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Abstract:

The study examines early-stage design of fifth-generation district heating and cooling (5GDHC) sys-
tems in small residential communities where complete geospatial data are often missing, waste-heat
sources are absent, and synergy between buildings is limited. To overcome data gaps, Building
Information Modeling (BIM) inputs are combined with spatial attributes derived from GIS, while a
GIS-based workflow is used to evaluate rooftop photovoltaic (PV) potential and mitigate the impact
of low thermal-load complementarity. Because renewable-based solutions carry higher upfront costs
and greater investment risk for small communities, a multi-scenario assessment is carried out us-
ing an integrated design framework that couples thermodynamic, electrical, and economic models.
This framework enables a consistent comparison between fossil-based systems, hybrid configura-
tions, and renewable options, including geothermal integration, both with and without thermal net-
work coupling. The framework employs thermodynamic and electrical models to quantify energy
balances, flows, losses, and system efficiencies, while the economic and environmental analyses
evaluate costs, payback periods, investment feasibility, and reductions in greenhouse-gas emissions.
The results show that adding PV supply to a 5GDHC network significantly increases its applicability
even under low-synergy conditions. A fair comparison between PV-equipped and non-PV scenarios
indicates a 26% improvement in savings and a 24% reduction in payback time, yielding payback peri-
ods below 20 years. These findings highlight the strong decarbonization potential of sector-coupled,
electrified 5GDHC systems in heating-dominated communities and support stakeholders in designing
future clean-energy configurations that incorporate thermal networks.
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1. Introduction

Decarbonization of buildings is a central pillar of the energy transition, which requires large-scale in-
tegration of renewables and the electrification of thermal networks through advanced district heating
and cooling (DHC) solutions. Among these, ultra-low-temperature DHC, or Sth-generation DHC
(5GDHC), enables low-grade waste-heat recovery and flexible prosumer operation by circulating
water near ambient temperatures and using decentralized heat pumps (act as booster heat pump)
to exchange energy among network participants [[1,9,/15,19]. The potential of these networks de-
pends largely on the diversity and complementarity of the thermal-demand profiles within the com-
munity [[15]], often referred to as synergy [11]. When heating and cooling demands do not coincide,
the resulting mismatch is absorbed by a balancing node, whose required capacity is determined by the
residual imbalance in the network [6,/7]. Despite its potential, SGDHC deployment remains limited
due to the novelty of the technology, higher substation costs compared to DH substation ( [4,5]), com-
plex prosumer-based operation ( [13]), and the lack of mature design guidelines [9]. Economic studies



also show that conventional 4GDH often retains cost advantages over SGDHC [10]. Uncertainties in
energy demand, energy prices, and equipment costs complicate both planning and operational opti-
misation [[6], and these challenges are even more pronounced in small-scale networks with limited
demand synergy and few available waste-heat sources. This combination reduces investor confidence
and makes strategic decisions harder, highlighting the need for structured evaluation frameworks such
as CPAEX—particularly in cases where traditional approaches like SWOT [3]] cannot adequately as-
sess emerging, uncertainty-driven SGDHC concepts.

1.1. Previous work

Several studies have examined building-connected heating and cooling configurations. [7,{19] com-
pared multiple designs in terms of energy costs and emissions, while [14] highlighted emerging
business models for district heating and cooling (DHC). With increasing cooling needs under cli-
mate change, DHC becomes more relevant by jointly supplying heating and cooling and enabling
prosumers to sell surplus heat—creating revenue streams not available in conventional systems [9].
However, these developments also highlight a persistent challenge: the transition toward electrified
thermal networks increases exposure to uncertainty. Prior work [6,(7,|15] shows that in locations
with limited demand diversity or small-scale networks, long-term financial feasibility becomes highly
sensitive to fluctuations in energy prices, load profiles, and investment costs. Electrification ampli-
fies this sensitivity because renewable generation—particularly rooftop PV—is inherently variable.
To address this, recent studies combine GIS-based rooftop solar mapping with PVGIS performance
modelling to quantify irradiance, feasible PV capacity, and expected energy generation [[7]. Such in-
tegrated workflows, as demonstrated in [[17,/18]], provide spatially explicit insights that support local
energy planning and help reduce uncertainty in PV-driven electrification strategies.

