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Abstract

District Heating Networks (DHNs) are part of the solutions towards a low-carbon energy transition for
space heating, making an efficient use of renewable or waste energy sources. In early-stage planning,
their potential is often evaluated at the demand side, using large-scale building energy models.
However, from the financial and energy efficiency standpoints, the actual potential is also depending
on the development of the physical pipework connecting the supply heating station with the consumer
substations. To this end, this work proposes a framework for the automated generation of a plausible
network layout by solving a minimum spanning tree problem connecting the different stations and
assigning a sizing peak power to each network element. Although fully adapted to data available in
other contexts, we show here an application using Swiss open geodata, which allows for a quick analysis
for any location in Switzerland with a few user inputs. The application in Broc (CH) shows a good
match with the operating DHN in terms of piping linear length.
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1. Introduction

District Heating Networks (DHNSs) are energy systems distributing heat generated in a central location
to multiple building consumers using an insulated pipework. By the efficient use of local waste and
renewable energy resources, also within cogeneration plants, district heating systems provide a viable
solution to decarbonized heat supply to buildings.

Due to the long-term investment (Colmenar-Santos et al., 2017, chap. 3), DHNs require careful
planning. Typical regional-scale potential assessments or early-stage viability studies (Bush and Bale,
2019; Gils et al., 2013) are commonly conducted by estimating heat density in a given region and hence
selecting locations achieving a minimum threshold for DHN viability. Other studies focused on the
potential allocation of demand and supply, in terms for example of excess industrial heat (Chambers et
al., 2020) or geothermal energy (Li et al., 2022). However, the viability of a network is also depending
on the necessary pipework to connect all consumer substations to the heating station(s) (Best et al.,
2020).

Conceived as a flexible Python-based toolkit, DHgeN provides easy access to existing and new
algorithms to generate a plausible network path and model the peak power of the network nodes and
edges. Unlike existing optimization solutions (Best et al., 2020), it focuses on straightforward
application of existing graph theory models from available geodata. Similarly to the work of Chambers
(2020), it features a method for generating a network topology from open geodata, while focusing on
the pipeline layout and with the goal of wrapping different models in a ready-to-use open-source Python
module.
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2. Methodology

The module consists of a simple building peak power demand adapted to the Swiss context (§2.1) as
well as an implementations of algorithms for generating the layout (§2.2), in particular for solving the
minimum spanning tree (Steiner tree) and minimum cost flow (Simplex model) problems. Thanks to
the presence of open data in Switzerland, the generation can be done with only a few user inputs while
using some basic assumptions.

2.1 Model of the peak power demand
The peak power demand P [W] of buildings is modeled as follows:

P=A-AT - U (eq. 1)

where AT is the difference between the indoor T;,; and outdoor temperature T,,,+ [K], U is the standard
envelope U-value (W/m?’K), and 4 is the building envelope area [m?] calculated assuming a squared
footprint and a 3-m floor height using the following equation:

A=4 aréQgootprint * 3 Nflo0rs + 2 aredsootprint (eq~ 2)

In Switzerland, the areas,otprine and Nysoors > the period of construction and geographic coordinates
of each building can be automatically retrieved from the Swiss Federal Register of Buildings and
Dwellings (RegBL) available through an open API (see Table 1). The envelope U-value is set using the
calibrated wall U-value for typical Swiss buildings for different periods (Perez, 2014, p. 177) and Swiss
Society of Engineers and Architects (SIA) Norm 380/1:2009 for the most recent values. The T;;,; and
T,y can be set by the user, for example using standard values from the SIA. Depending on the building
use, a power density of 1 to 3 W/m? fioor area is also considered, while internal loads, solar gains and
window losses are neglected here.

Results are bounded to recommended power-to-floor-area densities for non-labeled buildings
(SuisseEnergie, 2016), i.e., a minimum of 25 MW/m o0t arca (i.e., for recent buildings) and a maximum
of 80 MW/m?foor area (i.€., for poorly insulated commercial buildings), in order to avoid outliers due to
possibly incorrect input data.

2.2 Model of the network layout and power distribution

The process of generating the network is illustrated in Figure 2. The Python implementation is largely
based on NetworkX (Hagberg et al., 2008, 2019) and GeoPandas (Jordahl et al., 2020) modules. An
initial graph G is modeled as a regularly spaced grid, where the width and length of the cell nodes (by
default 25 m) and rotation (by default 0°) can be set by the user. It is also possible to generate a custom
tessellation instead of the regularly-spaced grid, but its implementation, using at the moment only input
points from the (sub)stations data and a Voronoi diagram, is still basic.

In addition to the input (sub)stations, other geodata can be included in the module. If footprint data is
added, the graph edges intersecting with the building footprints are removed from the initial graph G.
If road data is added, a graph R is created from the vector paths, which are densified to the same
resolution as G. The two graphs are connected by creating new nodes at their geometrical intersection
resulting in graph G".

The network G’ is then created by connecting all heating (sub)stations s to the closest edge ab. This is
done, as illustrated in Figure 1a, by adding a new node x and new edge sx perpendicular to ab, splitting
ab into two new edges ax and bx and removing the original edge ab.

The minimum spanning tree connecting all consumer (sub)stations s in graph G’ is computed solving
a Steiner tree problem. This method is commonly used for optimizing electrical grids and has been
already implemented in DHN layout optimization (Delmastro et al., 2016). In our implementation, G*’



edges can be weighted by a parameter set by the user, where a value lower than 1 can be used to give a
priority to a road (i.e., from original graph R) over other edges (e.g., from original graph G) which by
default have a value of 1.

a)

Figure 1 — Schematics of the main graph-processing algorithms: a) Connection of a substation s to the network
b) Transformation of a 4-degree node n into two 3-degree (T-junction) nodes n and d’

In DHgeN, the user has the option to choose either Networkx’s approximate Steiner tree model or a
Steiner tree heuristics (Husek et al., 2019). The latter model was developed in the framework of the
PACE2018 Competition, where it obtained the 4™ place in the track dedicated to heuristics with large
tree width and high number of terminals (Bonnet and Sikora, 2019). It has been chosen for integration
in DHgeN because of its complete documentation, easiness to compile, fitness to large graphs, and
compatibility with the GPLv3 license.

In the final network, the degree of each graph node # is limited to a maximum value of 3, so as to accept
only T-junctions. As illustrated in Figure 1b), this is ensured by creating a new node »’ translated over
one of outgoing edges, e.g., nd. The nd edge is then replaced by two edges nd’ and d’d and the original
nc edge is replaced by the new edges d’c’ and ¢ c.

The resulting non-directional graph is transformed into a directional graph originating from the heating
station, whose spatial location can be set by the user, resulting in a typical branched DHN. Finally, the
peak power of each edge of the network is computed using NetworkX simplex network model, using
as demand the substations power (calculated in §2.1) and as weight the edges’ priority (i.e, edge length
multiplied by edge weight).
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Figure 2 — Main datasets and processes involved to create the network layout.



3. Test-case application

We present here a test-case application in an area of the municipality of Broc (Switzerland) where a
DHN is currently in operation. The online repository (see §4) contains also other examples of
applications using either geodata from the GeoAdmin API available in Switzerland or a sample input
file.

This section presents additional results comparing the modeled network in Broc with the data provided
by the design engineering firm. The part using publicly-available data is reproducible using the scripts
in the online repository

3.1 Presentation of the case study

In the data representing the status in 2019, the network in Broc is composed of 85 substations connected
(or planned to be connected) to a heating station located at the north-west boundaries of the village. We
delimit our analysis in the area bounded by this network, covering a surface of almost 500,000 m?. It
should be noted that not all buildings in the area are connected (or planned to be connected) to the DHN
nor are listed in the Register of Buildings and Dwellings (RegBL) as such.

For the purposes of this study, we show the existing reference network R as well four modeled versions
using as input layers:

1. The buildings classified in the RegBL as having access to the district heating network as of
September 2022 (n=92) and connected by

a. A grid-based graph;

b. A grid-based graph including also the road network and excluding edges intersecting
with the building footprints.

2. The substations coordinates as in the data available from the engineering company (n=85)
connected through:

a. A grid-based graph as in 1a;

b. The same graph as in 2a, but including a road segment with its weight set to 10 to avoid
crossing twice the railway lines. This variant is proposed to demonstrate how the user
can add further constraints and is meant to have a layout that is more similar to R.

In all cases, a base graph formed by 25x25-m grid is used. This is rotated by 42°, so as to visually align
with the main roads and produce more realistic results. In variants 1b and 2, the network also includes
the road graph with a 0.5 weight.

For all variants, the peak power is modeled using data from the RegBL (see §2.1 and Table 1). In records
with missing values default values of n¢;50rs = 2 and U =1.35 W/m? K were used. It should be noted
that these hypotheses are not necessary aligned with those used in the design of the network R.

Table 1 — Extract of some records from a RegBL query run using the functions provided in DHgeN. The description of the fields
and their keys can be found here: https://www.housing-stat.ch/fr/help/42.html (in German, French and Italian). The API
documentation is available here: https://api3.geo.admin.ch

egid geometry gklas gastw gbaup garea genhl
(unique (use) (n. of | (construction | (footprint (heating
identifier) floors) period) area in m?) source)
1509806 | POINT (2573843.9 1161849.4) 1110 2 8016 97 7501
504110198 | POINT (2574202.6 1161870) 1276 N/A 8011 140 N/A
1509810 | POINT (2573952.2 1161852.4) 1122 7 8015 252 7530
1509812 POINT (2574008 1161873) 1122 4 8014 492 7580




3.2 Results

The resulting layout solutions and the reference network are compared in Table 2 and Figure 3.

Since the number and location of the heating stations is slightly different for variants 1 compared to R,
a fair comparison can be drawn only between variants 2a with R.

—— modeled pipe

- heating station
« consumer

1a 1b

reference pipe

road (weight = 0.5)
- road (weight = 10)
railway

2a 2b

Fig. 3: Comparison of the paths generated by the algorithm. Layouts 2a and 2b are also compared to the actual path of the
reference DHN: please note that the substations and their closest pipes are not shown here due to confidentiality. Layout 2b
includes a custom weight = 10 for a road segment to avoid an additional crossing of the railway (drawn in the map, but not part of
the inputs).

The length of the modeled networks present similar figures, while the cumulative power is
underestimated compared to the reference. The length difference (+4%) between cases 2 and R seems
negligible, both for expected power losses and costs due to longer piping. The modeled layouts look
plausible, while in some cases differ from the reference one, particularly in the north-east area where
more road options are possible. In terms of peak power of the substations (-20% of the reference), the
figure can be considered a good estimate, before a safety margin at the heat exchanger level is added,
as it was likely the case for the reference.

Variant la presents the shortest path, while, unsurprisingly, it is largely unfeasible because of the
absence of constraints. Nonetheless, it could be still used as a design-support tool to select the best paths
in a given area, especially when vector roads data and or building footprints are not available. In variants
1b, 2a and 2b, similar characteristics can be seen. In general, it can be noted that in some large lots,



longer paths are needed to connect to the substation consumers. These include some unrealistic U and
T-shaped paths (see Figure 3, variant 1b), which are due to the underlying grid.

In both variants 1b and 2b, in order to supply some consumers south of the railway lines, the algorithm
selects a road crossing the railway line. It is interesting to note how this crossing was instead avoided
in the actual design path, probably for construction complexity and costs. In this sense, setting a custom
weight as in variant 2b helps avoid this crossing. In general, if some roads are to be avoided or preferred
for specific reasons, setting custom weights would help further customize the layout.

Based on the peak power of the consumer substations, DHgeN also attributes the power of each pipe
segment as well an estimated nominal diameter (DN). Figure 4 shows the peak power for both
consumers and pipes for variant 1b. We argue that these values can be used as a first estimate to pre-
size the pipework and anticipate hence the main construction works.

Tab. 1: Comparison of some relevant figures of the actual and modeled networks.

Reference Modeled networks
network
Variants R la 1b 2a 2b
Data source Private Public API Public API Private Private
database (RegBL) (RegBL) database database
Additional - Footprints | Footprints and | Footprints and roads
data from public APIs and roads roads (with custom weight)
Length of supply 3861 m 3598 m 4371 m 3999 m 4005 m
pipework (-7%) (+13%) (+4%) (+4%)
Number of pipes 563 303 553 542 546
peai‘;ifvl:r“:f he | 306MW 2.63 MW 2.43 MW
- 0, HY
substations (-14 %) (-20%)
Number of substations 85 85
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Figure 4 — Generated layout and power flow for variant 1b.



4. Software development and release

DHgeN is developed in Python using open-source libraries and is distributed under the GPLv3 license.
It can be installed using pip. A Docker file is provided to allow for reproducibility and unit testing.

The source code is available at the following Git repository: https://www.github.com/idiap/dhgen.
Any contribution is welcome using issues and merge requests.

5. Conclusion

This paper has given an overview of the DHgeN Python module at its current development stage
(September 2022). DHgeN is released as open-source software under the GPLV3 license.

By using this tool, the user can test different planning scenarios, notably for choosing the optimal
location of the heating station, minimizing the length of the pipework and/or the DN of the pipes.

The output of the models was compared to the layout of an existing DHN showing fairly realistic
modeled layouts, only slightly longer than the reference one (+4%), i.e., a network partially planned
and partially in operation designed by a local engineering firm. Based on these results, we argue that
the proposed module can be used as a design-support tool to draft a DHN layout in the context of
feasibility studies. The proposed layout can be then adjusted, also by setting custom parameters in the
tool itself, to reach a further design phase.

Expected on-going and future development will be conducted along the following paths:

¢ Integration of further goals/constraints, also using an iterative approach. This, for example,
would allow for the integration of further constraints (e.g., avoiding intersections) in the terminal
connection from the main pipe network to the consumer substation;

¢ Improvement of the load model and interface to other tools for hydraulic/thermal simulation
(CitySim, pyDHN);

o Integrating further geodata in the algorithm (fiber optics networks, railway lines, rivers);

¢ Creation of a user interface, either as web-application or as QGIS plugin.
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