: a value such as 001 Pa corresponds to a
relative accuracy of about 70 for a loop head of order POPa, far below both the physical
resolution of the problem and the numerical conditioning of the coupled branch system. An
over-strict tolerance causes the least-squares solve to be reported as non-converged even when
the recovered ow eld is physically balanced. The tolerance is therefore de ned relative to the
prescribed pump head,

Y> = maxtYaps- [el °—  ¥ps=001Pa—  (f=103%— (3.16)

so that the convergence threshold scales with the head (here 01 % of ) while retaining the
small absolute value only as a oor for degenerate low-head cases. The balanced solution is
converged whenpfAx Y ». Conversely, if Aax i Y », the candidate operating point is rejected
rather than forced by relaxing the numerical tolerance. In engineering terms, this means that the
current combination of pump head, pipe sizes, velocity bounds, and design- ow assumptions
does not provide a converged pressure-balanced solution; the network design or control strategy
must then be revised.

Once convergence is achieved, the balanced terminal velocities are replayed through the
same graph-based reconstruction to obtain the nal branch-wise ow eld. At this stage, the
network is pressure-balanced for the prescribed pump head.

3.5 Phase 3: Thermal Propagation Model

The thermal model takes the balanced pipe-pair mass- ow eld as a xed input and propagates
temperatures using the convention of Fig. 3.1. The red pass carries hot water from the source to
the loads; the blue pass carries cooled water back to the source and mixes streams at junctions.
No global nodal temperature system is assembled. The underlying water properties are collected
in Appendix 2.

3.5.1 Pipe Heat Loss and Outlet Temperature

Figure 3.7 is the pipe-level thermal model. The water enters pipe;4aExchanges heat with
the ground at § through the thermal resistance,’ 4 and leaves atg),.—4 For a pipe of length
I 4, this gives
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Figure 3.7. Pipe heat-loss schematic used in the thermal propagation model. The local ow
direction de nes ),_sand )out-a

|
Yours=)6, )ina) 6 EXP ——— — (3.17)
th—4 84 27

Here, )out—4iS the outlet temperature after pipe segment44is the inlet temperatureg)is the
ground temperature,4is the pipe length, &is the mass ow rate, and-2s the speci ¢ heat
capacity of water. The denominato,_4842» shows the two mechanisms that reduce cooling:
better insulation through larger thermal resistance and larger thermal inertia through higher mass
ow.

The heat loss shown in the schematic is the enthalpy drop between inlet and outlet:

&loss—4—= F422 )in-4 ) out—4°® (3.18)

Here, &qoss—4iS the thermal power lost by pipe segment 4 during the considered pass. It is
computed from the water enthalpy decrease, so it is directly linked to the temperature drop
predicted by Eq. (3.17).

If a4=0,'4=0,0r)in-4 ) &, the pipe is treated as lossless for that pasgss&= 0 and

) out—4= ) in—4

3.5.2 Network-Wide Thermal Propagation

After the pipe-level outlet temperature has been computed with Eq. (3.17), the network temper-
ature eld is obtained by following the two real ow directions shown in Fig. 3.8: red for supply
and blue for return.

Supply propagation. Hot water starts from the source. At a junction, the same node tem-

perature is used as the inlet temperature of every outgoing child branch. Along each pipe, for
example (! 1or 1!!1, the temperature decreases according to the pipe heat-loss relation

32



Figure 3.8. Network-wide thermal propagation on the running example. Red arrows show
supply-temperature propagation, while blue arrows show return-temperature mixing and prop-
agation back to the source.

of Eq. (3.17).

Return mixing. At each load, the return temperature is obtained by subtracting the user's
design temperature dropyejurn-s= ) supply-8 ) design-8 1Nhe cooled streams then ow back
toward the source. When several return streams meet at a junction such as 1, the mixed
temperature is the ow-weighted average
0
q) out—4

42Rx
) return-= . (3.19)
|y

42R
which conserves enthalpy at the junction. The mixed stream then continues toward the
source and loses heat on each upstream return pipe using the same pipe relation, Eq. (3.17). The
resulting source return temperature is used later in the nal energy balance.