1.2. Novel contributions

Small-scale energy communities often face limited demand diversity, which constrains the feasi-
bility of emerging SGDHC concepts [[16]. These districts typically lack waste-heat sources, show
weak heating—cooling complementarity, and include few prosumers, reducing the natural synergy
that larger networks benefit from [16]. This work develops an integrated workflow to evaluate how
such low-synergy areas can still benefit from SGDHC by strengthening sector coupling through local
PV integration and analysing how PV-driven electrification influences thermal-network behaviour.
The work delivers four key advances: a GIS-based workflow to quantify rooftop irradiance, identify
usable PV areas, and estimate maximum PV capacity; a coupling of these spatial outputs with PVGIS
to model realistic PV generation and assess how much local electricity can support heat-pump electri-
fication; an evaluation of how increased PV deployment affects grid dependence, system feasibility,
and the technical, economic, and CO,-reduction performance of the community; and an identification
of robust electrification—PV scenarios capable of reliably meeting building energy needs. Together,
these elements form a coherent methodology for analysing electrification pathways in small-scale
energy communities and guiding planning and investment decisions.

1.3. Organization of paper

The paper is structured as follows: Section 2 introduces the generic framework and the KPIs used in
the assessment; Section 3 presents the case study; Section 4 discusses and evaluates the results; and
Section 5 provides the conclusions.

2. Material and methods

A generic thermodynamic framework introduced in [6}/7] is extended to incorporate a renewable en-
ergy supply based on photovoltaic energy - by optimizing the installation of the panels according to
the usable roof area of the buildings. This enhancement enables a systematic comparison of network
performance with and without PV penetration and helps identify locations where limited comple-
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mentarity between thermal demands may constrain the potential of SGDHC systems. The resulting
insights support stakeholders in judging whether SGDHC remains viable in small private communities
with scarce waste-heat resources.

The methodology developed in this work consists of three main steps, illustrated in Fig. [I] Step 1
performs geospatial processing to extract building footprints, available rooftop area for PV installa-
tions, network routes, and local energy potentials. Step 2 conducts network design and performance
analysis for the SGDHC scenario. Step 3 benchmarks the results against present-day technologies
using key techno-economic and environmental KPIs. These steps are described in detail in the fol-
lowing sections, followed by an explanation of the KPIs used to evaluate the suitability and potential
of SGDHC for small-scale energy communities.
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Figure 1: Schematic layout for assessing potential SGDHC locations using a combined GIS and
Python-based approach

2.1. Geospatial processing

The process begins with the collection of high-resolution spatial data, including building footprints,
rooftop available are for PV installations [18]],road layouts, and infrastructure coordinates (via a ded-
icated file exchange Industry Foundation Classes (IFC)), which are then used to generate a two-
dimensional spatial graph. In this graph, buildings and available heat sources (e.g., data centers,
thermal energy storage units) are represented as nodes, while potential pipeline routes are modeled
as weighted edges. These edges are assigned costs based on Euclidean distances and unit installa-
tion prices, ensuring that spatial constraints like road paths and building placement are respected as
discussed in [21].

The District Planner exchanges information with the GIS and BIM environments through a CSV-based
data interface, as summarised in Tables [I] and 2] These exchanges are executed using dedicated
workflows implemented with a (PyQt-based interface), which automates the import, processing, and
synchronisation of spatial and building-level attributes.

In this format, columns x and y denote the prosumer node’s coordinates in meters within the Earth’s
reference system; column SA specifies the building’s surface area, while column EPC represents the
building’s energy performance certificates (EPC). Another exchange format given in Table[2] provides

Table 1: Data exchange format from the BIM to the district planner, listing the position, surface area,
consumption, and waste heat production

ID Name EPC [MWh/m?] E [MWh] SA[m2] xz[m] vy [m]
NO1 apartmentl xxxx XXXX XXXX XXXX
NO2 officel XXXX XXXX XXXX XXXX

........ XXXX XXXX XXXX XXXX

details about the connection between the prosumers. Each participating prosumer node, n € 1, NV,
is linked to the network through a pipe, D; ;, where 7 and j correspond to the ‘From” and “To’ node
columns [6]].


https://www.pythonguis.com/pyqt5-tutorial/

Table 2: Data exchange format from BIM to district planner, listing the size of each network section

1D From To D [mm]
DO1 apartment]l officel xxx
D02 officel forkl XXX

XXX

2.2. 5GDHC network design and analysis

The framework uses EPC labels extracted either from GIS layers, IFC files, or directly provided by
the user. These EPC values are combined with the available building surface area (SA) from Table
to generate heating and cooling time-series. The total annual thermal demand () [MWh] is computed
as:

Q = EPC - SA. (1)

Hourly energy profiles are then generated for the period YYYY:MM:DD hr:min:sectoYYYY:MM:DD
hr:min: sec following the methodology in [11]].

E [MWHh] is the building’s non-HVAC electricity (lighting and appliances). HVAC electricity is ex-
cluded and approximated as 30% of the thermal demand Q).

Similarly, the district planner imports photovoltaic (PV) system data from a dedicated exchange file.
This includes the available rooftop area, installed PV panel area, geographic coordinates, installa-
tion year, tilt angle (from the horizontal), azimuth angle, standard test condition irradiance (Gsrc
[kW/m?2]), and the specific investment cost of the PV system (CAPEXpy [EURO/kWp]). Hourly solar
irradiance and outdoor temperature data are retrieved via an API based on the location of buildings
using Photovoltaic Geographical Information System (PVGIS). The power output from the PV system
at each time step is estimated using:

Pout (t) =7 G(t) : Aroof *TNpvs (2)

where v = 0.86 is a correction factor to account for approximately 14% system losses, G(t) is the
solar irradiance [W/m?] at time ¢ , Ao is the total rooftop area available for PV installation [m?], Tpv
is the efficiency of PV panels.

The total monthly energy output is computed by aggregating the hourly outputs:

EPV, monthly — Z Pout(t) : At, (3)

tEmonth

where At is the time step in hours.

The information given in Table [2]is used by framework to draw and size the network and to analyze
energy flows using graph theory [8]. Moreover, the prosumer nodes are referred to as external nodes,
while junctions or forks are termed internal nodes, as discussed in [8]].

As discussed earlier, in a SGDHC scenario, prosumers exchange heat within the network, while a
balancing node covers residual mismatches using seasonal storage and auxiliary units. Its required
capacity grows with increasing prosumer imbalance or limited local synergy. Candidate locations
for balancing nodes are derived from IFC-based parcel areas, excluding building footprints, transport
zones, and protected or unsuitable natural areas. A 3m buffer from parcel boundaries and buildings
is applied as opted in [21]]. This study considers BTES as the seasonal storage option ( [22]). The
volume of the storage can be calculated as [20]:

Q
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https://joint-research-centre.ec.europa.eu/photovoltaic-geographical-information-system-pvgis/getting-started-pvgis_en

where AT is the temperature difference of working fluid in the supply network (7},) and cold network
(T.). Seasonal storage can be installed wherever sufficient parcel area is available, and the framework
allows multiple storage sites to be selected simultaneously. These units collectively form part of the
balancing node. As seasonal storage capacity increases, only one auxiliary asset—either a boiler or
a chiller—is required to compensate for the inherent thermal imbalance between heating and cool-
ing demands. Together, the storage and auxiliary unit provide long-term grid balancing, with their
production profiles determined by the residual mismatch that must be compensated over time [7].
The framework also sizes the remaining HVAC components and thermal pipelines, after which their
investment and operational costs are computed following the methodology in [6]. Capital expendi-
tures (both total CAPEX and annualised CAPEX) and operating expenditures (OPEX) are evaluated
for each technology (: € [ASHP, GSHP, BHP, Boiler|), using cost functions that link equipment
capacity to installation and operating costs

CAPEXgvac; = ¢, - max(Qmvacs) + hi, (5)
OPEX#uvac, = Celect,gas * @HVAC,i- (6)

The vector h; contains unitless regression factors used to estimate capacity factors for each technology
(Table E[) For HVAC technologies, annual CAPEX is based on a 20-year lifetime, while seasonal stor-
age and pipe infrastructure are amortized over 40—60 years. For network connections, costs include
pipe investment and associated trenching or excavation work. The total connection cost is computed
as:

capex = p1 - D; + trench price + ps. (7)

pipe,l

The specific costs for two types of storage are given in [7,120] as:

—-0.7
C(Speciﬁc,borehole = CBTES * V;torage’ (8)

The KPIs related to investment cost are then calculated using

CapeXstorage borehole — C’speciﬁc,borehole : ‘/;torage- (9)

(10
The emissions-related KPIs are calculated as

TE HVAC,i = Cemsn * QHVAC,i,hCa (11)
Cemupr,i = cco2 - TEavac,. (12)

Readers are referred to [7]] for the full formulation of CAPEX and OPEX calculations linked to energy
flows in the network, as well as for comparisons with conventional technologies such as air-source
heat pumps (ASHP) and ground-source heat pumps (GSHP), alongside standard boiler systems.

2.3. Technology comparison using KPIs

The techno-economic and environmental KPIs listed in Table 3| are evaluated for two configurations:
a SGDHC network without PV and an electrified variant where SGDHC is coupled with rooftop PV
and electricity exchange with the local grid. SGDHC without PV case is assessed against a baseline in
which all buildings rely on a Boiler+ ASHP system for their energy needs (heating, cooling , electricity
and domestic hot water (DHW)), following [7]]. The electrified scenario is then compared with three
present-day HVAC and PV design configurations to quantify the added value of integrating local
renewable electricity, particularly when waste-heat sources are absent and synergy between prosumers



5GDHC without PV ——BOILER + ASHP with PV

—— ASHP with PV
5GDHC with PV .
: GSHP with PV
network node scenarios : multiple baseline scenarios

(all buildings attached to 5GDHC network):  (all buildings with their own technologies)
Figure 2: Scenario comparison scheme with PV (in green) and without PV (in black) supply to provide
energy demands of buildings(heating, cooling , electricity and domestic hot water DHW)

Table 3: List of main KPIs metrics

no. description symbol units type

1 synergy - % technical

3 total cost of ownership TCO KkEUR/y economic

4 netsavings x KkEUR/y economic

5 cost ratio CR % economic

7 total emissions TE tonCO,eq/y environmental

is limited. The scenario scheme shown in Fig. [2| will be utilized to compare different design scenarios
in order to cover building all energy needs.
The performance is quantified by assessing the relative change (RC) in each KPI using following

k .Wi -k .Wi ou
Akpi(%) = ( Plwith PV Plwith th) % 100. (13)

Kpiwithout PV

The total cost of ownership (TCO) also called annualized cost can be calculated as

TCOpet = CAPEX ot + OPEX ¢, (14)

whereas both CAPEX,; and OPEX, are calculated by summing all equipment investment costs
including PV panel costs and operational expenditures, respectively. Similarly, TCO, is also cal-
culated by summing all the terms CAPEX, s and OPEX,;. Total emissions(TE,.; and TE,. ) are
also computed for both network scenario and present design technologies scenarios, proportional to
OPEX terms.

The net operational cost savings (), cost ratio (CR) and standard payback period (SPBP) calculated
in Egs. and [I7)), derived from network operations without PV sceanrio, are computed by
comparing it with the operational expenditures (OPEX ef) associated with a boiler’s reference design



for heating and considering ASHP operational cost for cooling [6]

X = OPEXref - OPEXnet; (15)
TCOyet
= 1
R = 00 (16)
SPBP — CAPEX, ot — CAPEXref. (17
X

Here, it is pertinent to mention that with increased electrification by considering PV panels attached
to every node except a balancing load will effect the y by amount of energy acquired from electric
grid for each scenario except for Boiler + ASHP scenario as heat demand in this scenario is covered
by natural gas (NG) boiler and is therefore independent of PV generation. Moreover y and OPEX
directly influence other KPIs such as TCO, CR, and SPBP as defined in Eqs (14} [16]and[I7). Improv-
ing these yearly KPIs will also enhance life-cycle costs, as discussed in [6]. However, life-cycle cost
assessments are not considered in this work. