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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 reflect 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 m? in 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 significant final-energy consumption
occurs.

Among end uses, heating and cooling stand out as the largest single share of European final
energy consumption. According to Eurostat, energy used for heating and cooling represents
almost 50 % of the EU’s total gross final energy consumption [7]. The dominance is even more
pronounced at the household level: space and water heating together accounted for 77.6 % of
the final 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
question of the energy transition; it is the lever with the largest absolute leverage on final-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 reflects both the country’s climate and the predominance of individual fossil-fuel boilers
in its building stock.
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Development of natural gas prices for household consumers in the EU, 2014-2024
(€ per 100 kWh)
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Figure 1.1. Evolution of natural gas prices in the EU, 2021-2024 [1].
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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 classified
into the following basic configurations [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 flow moves in only
one direction from the source to the loads, and similarly in the return pipes. The flow directions
remain fixed 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 profile in a complex way, potentially
requiring repumping of the entire branch [10, 11].

S
o
K
L1 L2

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 significantly
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 flow to move flexibly 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.
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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 flow in a fixed direction [10]. Thanks to the flexibility of this bidirectional flow
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 flexibly 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 configuration is shown in Fig. 1.5.

r Prosumer network \
POTENTIAL MODULAR
EXPANSION
/| ER H
|
HEATING/COOLING
PROSUMERS 1
SHARED
ENERGY BT
NETWORK
l ;
HEATING/COOLING T
| == m |
STORAGE H
GREY WATER GROUNDWATER GROUND-COUPLED = GROUND-COUPLED
HEAT HEAT STORAG I STORAGE =
k RECOVERY EXCHANGER s

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 figures 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 final energy and requiring an investment
of about €1.16 trillion across the network and generation infrastructure [17]. From a regulatory
standpoint, the revised Renewable Energy Directive (RED III) 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.
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Figure 1.6. Shares of district heating and renewable energy in gross final consumption for
heating and cooling (year 2022), source: Euroheat & Power and Eurostat [19].

Belgium, however, lies far behind this trajectory. A recent feasibility study by Sensil et al. [20]
on fifth-generation district heating and cooling (SGDHC) in Belgium concludes that DHC in the
country remains at an “infant stage”, with no operational SGDHC system in Wallonia and only
a handful of pilot initiatives in Flanders. In Wallonia, roughly 4 % of households are classified
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 defines the practical gap addressed by the present work.

Deploying a district-heating network in practice is rarely a one-shot operation. A first 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 flow, 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 sufficient mass flow 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
is to scale at the pace required by EU climate targets. The challenge is particularly acute in regions
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 justified on its own technical and economic merits, often

before its long-term expansion path is fixed.

a

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
difficult to integrate into a fast iterative workflow 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 specifically 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 workflow capable of reading a network de-
scription from tabular CSV input files, 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-flow field from the prescribed load demands (Phase 0),
(i1) selects commercial pipe diameters by upward snapping from a catalogue,

(iii) replays the design state to evaluate pipe pressure drops and identifies the critical loop
that defines the initial pump head (Phase 1),

(iv) solves the fixed-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 flow (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 flows, theoretical and commercial diameters, Phase 1 and Phase 2
pressure drops, residual balancing quality, pipe heat losses, and a global first-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 first-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 financial 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 fixed 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 workflow in which every intermediate quantity used by the solver is exported
and verifiable, and in which the same workflow 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
offers this combination of staged hydraulic—thermal correction, exported energy-balance veri-
fication, 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 classified 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
quasi-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 efficiency 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 field evolves over time. This separation is commonly justi-
fied 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 identified. The
first is 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-flow rates may be treated analogously to voltages
and currents, whereas in heat-loss calculations temperature differences and heat fluxes 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-flow 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-flow 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-flow requirements are specified first, the hydraulic problem is
solved to obtain pipe flows and pressure drops, and the thermal problem is then propagated on
the resulting flow field. 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 fixed upstream-to-
downstream ordering. Xiang et al. [33], for example, improved the efficiency 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 flow reversals; they used a breadth-
first 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 workflow
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-flow 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 outflow indication variables to handle changing flow 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-
quential 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 fixed. Fully coupled Newton-type solvers are most justified when bidirectional flows,
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 flow rates around network loops until mass and energy balance conditions are satis-
fied [37, 38]. Its appeal lies in its conceptual simplicity and ease of implementation. However,
Hardy Cross-type methods may converge slowly for stiff 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 flows 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 difference between the target and the real calculated value, is solved
iteratively [29, 34, 35]. Newton-type methods offer 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 fixed 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-first search to update computational ordering during flow 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 flow 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 flow-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
workflow specifically for radial DHN modelling and analysis, in which mass-flow 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 flows are accumulated from terminal loads toward
the source, pressure and temperature fields are propagated along unique supply and return paths,
and return temperatures are computed through flow-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 DHNS.
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3 Methodology

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

Table 3.1. Methodology phase overview.

Phase Main purpose Main output
Phase O: design flow and Convert load demands into design Node flows, pipe mass flows,
sizing mass flows and select commercial diameters, Ry,
pipe diameters
Phase 1: hydraulic Replay the design state and identify ~ Pressure drops, Hinitial
calculation the critical pressure path
Phase 2: pressure Balance all load loops for a Actual balanced load flows, balanced
balancing prescribed pump head branch flows
Phase 3: thermal Propagate supply and return Supply and return temperature fields
propagation temperatures through the radial
network
Phase 4: hydraulic Raise the pump head only if a load Corrected H*
correction remains undersupplied
Phase 5: thermal Raise the source temperature only if ~ Corrected T;ume’supply
correction the delivered supply temperature is
too low
Phase 6: final Check the energy balance of the Verified final operating state
verification selected operating point

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 S, one junction J1, and two terminal loads L1 and L2.
Subsequent figures reuse this layout with different information layers rather than introducing a
new graph each time.

Throughout the methodology, each physical link is treated as one pipe pair ¢ = (u,v). The
red supply pipe follows the tree direction from the source to the loads (¥ — v); the blue return
pipe is the reverse direction (v — u). The two pipes share the same length, diameter, material,
and thermal resistance, while their flow 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 fields are missing: the specific heat capacity ¢, = 4180 J kg~ K!
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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 Apgx = 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 temperature  Source pressure (bar) Supply mass flow
O (kgfs)
S J1 90 5 1.5

Table 3.3. Example load input data.

Load ID Connected node Heat load Q (kW) AT (K) Design mass flow

(kg/s)
L1 J1 40 20 0.5
L2 J1 80 20 1.0

Tables 3.2-3.4 show an example of the information contained in the CSV input files: source
parameters, load demand data, and branch connectivity. For the radial branch S—J1, the mass
flow is obtained by aggregating the downstream load flows, i.e., nitg_j; = mp+mpo = 1.5kg s7L.

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 N nodes has N — 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 flow (kg/s)
S-J1 S J1 Aggregated supply branch 1.5
J1-L1 J1 L1 Load branch 0.5
J1-L2 J1 L2 Load branch 1.0

SOURCE S PARAMETERS)
Supply m: 1.5 kg/s
Tsupp[y = gODC

Psource = © bar y.

DEMAND AGGREGATION )
(Section Aggregation)
(Section 3.2.1)
Mg y=My+m,=05+1.0
RN =1.5kg/s P

s-J1|

LOAD DATAL1 | LOAD DATA L2
Q=40kW |~ Q=80 kW
_ AT=20K | AT =20K

Figure 3.2. Input data assigned to the running example.

mass-flow 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 flow but do not carry flow onward to another consumer;
through-flow 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 flows. 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 flow 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 O converts the thermal load data into a branch-wise design
mass-flow field and uses this field to select commercial pipe diameters. This preprocessing step
links three quantities directly: load heat demand, aggregated branch mass flow, and selected
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pipe size.

The Phase O state is not the final operating point. It is the nominal flow field required if each
load receives its prescribed heat demand at its design temperature drop. The resulting branch
flows 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 flow using the basic heat balance
m = Q/(cpATgesign). The model rejects non-physical inputs with ATgeign < 0.

The local load flows are then accumulated on the supply tree from the leaves back toward
the source. In Fig. 3.3, L1 and L2 first receive their own design flows; junction J1 carries their
sum; and the main branch § — J1 carries the total network flow. By the pipe-pair convention,
the same mass-flow magnitude is assigned to the paired return direction.

STEP 1: DETERMINE USER | STEP 2: AGGREGATE FLOW | STEP 3: CALCULATE SUPPLY
DEMAND AT JUNCTION J1 FLOW FROM SOURCE S
(At terminal loads) (Backwards calculation) (Complete flow path)

S-N1

L1 needs 1 kg/s L2 needs 2 kgls

STEP 1: DETERMINE USER STEP 2: AGGREGATE FLOW | STEP 3: CALCULATE SUPPLY
DEMAND AT JUNCTION J1 FLOW FROM SOURCE S
(At terminal loads) (Backwards calculation) (Complete flow path)

Figure 3.3. Bottom-up design-flow aggregation.

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

3.2.2 Discrete Sizing and Thermal Resistance

The Phase 0 flow field specifies 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 flow 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 workflow, 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 fixed so that the comparison reflects 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 e, the design mass
flow obtained from the upstream aggregation is converted into a continuous theoretical diameter,

4,

—, 3.1
PTTV design

D theoretical,e —

Here, Dheoretical.e 15 the continuous inner diameter that would carry the design mass flow 71, at
the target velocity vesign, and p is the water density used for the sizing calculation. The default
target design velocity used in this work is

Vdesign = 1.0ms ™!, (3.2)

If a pipe carries no design mass flow, 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:

D, = min {D € Dcatalog | D > Dtheoretical,e} . (3.3)

Here, D, is the selected buildable inner diameter and Deyalog s the finite 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 flexible PE-Xa branch pipes from Uponor Ecoflex 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:

Rth,e = Rth(De), (3-4)

Here, Ry, . is the linear thermal resistance assigned to pipe pair e in K-m W~!, and Ry, (D) is the
catalogue lookup associated with the selected diameter. A larger Ry, . means better insulation
and therefore a smaller heat loss for the same temperature difference.

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

1
U’
In this convention, U is the linear heat-transfer coefficient per metre of pipe. The reciprocal

Ry = (3.5)

form is used so that the thermal model can treat all pipe families through the same resistance
variable Ry,.
For steel trunk pipes, the concentric PUR insulation model gives
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Ry =

In (Dcasing / dsteel)

21 /lPUR

, (3.6)

Here, D casing 18 the outer casing diameter, dge 1S the steel carrier-pipe outer diameter, and Apyr

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.

Flexible PE-Xa branch

U-value (Linear heat-transfer coeff.)

Rth=1/U

Source: Uponor Ecoflex

(a) Flexible PE-Xa branch pipe

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

Pre-insulated steel trunk

A _PUR = 9.027 W/m-K

R_th =In(D_casing / d_steel) / (2t - A\_PUR)

(b) Pre-insulated steel trunk pipe

Table 3.5. Commercial diameters and thermal resistances.

DN Inner D (m) Thermal basis Ry (KkmW™1)
DN20 0.020 U =0.141 7.092
DN25 0.025 U =0.141 7.092
DN32 0.032 U =0.162 6.173
DN40 0.040 U=0.162 6.173
DN50 0.050 U =0.188 5.319
DN63 0.065 U =0.226 4.425
DN75 0.080 U =0.233 4292
DNI110  0.100 U =0.356 2.809
DN125 0.125 139.7/250 3.430
DN150 0.150 168.3/280 3.001
DN200  0.200 219.1/355 2.845
DN250 0.250 273.0/450 2.946
DN300  0.300 323.9/500 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 flows are still the Phase 0 design flows, so this stage is not the final

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 first pump-head estimate.
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Figure 3.5. Illustrative Phase 1 pressure-drop layer and critical-path identification on the running
example.

For each pipe, the pressure drop is evaluated from the current design flow, the selected
commercial diameter, the fluid properties, and the minor-loss coefficient. 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 S—J1-L1 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, denoted Hipjtial, 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 flow, velocity, and pressure drop is kept so that this pump-head choice remains traceable
when it is compared with the final balanced operating point.

3.4 Phase 2: Pressure Balancing

After commercial pipe sizing, the actual hydraulic operating point is recomputed because the
design-flow field 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 flow field is recovered automatically by upstream aggregation.
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Head Pump

H-
e fixed

Figure 3.6. Illustrative 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 H fixed -

3.4.1 Unknown Vector and Loop Residuals

For a network with N; load nodes, the unknown vector is

v=[novwn ]! (3.7)

For each trial vector, the corresponding load mass flows are

1m;(V) = psupAivi, (3.8)

and these are propagated upstream through the radial graph to reconstruct the complete
pipe-pair flow field. This reconstruction uses the same bottom-up aggregation as Section 3.2.1,
but replaces the design load flows by the trial terminal flows rz;(v).

In the running example of Fig. 3.6, the unknown vector is simply v = [vz1, v72]". These two
terminal velocities set the flows in J1 — L1 and J1 — L2, while the shared upstream branch
S — J1 carries their sum. The two pressure loops therefore share one upstream branch but have
different terminal branches.

Using this reconstructed flow field, the full-loop pressure drop associated with load i is

APioop(V) = Apiixi + ) Ape(¥) + ) Ape(v). (3.9)
ecP; eeP’
Here, Apioop,; 18 the total pressure drop of the closed supply—return path serving load i, including
the substation pressure drop Apux ;. The sets ;" and P/ are respectively the supply and return
pipe paths connected to that load, and each Ap, is the hydraulic loss of one pipe segment.
For a fixed pump head Hjyed, the balancing residual is defined as
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Fi(v) = Aploop,i(v) — Hfixed, i=1,...,NL. (3.10)

Thus, F; is the remaining pressure mismatch for load loop i: 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 find v such that all loop residuals vanish simulta-
neously. In Fig. 3.6, this means that the algorithm adjusts vz and vz, 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 fixed within a
hydraulic solve, while viscosity is evaluated from the available pipe temperature field 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,

Np
1
min ®(v) = ~ Z Fi(V)za Vmin < Vi < Vmax, (3.1D
v 2 i=1

using the trust-region reflective algorithm available in the SciPy scientific computing ecosys-
tem [46, 47]. The SciPy stopping tolerances for the least-squares iteration are kept at their doc-
umented default values, namely xtol= 1078, ftol= 1078, and gtol= 1078, These defaults are
sufficiently 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 flows and the terminal pipe areas:

Vi = e (3.12)

The unknown velocities are constrained by a lower and an upper bound,

Vinin < Vi < Vinaxs Vinin = 0.05 ms™!, Vinax = 2.5 ms L. (3.13)

The lower bound prevents numerically degenerate near-zero velocities, while the upper
bound encodes the maximum admissible flow velocity in distribution pipes. Both bounds
are configurable solver parameters. The upper bound is set to 2.5 ms~!, the recommended
maximum continuous water speed for flexible district-heating pipes given in the manufacturer
catalogue [44]; a more conservative ceiling such as 1.5 ms™! 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

Nfev,max = max (Niter Ny, 200) > (3.14)

Here Njr is the configured 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

Fmax = max |F;(v')], (3.15)

and the solution is declared converged only if it falls below a convergence tolerance &,. In
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 drops Apjogp,; are themselves of the order of the pump head
H, a fixed absolute tolerance is not scale-invariant: a value such as 0.01 Pa corresponds to a
relative accuracy of about 10~ for a loop head of order 10° Pa, 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 flow field is physically balanced. The tolerance is therefore defined relative to the
prescribed pump head,

&p = max(&aps, Nrel H) Eabs = 0.01 Pa, el = 1073, (3.16)

so that the convergence threshold scales with the head (here 0.1 % of H) while retaining the
small absolute value only as a floor for degenerate low-head cases. The balanced solution is
converged when ryax < €,. Conversely, if ry. > &, 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-flow 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 final branch-wise flow field. 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-flow field as a fixed 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 1s the pipe-level thermal model. The water enters pipe e at Ti, ., exchanges heat with
the ground at 7, through the thermal resistance Ry, ., and leaves at T,y .. For a pipe of length
L., this gives
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Figure 3.7. Pipe heat-loss schematic used in the thermal propagation model. The local flow
direction defines T, , and Toyee-
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Here, Toy . 18 the outlet temperature after pipe segment e, Tj, . is the inlet temperature, T, is the
ground temperature, L, is the pipe length, n1, is the mass flow rate, and ¢, is the specific heat
capacity of water. The denominator Ry, .71.c, shows the two mechanisms that reduce cooling:
better insulation through larger thermal resistance and larger thermal inertia through higher mass
flow.

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

Oloss,e = M, Cp (Tin,e - Tout,e) . (3.18)

Here, Qjoss.e 1s the thermal power lost by pipe segment e 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 m,=0,L, =0,orTi,, <T,, the pipe is treated as lossless for that pass: Qjos,. = 0 and

Tout,e = Tin,e .

3.5.2 Network-Wide Thermal Propagation

After the pipe-level outlet temperature has been computed with Eq. (3.17), the network temper-
ature field is obtained by following the two real flow 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 § — J1 orJ1 — L1, the temperature decreases according to the pipe heat-loss relation
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3.5.2 Network-Wide Thermal Propagation

Tsuppiy = 85°C

62.2°C **Mix it different give an
_‘:\\ i average temperature”
Heat Loss: = 1°C =

Tonix = Flow-Weighted Average
(e.g., 62.2°C)

DI —

84°C (due to distribution loss)

Red solid lines = Supply Pipes
Blue dashed lines = Return Pipes

L 3L
Load 1" ~—"Load 2
Thermal Usage: AT = 20°C — Thermal Usage: AT = 20°C =
Return temperature: 62°C Return temperature: 63°C

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 drop, Trewurni = Tsupply,i — ATdesigni- The cooled streams then flow back
toward the source. When several return streams meet at a junction such as J1, the mixed
temperature is the flow-weighted average

§ M, Tout,e

eeR,

Treturn,n = .
D e

eeR,

(3.19)

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 final 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 flow 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:

mactual,bal,i = mdesign,i Vi=1,...,NL. (3.20)
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FIGURE 3.X: VISUALIZING HYDRAULIC AND THERMAL FEASIBILITY CORRECTIONS (Section 3.5.1 & 3.5.2)

3.5.1 HYDRAULIC FEASIBILITY CORRECTION (Replacing code-based iterations)
Initial Deficit State Correction and Result

L1: Required Flow = 0.5 kals L1: NEW FLOW = 0.55 kgls.
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RETURN FLOW
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0 3 F MIXING AT J1

cool

L2 Temp = 55°C (OK)

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-flow deficit; the lower panels show the source-
temperature correction used to remove a delivered-temperature deficit.

Equivalently, the worst hydraulic deficit is defined as

lﬁ (H) = mlax (mdesign,i - mactual,bal,i (H)) . (321)

The pump head satisfies the hydraulic requirement when

Y(H) <0. (3.22)

Phase 4 starts at the Phase 1 initial pump head Hjyitia. If no deficient 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-finding method until the worst deficit disappears [48]. The selected value
is denoted H*, and the hydraulic state is replayed once more at this pump head before the
workflow proceeds to Phase 5.

3.7 Phase 5: Thermal Correction

Phase 5 starts once the flow field satisfies the load-flow 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 field is updated by the same
replay for the final energy balance.

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

Tsupply,i 2 Tsupply,min Vi=1,...,NL. (3.23)

If every load satisfies this requirement, the current source temperature is kept. Otherwise,
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the largest temperature deficit is computed:

ATmax = m?X (Tsupply,min - Tsupply,i) . (3.24)

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

Tk+1 — Tk

source,supply source,supply

+ AT max + 0.1°C. (3.25)

After each increase, the thermal replay is repeated using the branch flows obtained after
Phase 4. The correction changes only the source temperature; it does not reopen the pressure-
balancing problem. The final operating point is retained only after it satisfies both the load-flow
requirement and the minimum delivered-temperature requirement.

3.8 Phase 6: Final State Verification and Energy Balance

After H* and T have been selected, an explicit first-law consistency check is applied
source,supply
to the final operating point.
The source heat injection is computed from the final source mass flow, the specific heat

capacity of water ¢, and the final source supply—-return temperature difference:

Osource = MsourceC p (Tsource,supply - Tsource,return) . (3.26)

The useful heat delivered to consumers is evaluated by summing, over all load nodes, the
product of the final actual balanced load mass flow, the specific heat capacity of water c,, and
the local supply—-return temperature difference:

NL

Odelivered = Z Hocal,iC P (Tsupply,i — Lreturn,i ) . (3.27)
i=1

The total pipe heat loss is obtained by summing the heat-loss term over both directions of
every pipe pair at the final operating point:

Oloss = Z Qloss,e- (3.28)
ecPsSuUP”r

The final energy imbalance is then evaluated as an implementation sanity check, verifying
that the sum of heat delivered and thermal distribution losses equals the source heat injection [49]:

AQ = |Qsource - Qdelivered - Qloss| . (329)

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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AQ

source

<0.01. (3.30)

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 final state is reported.

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 financed 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:

N,

proj
CopEX.y
Cnpy = G + . 3.31
NPy = CCAPEX yzz; d+r)y (3.31)
From the net present cost, the levelized cost of heat distribution is
C
LCOH = PV (3.32)

Qdesign hop Nproj ’
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-Wiirttemberg 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,

Cpipe(D.) = 0.0033 DNg + 0.6843DN, +54.033 [EUR/m], (3.33)
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and an environment-dependent total (pipe + installation) cost that is linear in the nominal
diameter DN, = 1000 D, (in mm),

(4.122, 446.29) a = rural/unpaved,
Crotal(De, a) = @g DN, + Bq, (@a, Ba) = 1(5.854, 633.43) a = suburban, (3.34)
(7.956, 860.92) a = urban/paved.

The installation (civil-works) cost per pair is the difference ciota1(De, a) — cpipe(D.), 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 simplification

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

Ccapex = Cirench + Cpipe + Cyalve + Cpump’ (335)

with
Crench = Z L, [Ctotal(Dea ac) — Cpipe(De)] > (3.36)

e
Cpipe = . Le Cpipe(De), (3.37)
Cvalve = Z Nvalve,e Cvalves (338)
e

and

Cpump = Ppump Cpump> (3.39)

Here, Cirench 1s the civil-works cost, Cpipe is the pipe-material cost, Cyayye is the balancing-valve
cost, and Cpump is the pump capital cost. The selected commercial diameter D, is 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 simplification. 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 fixed costs occurring every year, every five years, and every ten years. The case-study
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calculations use the annualized fraction method; the scheduled-cost fields 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

Epump,y = Ppump hop, (3.40)

and the corresponding electricity cost is

Celec,y = Epump,y Celec- (3.41)

The maintenance cost in year y is evaluated as

c Crnaint,annual + Is}y Cmaint,5y + 110]yCmaint, 10y,  if the scheduled-cost option is used,
maint,y — .
Jmaint CCAPEX. otherwise.

(3.42)
Accordingly, the annual operating expenditure is

COPEX,y = Lelec,y + Cmaint,y- (343)

Here, 5, and I;¢), are indicator functions for the five-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 fixed maintenance events at annual, 5-year,
and 10-year intervals. In the present case study, the first option is active: maintenance is charged
as fmaintCcapex each year, with fiaine = 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 (Craint,annual> Cmaint,5y» Cmaint, 10y), this option is 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 method (faine = 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 definitions 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 1S fmaint X Ccapex 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 specific catalogue or data source
but assumed as engineering and financial defaults, to be replaced by project-specific quotations
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Table 3.6. Default financial-model inputs.

Input Default value Basis

Crotal(De, de) nPro formulas Cost correlations given above [50]

Cpump 500 EUR/kW Assumed pre-design unit cost

Cyalve 250 EUR/valve Assumed fixed unit cost

Nyalve, pair 10 valves/pair Bookkeeping proxy from the
valves-per-loop rule

Npump 0.70 Representative pump efficiency [53]

Celec 0.25 EUR/kWh Consistent with EU household
electricity prices [2]

hop 4000 h/year Assumed equivalent full-load
operation

Maintenance accounting annualized Uses fmaintCcapex rather than
scheduled events

Jmaint 1 Y/year Active maintenance method [52]

Crnaint,annuals Cmaint,5y> Cmaint, 10y 0 EUR Disabled scheduled-cost option

r 4 %o/year Assumed discount rate

Nproj 30 years 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 financial 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 efficiency (17pump = 0.70) is used in the same spirit as a representative pre-design

conversion efficiency, 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 fixed layout. The practical question is whether an existing radial network can serve new
consumers while still satisfying hydraulic and thermal service constraints.

Each case modifies the input graph before simulation. The same workflow is then reapplied
to rebuild the topology, recompute design flows and pipe sizes, balance the pressure field,
correct the operating point, and verify the final state. This confirms 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 defined directly
from the original-topology HeatNet CSV inputs. The base case contains one source node, four
junction nodes (J1, J2, J4, J5), and nine load nodes (L1, L2, L3, L4, L7, L8, L9, L10, L11).
The source input conditions are a supply temperature of 50°C and 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 files store the same values in W. The
design mass-flow column is computed from Q/(c,ATyesign) and is included to make the physical
meaning of the load inputs explicit.

Table 4.1. Base-case load input data.
Load node Heat demand Q (kW) ATyesign (K) ¢ Jkg ' K1) #itgegion (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 modified input datasets are compared with the reference case. Case 1 adds load L5
at junction J2; Case 2 adds L5 at J2 and L6 at J4; Case 3 also inserts a new junction J6
downstream of J2 and supplies L4 and L5 through this junction. The three topology variants
are compared in Fig. 4.2.

For each scenario, the complete HeatNet workflow is executed again: the modified graph is
reconstructed, the radial topology is validated, design mass flows 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 end.node length (m)

S J1 100
S J2 60
I J4 80
12 J5 100
1 L1 150
I L2 130
12 L3 100
12 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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Case 3

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 J6.

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 O (kW) Length (m) Ppump KW) vmax (m/s)  Tiyin (°C)  Feasible
Base case 14 13 428.0 1335 1.2 1.01 50.08 Yes
Case 1: add L5 at J2 15 14 480.0 1435 1.4 1.15 50.08 Yes
Case 2: add L5 and L6 16 15 534.5 1530 1.6 1.18 50.08 Yes
Case 3: add J6, L5, and L6 17 16 534.5 1555 1.5 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 534.5 kW and the pipe-pair length from 1335 m
to 1555 m, while the maximum final velocity stays below 1.2 m/s. The minimum delivered
supply temperature remains 50.08°C because Phase 5 raises the source supply temperature to
approximately 50.6°C before the final 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 fixed network. It supports com-
parative expansion studies, automatically rebuilds the hydraulic residual system after topology
changes, and verifies whether additional consumers remain serviceable.
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Table 4.4. Reference-case terminal-load service results.

Load Q; (KW) nigdesign (Kg/s)  ritacruar (kg/s)  Flow margin (%)  Tguppy (°C)  Feasible

L1 45 0.538 0.688 27.9 > 50.08 Yes
L2 50 0.598 0.742 24.0 > 50.08 Yes
L3 36 0.374 0.451 20.4 > 50.08 Yes
L4 55 0.598 0.707 18.1 > 50.08 Yes
L7 45 0.538 0.658 22.3 > 50.08 Yes
L8 50 0.598 0.598 0.1 > 50.08 Yes
L9 47 0.535 0.575 7.3 > 50.08 Yes
L10 48 0.522 0.632 21.1 > 50.08 Yes
L11 52 0.592 0.711 19.9 >50.08 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.
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4.2 Real-World Application: the UMONS Mons Campus

To demonstrate the workflow 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 defined 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 85/65°C.
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 70/50°C. The 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.
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Figure 4.4. Position of the UMONS buildings and heat source used in the real-world case study.
The mapped building locations define 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-efficiency
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 G 1-G4 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 verified from the available data. The table also reports the
design temperatures and design mass flows (¢, = 4180 J kg'K~1). The buildings operate at
two measured high-temperature regimes (80/60 and 85/65); since a single source must satisfy
the strictest one, the source supply temperature is set to 85°C. All groups share a 20 K design
temperature difference.

Table 4.5. UMONS demand and design mass flow.

Group Aggregated buildings Peak demand (kW) Supply/return (°C)  #itgesign (kg/s)

G1 Restaurant U. + Pentagone + Grands 1635.7 80/60 19.57
Amphis + Vésale

G2 Batiment 4 + Batiment 5 671.2 85/65 8.03

G3 Batiment 6 493.7 85/65 591

G4 Batiment Mendeleiev 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 85/65°C, and 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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group, the velocity column gives the corresponding terminal-branch velocity, and 61 is the
deviation of the balanced mass flow from the design mass flow.

Table 4.6. Detailed terminal-load results for the gas-boiler base scenario.

GI'Ollp Qi (kW) mdes (kg/S) Dterm (mm) mact (kg/S) om (070) Vterm (m/S) Ts/Tr (OC)

Gl 1635.7 19.57 200 29.24  +49.5 096 85.3/65.3
G2 671.2 8.03 125 1225  +52.6 1.03  85.3/65.3
G3 493.7 591 100 11.03  +86.7 1.45 85.3/65.3
G4 448.0 5.36 100 5.36 0.0 0.70  85.1/65.1

The base scenario is feasible with the adopted velocity ceiling vimax = 2.5 ms~! and minimum
delivered supply temperature Tp,i, = 85°C. The thermal correction raises the source temperature
from 85.0 to about 85.4°C, while the accepted pump head is H* = 41.7 kPa. The load G4
acts as the critical terminal consumer: it receives its design mass flow within rounding, while
the shorter lower-resistance loops receive a positive flow margin in the passive single-pump
configuration.

4.2.3 What-If: Geothermal Supply on the Existing Campus Network

The first what-if replaces the in-campus gas boiler by a remote geothermal heat source while
keeping the comparison controlled. The consumer groups, the road-derived campus distribution
topology, the common campus pipe diameters, and the distribution-only economic boundary
are kept from the gas-boiler base scenario. The geothermal case differs by adding a 377 m
source feeder from the remote well to the campus entry junction, applying a 30 % peak-demand
reduction, and operating at the lower 70/50°C temperature regime with a minimum delivered
supply temperature of 65°C.

Table 4.7 compares this geothermal what-if with the gas-boiler base scenario using the same
network-side indicators.

Table 4.7. Gas boiler and geothermal network-side comparison.

Indicator Gas boiler 85/65 Geothermal 70/50
Total design demand (kW) 3248.7 2274.1
Source supply / final (°C) 85/85.4 70/70.0
Min. delivered supply (°C) 85.1 69.6
Accepted pump head H* (kPa) 41.7 75.5
Pump power (kW) 3.6 6.7
Max. branch velocity (m/s) 1.45 1.74
Network heat loss (kW) 24.2 38.8

as % of demand 0.75 1.70
Network CAPEX (€) 1205 840 1733983
Annual maintenance (1 % CAPEX, €/yr) 12058 17340
Levelized distribution cost (€/MWh) 3.79 7.88

At this distribution-network boundary, the geothermal what-if is therefore not cheaper than
the gas-boiler base case. The additional feeder increases pipe length, heat loss, pump head,
CAPEX, maintenance, and levelized distribution cost. The geothermal case is included for
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Figure 4.7. Simplified heat-network topology of the UMONS Mons cam
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a different reason: it represents the renewable heat-supply alternative that could reduce gas
consumption, carbon emissions, and exposure to fuel-price volatility. Those benefits are outside
the present network-only economic model. Consequently, Table 4.7 should be read as the
distribution-cost penalty that geothermal must offset through generation-side and environmental
benefits, not as a proof that geothermal is economically superior on the distribution network
alone.

4.2.4 What-If: Re-Sizing the Network for the Geothermal Demand

For the geothermal case, a natural design question is whether the network can be resized for
the reduced low-temperature demand rather than reusing the gas boiler pipe sizes. Re-sizing
every pipe for the reduced design flow yields smaller diameters (G1: 150, G2: 100, G3: 80,
G4: 80 mm) and, under the nPro cost model, a lower pipe-and-installation cost, from 1.69 to
1.48 M€, a 12.5 % saving. However, smaller pipes raise the resistance of the critical loop, so the
pump head required to feed the farthest consumer G4 rises to H* = 163.9 kPa (about 6.5 kW of
pump power at design flow). In a passive single-pump network every loop sees that same head.
The word “before” in the following comparison therefore means before balancing valves are
added to the re-sized geothermal network. In that no-valve state, the nearer loops would have
to run at the velocities reported in Table 4.8. The closest cluster G3 would require 2.60 ms~!,
exceeding the physical limit. This identifies the hydraulic condition that must be monitored:
cost-driven downsizing can increase loop-resistance differences enough that a passive single-
pump layout becomes infeasible. This is the case-study counterpart of the Phase 2 tolerance
logic: a failed hydraulic condition is treated as a design infeasibility rather than as a reason to
loosen the numerical tolerance. It therefore motivates the introduction of local flow control.

4.2.5 Balancing Valves: a Quantified Resolution

The residual over-supply that no passive layout can remove is resolved by a balancing valve at
each consumer substation, introducing an adjustable local pressure drop Apyae ;. The valves are
sized so that every loop balances at design flow under one common pump head. The passive no-
valve probe first exposes the infeasible operating point (H* = 163.9 kPa). The valve-controlled
design then lowers the pump head to the critical loop’s design-flow drop,

design
loop,i *

Apvawve,i = I{pump_ApdeSign > 0, 4.1)

Hpump = m;dx Ap loop,i =

design

with A Ploop.i
loop receives a zero valve, while every lower-resistance loop receives an added pressure drop so

equal to the supply+return+HX pressure drop of loop i at design flow. The critical

that all loops settle at the same new design-flow head. The combined before/after comparison is
givenin Table 4.8. The table is read from left to right: Apgesign is the loop pressure drop at design
flow before any valve is added; Hpssive 1S the common head required by the passive no-valve
solution; and Appew = ApPdesign + Apvaive 1S the common loop pressure drop after balancing
valves are installed. The excess head is the diagnostic gap Hpassive — APdesign 1n the no-valve
probe; it is not the same quantity as Apyayve, because the valve-controlled case also lowers the
pump head from 163.9 to 87.0 kPa.
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Table 4.8. Re-sized geothermal network: passive no-valve imbalance and balancing-valve
correction.

Hpassive Vpassive Excess APnew Vihew
Group D (mm) Apgesign (kPa)  (kPa) (m/s) head (kPa) Apyave (kPa) (kPa) (m/s) Feasible
Gl1 150 56.7 163.9 1.66 107.3 30.3 87.0 0.79 yes
G2 100 67.8 163.9 1.12 96.1 19.1 87.0 0.73 yes
G3 80 50.9 163.9 2.60 113.1 36.1 87.0 0.84 yes
G4 80 87.0 163.9 0.76 77.0 0.0 87.0 0.76 yes (critical)

In the valve calculation, the valves throttle every loop back to its design flow, so all branch
velocities return to the design range (< 0.84 ms~!) and the velocity violation disappears. The
clearest case is again G3: after geothermal re-sizing, the passive no-valve state would require
2.60 ms~! under the common head of 163.9 kPa. Adding a 36.1 kPa balancing valve brings the
loop to the new common design-flow pressure drop of 87.0 kPa and restores the branch velocity
to 0.84 ms~!. A further benefit is that the pump head drops from the infeasible passive value
of 163.9 kPa (6.5 kW) to 87.0 kPa (3.5 kW). Balancing valves are therefore the local control
mechanism to test if passive operation overdrives the short loops.

4.2.6 Economic Sensitivity Analysis

The net present cost and levelised cost of heat distribution reported in Table 4.7 depend on two
financial parameters that were set as engineering defaults in Section 3.9: the discount rate r and
the project evaluation horizon Np.j. Because the distribution-network CAPEX is incurred at
year 0 while OPEX is spread over the full horizon, both indicators are sensitive to these inputs.
This subsection quantifies that sensitivity by re-running the gas-boiler and geothermal economic
calculations with the parameter matrix given in Table 4.9.

Table 4.9. Discount rate and project horizon combinations evaluated in the sensitivity analysis.

Parameter Low Default High
Discount rate r (%o/yr) 1 4 —
Project horizon Npoj (yr) 20 30 40

Because the geothermal scenario relies on frozen campus pipe diameters sized for the
gas-boiler demand, its passive hydraulic solver does not converge at vipa = 2.5 ms~'. The
geothermal sensitivity analysis is therefore performed on the valve-controlled operating point,
in which balancing valves throttle every loop to its design flow under a common pump head

Hpump = max; Apy o & = 86.4 kPa, as described in Section 4.2.5.

Gas-boiler results

Table 4.10 reports the net present cost and levelised distribution cost for all nine (r, N) combi-
nations. The default operating point (r = 4 %, N = 30 yr) is marked with an asterisk.

Two trends are visible. First, extending the project horizon from 20 to 40 years reduces the
LCOH by roughly 48 9% at every discount rate, because the fixed CAPEX is amortised over a
larger cumulative heat delivery. Second, lowering the discount rate from 4 % to 1 % increases
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Figure 4.8. NPV and LCOH sensitivity to discount rate (r) and project horizon (N) for the gas-
boiler and geothermal valve-balanced scenarios. Values cover the distribution network only;

heat-generation cost is excluded.

Table 4.10. Gas-boiler scenario: NPV and LCOH (distribution network only) sensitivity to
discount rate and project horizon.

N, proj (years)

r (Golyr) 20 30 40
1 1487632/572 1608843/4.13 1718573/3.31
2 1461177/5.62  1555574/3.99 1633012/3.14
4 1418061/5.46 1475865/3.79* 1514916/2.91

Values are NPV (EUR) / LCOH (EUR/MWh). Distribution network only; heat-generation cost is excluded.

* Default parameter set.
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the NPV by approximately 9 %—13 % across horizons: future OPEX terms, which include
pump electricity and 1% annual maintenance on CAPEX, are discounted less aggressively
and therefore contribute more to the present cost. The combined effect is that the cheapest
distribution cost in the matrix (2.91 EUR/MWh) occurs at the lowest discount rate and longest
horizon, while the most expensive (5.72 EUR/MWh) occurs at the shortest horizon with a low
discount rate.

These results confirm that the pre-design LCOH figures are sensitive to the financial assump-
tions. In particular, a project financed at 1 % over 40 years would report a 26 % lower levelised
distribution cost than the default case (3.31 vs. 3.79 EUR/MWh), which may be relevant when
comparing district heating against individual heating alternatives in a full socio-economic ap-
praisal. These LCOH values cover the distribution network only and exclude heat-generation
costs (gas purchase, boiler efficiency, geothermal production plant); they should therefore be
read as the distribution-cost component of the total levelised cost of heat.

Geothermal valve-balanced results

Table 4.11 reports the same indicators for the geothermal what-if evaluated at the valve-controlled
operating point. The pump head is 86.4 kPa, the pipe network is re-sized for the reduced
geothermal demand, and the source supply temperature is 70°C.

Table 4.11. Geothermal valve-balanced scenario: NPV and LCOH (distribution network only)
sensitivity to discount rate and project horizon.

Nproj (years)

r (%olyr) 20 30 40
1 1854808/10.20 1999344/7.33 2130190/5.85
2 1823263/10.02 1935824/7.09 2028164/5.57
4 1771849/9.74 1840777/6.75* 1887342/5.19

Values are NPV (EUR) / LCOH (EUR/MWh). Distribution network only; heat-generation cost is excluded.
* Default parameter set.

The geothermal LCOH is consistently higher than the gas-boiler counterpart at every (r, N)
combination: at the default parameters (r = 4 %, N = 30 yr), the geothermal valve-balanced
levelised cost is 6.75 EUR/MWh compared with 3.79 EUR/MWh for the gas boiler, a 78 %
premium. This difference is dominated by the additional feeder pipe length and the larger
pump head required by the re-sized geothermal network. The same two financial trends remain:
extending the project horizon from 20 to 40 years reduces the LCOH by roughly 46 % at every
discount rate, and lowering r from 4 % to 1 % increases the NPV by approximately 5 %—8 %.
Because the distribution-network CAPEX is identical in both scenarios (the same campus pipe
diameters are used), the cost premium is entirely attributable to the additional geothermal
feeder and the higher pump head, reinforcing the interpretation of Table 4.7: the geothermal
distribution cost must be offset by generation-side and environmental benefits to be economically
competitive.

52



4.2.7 Case-Study Interpretation, Assumptions, and Practical Limits

The UMONS case study should be read as a comparative pre-design analysis rather than as
a final investment design. The comparison keeps the following assumptions explicit: (i) gas
consumption is converted to heat with unit boiler efficiencys; (ii) refurbishment in the geothermal
case is represented by a 30 % peak-demand reduction; (iii) the minimum delivered supply
temperature for the geothermal case is set at 65°C; and (iv) all economic indicators cover the
distribution network only. A sensitivity study on the refurbishment fraction (20—40 %) would
be a natural extension.

The pipe catalogue also frames the practical reading of the results. The velocity ceiling
of 2.5 ms™! is the manufacturer-recommended maximum continuous water speed for flexible
district-heating pipes, so any violation in the re-sized geothermal case would be a real product-
limit breach, not an arbitrary numerical warning [44]. In addition, flexible PE-Xa pipes are
size-limited, while the remote geothermal feeder may require a larger diameter; a realistic design
would therefore combine a pre-insulated steel trunk with flexible PE-Xa building connections.
Finally, operating temperature affects service life: the gas boiler case runs near the upper
end of the PE-Xa temperature range, whereas the 70°C geothermal case is consistent with a
longer expected pipe lifetime [44]. Within the present distribution-only boundary, however, this
practical benefit remains conditional: the added feeder and any hydraulic imbalance must be
handled, and a full economic justification would require adding the generation-side fuel, carbon,
and investment terms that are excluded here.
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5 Conclusion and Perspectives

This thesis set out to address a concrete methodological gap: the absence of a transparent,
fully documented, topology-driven tool able to test the incremental expansion of radial district-
heating networks against coupled hydraulic and thermal feasibility criteria. The motivation is
both timely and regional. District heating is one of the few technologies that can decarbonise heat
at neighbourhood scale, European policy now actively pushes its expansion, and yet Wallonia
remains almost entirely without operational networks to learn from. In that context, a fast and
auditable pre-design instrument has practical value: it allows an engineer to compare several
expansion or supply scenarios before committing to a detailed design, and to do so with every
intermediate quantity exposed for verification.

5.1 Summary of Contributions

The central outcome of this work is HEATNET: an open, reproducible pre-design tool for
radial district-heating networks. Its contribution is not only the implementation of a solver,
but the ability to turn network topology, consumer demand, pipe sizing, thermal feasibility,
and distribution cost into a single scenario-comparison workflow. Four contributions can be
highlighted.

First, the thesis provides a complete decision-support workflow for radial district-heating
extensions. Starting from tabular network and demand inputs, HEATNET produces the engi-
neering quantities needed for early design screening: selected pipe diameters, serviceable load
flows, delivered temperatures, pump requirements, heat losses, energy-balance diagnostics, and
network-side cost indicators. This makes the tool useful before the project reaches the level of
detailed component selection or commercial software modelling.

Second, the work demonstrates that topology changes can be evaluated as part of the normal
input workflow rather than as a separate manual reformulation. The reference network and
the three expansion scenarios in Chapter 4 are processed with the same calculation structure,
including the case where a new internal junction is inserted. This is the main scenario-analysis
contribution: the tool can compare alternative radial extensions and return a consistent feasibility
diagnosis for each one.

Third, the thesis contributes a transparent reporting structure for thermo-hydraulic pre-
design. Instead of reporting only a final feasible or infeasible status, HEATNET exports the
intermediate evidence needed to explain the result: branch flows, commercial diameters, pressure
drops, temperature levels, heat losses, pump power, and economic indicators. The calculation
is therefore traceable enough for academic review and for early engineering discussion.

Fourth, the tool is demonstrated on a real campus-scale case study. Applied to the UMONS
Mons campus (Section 4.2), HEATNET connects GIS-derived routing, metered building demand,
high- and low-temperature supply scenarios, and distribution-cost comparison. The case study
shows that the tool can identify when a passive single-pump radial network becomes hydraulically
weak and can point toward a concrete design intervention, namely local balancing valves. This
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demonstrates HEATNET’s value as a diagnostic pre-design tool, not only as a numerical feasibility
checker.

5.2 Limitations

The contributions above are bounded by the modelling choices made explicit throughout the
report. The solver is restricted to steady-state simulation of radial supply-return networks at
the distribution boundary; meshed and looped topologies, bidirectional and prosumer operation,
transient and start-up behaviour, and detailed substation modelling are all out of scope. Con-
sumers are assumed to be terminal leaves of the supply tree, which keeps the pressure-balancing
problem well posed but requires through-path buildings to be converted to leaf connections be-
forehand. Fluid density is held fixed within a hydraulic solve, soil thermal resistance is neglected,
and a single mean ground temperature is used in the thermal model. On the economic side, the
figures cover the distribution network only and rest on predefined unit costs. Heat-generation
plant sizing (geothermal wells, boilers, large heat pumps) is deliberately excluded.

Three further limitations should be made explicit. First, the results are verified only for
internal consistency, through the first-law energy balance and the loop-residual tolerance, and
have not been validated against an established commercial solver (e.g. EcoStruxure/TERMIS,
Apros DH) or measured operating data; such a cross-validation is left for future work. Second,
the network is sized for a single worst-hour design point rather than a time-resolved load profile,
so the annual energy and economic figures rest on an assumed equivalent full-load duration
rather than on simulated seasonal operation. Third, the balancing valves of Section 4.2.5 are
sized analytically as a post-processing step and are not part of the automated pressure-balancing
solver, which models only passive single-pump operation. Fourth, the geographic path-finding
algorithm occasionally routes pipes through building footprints rather than following the street
graph; constraining the routing to stay on the road network is identified as a priority improvement
for future work.

5.3 Perspectives

Several extensions follow naturally from these limitations. The most immediate is a sensitivity
study of the case-study conclusions to the key assumptions, in particular the refurbishment
fraction of the geothermal case, which was fixed at 30 % but could reasonably be swept over 20—
40 % to test the robustness of the supply-temperature and valve-sizing results. A second extension
is to move from a single design-hour analysis toward a time-resolved or load-duration evaluation,
which would let the economic layer reflect seasonal operation rather than a single worst hour. A
third direction is to relax the fixed-fluid-property and mean-ground-temperature assumptions and
to add a soil-resistance term, improving the accuracy of the thermal balance for buried trunks.
Architecturally, the most significant generalisation would be to extend the traversal-based solver
toward meshed and bidirectional topologies, which would require replacing the unique-path
assumption with a loop-aware or Newton-type hydraulic formulation while retaining the same
auditable, export-driven philosophy. Finally, coupling HEATNET with a generation-side model
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and with automated extraction of consumer demand from GIS and metered data would turn
the present pre-design instrument into a more complete planning workflow, a capability that is
directly relevant to the early-stage projects that Wallonia will need if district heating is to scale
at the pace European climate targets require.
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Appendix 1 Nomenclature

The notation used throughout this report is summarized in Table 1.1.

Table 1.1. Nomenclature.

Symbol Unit Definition

Hydraulic variables

1 kgs™! Mass flow rate

T design,i kgs™! Design mass flow of load i

Hleum,n kg g1 Cumulative mass flow at node n

v ms~! Mean flow velocity

Vdesign ms~! Target design velocity for pipe sizing
Vmin> Vmax ms~! Lower and upper velocity bounds

Jol kgm™3 Fluid density

u Pa-s Dynamic viscosity

Re — Reynolds number

f — Darcy friction factor

€ m Absolute pipe-wall roughness

Ap. Pa Pressure drop along pipe e

Apux,i Pa Heat-exchanger pressure drop at load i
K. — Minor-loss coefficient of pipe e

H Pa Pump head

H* Pa Corrected pump head selected in Phase 4
D, m Commercial inner diameter of pipe e
Diheo m Theoretical pipe diameter from design rule
L. m Length of pipe e

Psource Pa Prescribed source-node pressure

Ny, — Number of load (consumer) nodes

N — Total number of nodes

Thermal variables

Tsource, supply °C Source supply temperature

Tsupply.n °C Supply temperature at node n

Treturn,n °C Return temperature at node n

Tine, Tout,e °C Inlet and outlet temperature of pipe e

T, °C Ground temperature

Tsupply,min °C Required minimum supply temperature at loads
ATjesign, i K Design supply-return temperature drop at load i
Cp Jkg 'K™! Specific heat capacity of water

Q; W Heat demand of load i

Qloss,e W Heat loss of pipe e

Osource W Total heat injection at the source

O delivered w Total useful heat delivered to consumers

R KmWw-! Linear thermal resistance per unit pipe length (= 1/U)
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Table 1.1. (continued).

Symbol Unit Definition

U Wm~!'K~! Linear heat-transfer coefficient (per unit length)

APUR Wm~!K™! Thermal conductivity of PUR insulation foam

D casing m Outer diameter of the insulation casing (jacket pipe)

Asteel m Outer diameter of the steel carrier pipe

Economic variables

CcAPEX EUR Total capital expenditure (network only)

Cnpv EUR Net present cost

CoPEX,y EUR Operating expenditure in year y

Ctrench EUR Civil-works and trench installation cost

Coipe EUR Total pipe-material cost

Cualve EUR Total valve capital cost

Cpump EUR Total pump capital cost

Celec,y EUR Pump-electricity cost in year y

Crnaint, y EUR Maintenance cost in year y

Chnaint, annual EUR Optional annual scheduled maintenance cost

Cmaint,5y EUR Optional five-year scheduled maintenance cost

Crnaint, 10y EUR Optional ten-year scheduled maintenance cost

Crotal (De, ae) EURm™! Total pipe-plus-installation cost per metre of pipe pair in
environment d,

Cpipe(De) EURm™! Pipe-only material cost per metre of pipe pair

Cpump EURKkW~! Pump unit capital cost

Cvalve EUR valve ™! Unit cost per valve

Celec EUR kWh™! Electricity price for pumping energy

Epump,y kWh Pumping-electricity demand in year y

Ppump kW Pump electrical power requirement

Mpump — Pump efficiency

fimaint yr‘1 Annualized maintenance fraction of CAPEX

Nyalve, e — Number of valves assigned to pipe pair e

Nvalve, pair valves pair‘l Average number of valves per pipe pair

Qdesign W Total design heat demand used in the LCOH calculation

LCOH EURMWh™! Levelized cost of heat distribution

r — Discount rate

hop hyr! Equivalent full-load operating hours per year

Nproj yr Financial evaluation horizon
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Appendix 2 Fluid Properties and Physical Models

This appendix gathers the supporting physical relations used by the hydraulic and thermal solvers
so that the main methodology chapter can remain focused on topology-driven equation assembly
and solver logic. The purpose of this section is not to introduce a second methodology, but to
document the physical assumptions behind the residual evaluations.

2.1 Water Properties

The working fluid is liquid water. In the hydraulic model, the mass-flow conversion and pipe
pressure-drop calculations require the fluid density p and the dynamic viscosity u. The Reynolds
number is evaluated from
Re = 22 @.1)
u
Here, Re is the Reynolds number, p is the water density, v is the mean flow velocity, D is the pipe

inner diameter, and u is the dynamic viscosity. This dimensionless number indicates whether
the flow is laminar or turbulent.

For thermal calculations, the specific heat capacity ¢, is also required in order to convert
pipe heat loss into a temperature drop along the flow direction.

The density, dynamic viscosity, and specific heat capacity values used in the model are taken
from standard thermodynamic data for liquid water based on the TAPWS-IF97 formulation [41].
The lookup table used for linear interpolation of these water properties is reported in Table 2.1.

Table 2.1. Water-property lookup table.
T (°C) p (kg/m’) p(Pass) c, (J/kgK)

0 999.8 0.001792 4218
10 999.7 0.001307 4192
20 998.2 0.001002 4182
30 995.7 0.000798 4179
40 992.2  0.000653 4179
50 988.1 0.000547 4181
60 983.2  0.000467 4185
70 977.8 0.000404 4190
80 971.8 0.000354 4196
90 965.3 0.000315 4205

100 958.4 0.000282 4216
110 950.6  0.000255 4229
120 943.4  0.000232 4245

In HeatNet, the density is held fixed during each hydraulic residual solve. The supply-side
density is evaluated at the reference source temperature Ti.¢, while the return-side density is
evaluated at a network-average return temperature,
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NL
_ 1 .
Tiet = max (Tref - N_L ; ATdesign,i, 10 C) s (2.2)
so that pye; = p(Trer). This avoids changing the density field inside one pressure-balancing
residual evaluation.
The dynamic viscosity is evaluated pipe by pipe when a temperature field is available:

He = ,U(%(Tin,e + Tout,e)) . (2.3)

Before any thermal pass is available, the viscosity falls back to u(Tr) on the supply side
and pu(Tre) on the return side. The final exported hydraulic state is replayed with the same
temperature-dependent viscosity convention used inside the converged residual evaluation.

2.2 Friction Factor and Flow Regime

To determine the regular pressure drop along each pipe, the Darcy friction factor f is evaluated
from the flow regime and the pipe roughness. The Reynolds number distinguishes laminar and
turbulent behavior.

For laminar flow, the classical relation is

64
f= Re’ 2.4)
Here, f is the Darcy friction factor, a dimensionless coefficient that converts the flow regime
and pipe roughness into distributed pressure loss. In laminar flow it depends only on Re.
For turbulent flow, the friction factor depends on both Reynolds number and relative rough-
ness €/D. In general form, this dependence is represented by the Colebrook—White relation [55,
56],

1 e 2.51

= 2log [ —— +
J7 (37D " Rey7

Here ¢ is the absolute roughness of the inner pipe wall. In practice, either this implicit

) (2.5)

relation or a standard explicit approximation such as Swamee—Jain may be used, provided that
the same convention is applied consistently throughout the network model.

The role of roughness is particularly important when comparing different commercial pipe
materials. Smooth polymer pipes such as PEHD typically have much smaller roughness than
steel pipes, which reduces the friction factor for the same diameter and Reynolds number.
Therefore, the selected roughness values should be interpreted as part of the technical input data
rather than as arbitrary tuning parameters.
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2.3 Minor Losses and Singular Pressure Drops

In addition to distributed friction losses, each branch may include local singular losses associated
with fittings and equipment. These are represented through a lumped minor-loss coefficient K
in the Darcy—Weisbach expression [57],
2

APminor = Kp% (2.6)
Here, Apminor 18 the pressure drop caused by local fittings and equipment, and K is a dimension-
less minor-loss coefficient. The term pv?/2 is the dynamic pressure, so larger velocities make
these local losses grow quadratically.

Typical contributors include elbows, tees, valves, contractions, and expansions. In a compact
network model, these losses may be aggregated at branch level rather than modeled one fitting
at a time. Even when simplified default values are used, the modeling assumption should be
stated explicitly because singular losses contribute directly to the loop pressure-drop residuals
solved in the hydraulic balancing stage.

The total local hydraulic resistance of a pipe branch can therefore be interpreted as the sum
of distributed friction and minor losses,

2
) PeVe @2.7)

L,
Ap, = —+ K
Pe (feD + K 3

e
Here, Ap, is the total pressure drop of branch e, f,L./D, is the distributed friction contribution,
and K, collects the minor losses. The bracketed term acts as the branch hydraulic resistance
coeflicient: for a given velocity, a longer pipe, a smaller diameter, a rougher flow regime, or
more fittings all increase the pressure head required to carry the flow.
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