3.6 Phase 4: Hydraulic Correction

The pressure-balancing solver equalizes the loop pressure drops for a given pump head, but
it does not automatically mean that every consumer receives enough water. The hydraulic
correction therefore checks the actual mass ow at the load nodes, and raises the pump head
only if at least one consumer is undersupplied.

The hydraulic service requirement is checked at the load-node level:

Hactual-bal-8 & design-8 88 = 1—ecee—# (3.20)

33



Figure 3.9. Phase 4 and Phase 5 corrections on the running example. The upper panels show
the pump-head correction used to remove a mass- ow de cit; the lower panels show the source-
temperature correction used to remove a delivered-temperature de cit.

Equivalently, the worst hydraulic de cit is de ned as

kto= ma%( Hgesign-8 & actual-baltg *® (3.21)

The pump head satis es the hydraulic requirement when

k1o Qe (3.22)

Phase 4 starts at the Phase 1 initial pump hegga . If no de cient load is detected, this
pump head is kept. Otherwise, as illustrated in Fig. 3.9, the pump head is increased with Brent's
one-dimensional root- nding method until the worst de cit disappears [48]. The selected value
is denoted , and the hydraulic state is replayed once more at this pump head before the
work ow proceeds to Phase 5.

3.7 Phase 5: Thermal Correction

Phase 5 starts once the ow eld satis es the load- ow requirement. The thermal model of
Section 3.5.2 is replayed. The correction only checks whether the red supply temperature at
every load remains above the required minimum; the blue return eld is updated by the same
replay for the nal energy balance.

The delivered-temperature requirement is checked at the load nodes:

) supply-8 ) supply—min 88 =1—cee# (3.23)

If every load satis es this requirement, the current source temperature is kept. Otherwise,
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the largest temperature de cit is computed:

) max= mgx ) supply—min ) supply—8° (3.24)

The source supply temperature is then increased by this de cit plus a small numerical margin:

1 —\
source—supply ) source—supply ) m

ax, 0¢1 Ce (3.25)

After each increase, the thermal replay is repeated using the branch ows obtained after
Phase 4. The correction changes only the source temperature; it does not reopen the pressure-
balancing problem. The nal operating point is retained only after it satis es both the load- ow

requirement and the minimum delivered-temperature requirement.

3.8 Phase 6: Final State Veri cation and Energy Balance

After  and )Source_suppll/ﬁave been selected, an explicit rst-law consistency check is applied
to the nal operating point.

The source heat injection is computed from the nal source mass ow, the specic heat
capacity of water 2, and the nal source supply{return temperature di erence:

& source= Zsourc? )source—supply) source—return® (3.26)

The useful heat delivered to consumers is evaluated by summing, over all load nodes, the
product of the nal actual balanced load mass ow, the speci ¢ heat capacity of watearizi
the local supply{return temperature di erence:
&
& delivered = Hiocal-27 )supply—8) return-8° (3.27)
8=1
The total pipe heat loss is obtained by summing the heat-loss term over both directions of
every pipe pair at the nal operating point:

O
&loss = & oss-1 (3.28)
42PB[P A
The nal energy imbalance is then evaluated as an implementation sanity check, verifying
that the sum of heat delivered and thermal distribution losses equals the source heatinjection [49]:

& = j&source & delivered & Iossi' (3-29)

The source contribution must be strictly positive. A relative imbalance tolerance of 1% is
adopted as the diagnostic threshold for this consistency check. This value is chosen as a practical
intermediate threshold: a much smaller tolerance would be unnecessarily strict for a pre-design
model, whereas a much larger tolerance would allow an energy mismatch too large to indicate a
reliable implementation.
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&
source
If this diagnostic check is violated, the result is treated as an implementation or bookkeeping
error rather than as a physically meaningful operating point. In that case, the exported values
must be inspected before the nal state is reported.

0+01¢ (3.30)

3.9 Economic and Financial Model

The economic model estimates the network-side capital expenditure (CAPEX), operating ex-
penditure (OPEX), and net present cost (NPC) of the district-heating network. The boundary
of the calculation is restricted to the distribution network. Heat-generation plant investment,
such as geothermal production equipment or boiler plant CAPEX, is excluded. Consumer-
side equipment, including building substations and heat exchangers, is also excluded from the
CAPEX boundary. These devices are assumed to be owned and nanced by the consumers,
since comparable building-side heat-transfer equipment would also be required in an individual
local-heating alternative. The reported CAPEX should therefore be read as the additional in-
vestment required to build the heat-distribution network relative to conventional local heating,
not as a full building-conversion cost. The net present cost aggregates the initial investment and
all discounted future operating costs into a single indicator:

@ro]
OPEX-H
NPV = CAPEX, ] AoH (3.31)
H=1 = *
From the net present cost, the levelized cost of heat distribution is
LCOH = NPV (3.32)

&design op#proj
expressed in EUR/MWh: the net present cost spread over the heat delivered during the
project horizon. It excludes heat-generation costs. The capital expenditure (CAPEX) and the
LCOH are the two indicators used to compare scenarios throughout this work.
The following subsections detail the CAPEX and OPEX components that enter these expres-
sions.

3.9.1 CAPEX Estimation Model

Pipe and installation costs follow the nPro technology-cost model for low-temperature networks
with insulated pipes [50]. These cost correlations are not arbitrary placeholders: nPro derives
them from the technology catalogue of the KEA Baden-Werttemberg energy agency [51], and
they distinguish pipe material from civil works and scale with nominal diameter and installation
environment. nPro provides, per metre of trench and for the supply{return pipe pair, a pipe
(material) cost that is independent of the environment,

2pipet  4° = 000033 DN, 046843 DNy, 54+033 »EUR/MYa— (3.33)
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and an environment-dependent total (pipe , installation) cost that is linear in the nominal
diameter DN = 1000 4 (in mm),

%14-122— 446+29° 0 = rural/unpaved-
2ot 4—0°=DNy, Vo— 1g—¥° = _150854— 633¢43° 0 = suburban— (3.34)
©17-956— 860+92° 0 = urban/paved-

The installation (civil-works) cost per pair is the dierencewd® 4—0° Zpipe' 4°, Which

Is strongly location-dependent: paved urban streets are far more expensive than open rural

corridors. The environment is assigned per segment from the network geometry (paved streets

for the on-campus distribution, unpaved/rural for the source feeder crossing open ground). Valve

cost is represented by an average number of valves per pipe pair, a network-level simpli cation

of the assumption of approximately ten valves per loop, adjustable for a more detailed layout.
The CAPEX model may be written as

CAPEX = trench, pipe, valve, pump— (3.35)
with
o)
trench= V4 2iota’ 4—Q° 2 pipe1 4L - (3.36)
4
O
ppe= ! 4Zpipe' 4°- (3.37)
4
O
valve = # valve—valve— (3.38)
4
and
pump = YpumpZpump— (3.39)

Here, trenchis the civil-works cost, pipe is the pipe-material cost,vawe is the balancing-valve
cost, and pumpis the pump capital cost. The selected commercial diamejes reused from
the pipe-sizing stage so that the economic model prices the same buildable network that is
checked hydraulically and thermally.

The valve-count parameter is a modeling simpli cation. The present formulation uses an
average number of valves per pipe pair, whereas the engineering interpretation may be linked
back to an assumed average number of valves per hydraulic loop.

3.9.2 OPEX Estimation Model

The OPEX model includes electricity consumption for pumping and network-side maintenance.
Pump electricity is calculated from the required pump power, annual operating hours, and
electricity price. Maintenance is represented either as an annualized fraction of CAPEX or as
scheduled xed costs occurring every year, every ve years, and every ten years. The case-study
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calculations use the annualized fraction method; the scheduled-cost elds are kept only as an in-
active alternative parameterization. The annualized maintenance term is interpreted as covering
pipe inspection, pipe repair, pump maintenance, and other routine network-side interventions;
consumer-owned substations and heat exchangers remain outside the cost boundary.

The annual pumping-energy demand is estimated as

pump-H= Ypump op— (3.40)

and the corresponding electricity cost is

elec—H~ pump—FZeIec' (3.41)

The maintenance cost in year H is evaluated as

( _ o
_ maint-annual | 5jH maint-5y, | 10jH maint-10y  if the scheduled-cost option is used,
maint—H- .
Qnaint  CAPEX— otherwise.
(3.42)
Accordingly, the annual operating expenditure is
OPEX-H= eleccH  maint-f (3.43)

Here, kjnand hojnare indicator functions for the ve-year and ten-year maintenance events.

This parameterization is intentionally simple. Maintenance may be represented either as an
annualized fraction of total CAPEX or as explicit xed maintenance events at annual, 5-year,
and 10-year intervals. In the present case study, the rst option is active: maintenance is charged
as Baint capex each year, with JRint = 1 % following the nPro economic-calculation conven-
tion for district-heating networks [52]. This keeps the model consistent with the supervisor's
recommendation while preserving a compact computational structure.

Note on maintenance accounting. While Eq. (3.42) allows for explicit scheduled mainte-
nance events (naint-annual maint-5y maint-10y, this optionis not used in the case-study parameter
table (Table 3.6). The underlying scheduled inputs remain zero only to disable the alternative
event-based representation and prevent double-counting. The economic model instead uses the
continuous annualized fraction methog, & = 1% of CAPEX [52]) to cover routine opera-
tional repairs, pipe inspections, and component replacements consistently across all evaluated
scenarios.

Table 3.6 lists only the default numerical values used in the case study. The corresponding
symbols, units, and de nitions are collected in the nomenclature (Table 1.1).

Thus, the zero scheduled-maintenance inputs are not interpreted as zero maintenance cost.
They only disable the alternative event-based representation. The maintenance cost reported in
the economic results isnant capex for every year of the case study; if explicit scheduled
values are activated in a sensitivity run, the fraction-based term is not applied.

Finally, a subset of the economic inputs is not drawn from a speci ¢ catalogue or data source
but assumed as engineering and nancial defaults, to be replaced by project-speci ¢ quotations
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Table 3.6. Default nancial-model inputs.

Input

Default value

Basis

2total1 4= Qo
2PU mp
2valve

# valve—pair

[ pump
Zelec
op
Maintenance accounting
Snaint

maint—-annual maint-5y maint—10y

A
# proj

nPro formulas
500 EUR/KW
250 EUR/valve
10 valves/pair

0.70
0.25 EUR/kWh

4000 h/year
annualized

1 %lyear

0 EUR

4 %lyear
30 years

Cost correlations given above [50]
Assumed pre-design unit cost
Assumed xed unit cost

Bookkeeping proxy from the
valves-per-loop rule
Representative pump e ciency [53]
Consistent with EU household
electricity prices [2]

Assumed equivalent full-load
operation

Usgsnb capex rather than

scheduled events

Active maintenance method [52]
Disabled scheduled-cost option

Assumed discount rate

Assumed evaluation horizon

and investor policies in a detailed design phase: the pump unit cost (500 EUR/kW), the valve
unit cost (250 EUR/unit), the valve-count proxy (10 valves per pipe pair), the equivalent full-load
operating hours (4000 h/yr), and the nancial evaluation parameters, namely a 4 % discount rate
and a 30-year project horizon. These are deliberately treated as placeholders; because every
scenario shares the same cost basis, the relative comparison between scenarios, which is the
outcome of interest here, is insensitive to their absolute values.

The pump e ciency ([pump = 0+70) is used in the same spirit as a representative pre-design
conversion e ciency, not as a selected commercial pump guarantee.
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4 Case Study and Results

4.1 Impact of Adding New Consumers

This sensitivity analysis tests HeatNet on incremental network extensions rather than on a
single xed layout. The practical question is whether an existing radial network can serve new
consumers while still satisfying hydraulic and thermal service constraints.

Each case modi es the input graph before simulation. The same work ow is then reapplied
to rebuild the topology, recompute design ows and pipe sizes, balance the pressure eld,
correct the operating point, and verify the nal state. This con rms that the implementation is
topology-aware rather than hard-coded for the reference network.

4.1.1 Reference Data and Expansion-Scenario Evaluation

The scenario analysis is performed on a reference radial district-heating network de ned directly
from the original-topology HeatNet CSV inputs. The base case contains one source node, four
junction nodes (1, 2, 4, 5), and nine load nodes (!1, !2, 13, 4,17, 18, 19, 110, '11).

The source input conditions are a supply temperature € %d an initial source pressure of
300-000 Pa. The reference topology is shown in Fig. 4.1.

Tables 4.1{4.2 give the corresponding load, and pipe-pair data in a reader-oriented form.
Heat demands are shown in kW for compactness; the CSV les store the same values in W. The
design mass- ow column is computed from &2 gesigr® and is included to make the physical
meaning of the load inputs explicit.

Table 4.1. Base-case load input data.
Load node Heatdemand & (KW) Qesign(K) 2» (Jkg* K1) agesign(kgs?)

L1 45.0 20 4180 0.538
L2 50.0 20 4180 0.598
L3 36.0 23 4180 0.374
L4 55.0 22 4180 0.598
L7 45.0 20 4180 0.538
L8 50.0 20 4180 0.598
L9 47.0 21 4180 0.535
L10 48.0 22 4180 0.522
L11 52.0 21 4180 0.592

Three modi ed input datasets are compared with the reference case. Case 1 adds load !5
at junction 2; Case 2 adds !5 at 2 and !6 at 4; Case 3 also inserts a new junction 6
downstream of 2 and supplies !4 and !5 through this junction. The three topology variants
are compared in Fig. 4.2.

For each scenario, the complete HeatNet work ow is executed again: the modi ed graph is
reconstructed, the radial topology is validated, design mass ows and commercial pipe diameters
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Table 4.2. Base-case pipe-pair connectivity input data (columns read by the solver).

start _node endnode length (m)

S J1 100
S J2 60
J1 J4 80
J2 J5 100
J1 L1 150
J1 L2 130
J2 L3 100
J2 L4 150
J4 L7 75

J4 L8 90

J5 L9 120
J5 L10 100
J5 L11 80

Figure 4.1. Radial supply{return topology of the reference district-heating network. Solid red
arrows represent supply pipes (source to loads), dashed blue lines represent return pipes. Square:
source node; circles: junction nodes; triangles: load nodes.
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Figure 4.2. Topology comparison for the three expansion scenarios. The highlighted areas
indicate the added consumer branches and, in Case 3, the inserted junction 6.

are recomputed, and Phases 4{5 are applied. The compact network-level comparison is reported
in Table 4.3.

Table 4.3. Reference and expansion-scenario summary.

Scenario Nodes Pairs & (kW) Length (m) p M (KW) Enax(m/s) )min ( C) Feasible

Base case 14 13 428.0 1335 1.2 1.01 50.08 Yes
Casel: add !5at 2 15 14  480.0 1435 14 1.15 50.08 Yes
Case 2: add !'5and '6 16 15 5345 1530 1.6 1.18 50.08 Yes
Case 3: add 6, !5,and !6 17 16 5345 1555 15 1.07 50.08 Yes

All expansion cases remain hydraulically and thermally feasible. The added consumers
increase the total heat demand from 428¢0 kW to 5345 kW and the pipe-pair length from 1335 m
to 1555 m, while the maximum nal velocity stays below 1¢2 mes. The minimum delivered
supply temperature remains 50+@8because Phase 5 raises the source supply temperature to
approximately 50-6C before the nal state is exported.

Table 4.4 reports the reference-case terminal load service results only. The corresponding
supply and return temperature map is shown in Fig. 4.3.

These results show that HeatNet is not limited to evaluating a xed network. It supports com-
parative expansion studies, automatically rebuilds the hydraulic residual system after topology
changes, and veri es whether additional consumers remain serviceable.
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Table 4.4. Reference-case terminal-load service results.

Load &g(kW) Hgesign(ka/s)  &cwal(kg/s) Flow margin (%) Juppy( C) Feasible

L1 45 0.538 0.688 27.9 5008 Yes
L2 50 0.598 0.742 24.0 50-08 Yes
L3 36 0.374 0.451 20.4 5008 Yes
L4 55 0.598 0.707 18.1 5008 Yes
L7 45 0.538 0.658 22.3 5008 Yes
L8 50 0.598 0.598 0.1 50-08 Yes
L9 a7 0.535 0.575 7.3 50-08 Yes
L10 48 0.522 0.632 21.1 5008 Yes
L11 52 0.592 0.711 19.9 5008 Yes

Figure 4.3. Reference-case temperature map after hydraulic and thermal correction. Red labels

indicate supply temperatures and blue labels indicate return temperatures at the corresponding
nodes.

43



4.2 Real-World Application: the UMONS Mons Campus

To demonstrate the work ow on a genuine engineering problem rather than a synthetic net-
work, this section applies HeatNet to the heat supply of several buildings of the University of
Mons (UMONS) campus. The building footprints and the road network are extracted from
OpenStreetMap open data [54], the detailed geographic extraction method is documented in
the author's internal internship report [internship_report], and the consumers are taken as the
centroids of the aggregated building clusters. Two heat-supply cases are de ned once here
and then referred to simply as gas boiler and geothermal. The gas boiler case uses an in-
campus boiler, the full peak demand of Table 4.5, and the high-temperature regime®565
The geothermal case uses a remote well north of the campus, the additional source feeder, a
30 % peak-demand reduction, and the lower temperature regime T*30e comparison is
restricted to the distribution network: it excludes gas purchase, boiler fuel cost, geothermal
production-plant investment, carbon costs, and avoided emissions. The corresponding building
and candidate heat-source locations are shown in Fig. 4.4.

Figure 4.4. Position of the UMONS buildings and heat source used in the real-world case study.
The mapped building locations de ne the consumer clusters represented in the HeatNet model.
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4.2.1 Input Data and Demand Sizing

The design heat demand of each consumer is taken directly as the maximum hourly value of its
2022 natural-gas consumption record. The year 2022 is the most recent complete post-Covid
record, and sizing for the single worst hour of the year guarantees that the network meets the total
demand at the moment all buildings need the most energy. One kilowatt-hour of gas consumed
within one hour equals one kilowatt of average power, so the maximum hourly consumption is
numerically the peak power; it is treated directly as a heat demand without a boiler-e ciency
conversion (a deliberately conservative hypothesis).

The metered consumption peaks are internal UMONS/local CSV input data available to the
project rather than a public statistical dataset.

The 2022 natural-gas consumption is metered per cluster. These metered peaks are assigned
directly to the four consumer clusters 1{ 4 that correspond to the network connection points,
as listed in Table 4.5. Because gas consumption is metered at the cluster level rather than per
individual building, the internal pipe lengths connecting each building to its cluster connection
point are not known and cannot be veri ed from the available data. The table also reports the
design temperatures and design mass ows £24180 Jkg' K 1). The buildings operate at
two measured high-temperature regimes (8060 and 8565); since a single source must satisfy
the strictest one, the source supply temperature is set ©. 89l groups share a 20 K design
temperature di erence.

Table 4.5. UMONS demand and design mass ow.

Group Aggregated buildings Peak demand (kW) Supply/retueh ( Sgesign(Kg/s)

1 Restaurant U. + Pentagone + Grands 1635.7 80/60 19.57
Amphis + Vesale

2 B atiment 4 + Btiment 5 671.2 85/65 8.03

3 B atiment 6 493.7 85/65 5.91

4 B atiment Mendelev 448.0 80/60 5.36

Total 3248.7 38.87

Pipe routing. The campus distribution network follows the OpenStreetMap road graph [54]
and connects the four consumer clusters through road junctions and short building-connection
stubs. This routing layer is the common campus network used by both supply cases. The
gas-boiler base case uses only this campus network; the additional remote feeder used by the
geothermal what-if is introduced in Section 4.2.3.

4.2.2 Base Scenario: In-Campus Gas Boiler

The gas-boiler case is used as the base scenario because it represents the existing high-
temperature heating logic with an in-campus heat source. It uses the full peak demand of
Table 4.5, the strictest measured temperature regime 86s@md only the campus distribution
network, without the remote geothermal feeder.

The detailed terminal-load results of this base case are reported in Table 4.6. The diameter
column gives the commercial diameter of the terminal pipe pair connected to each consumer
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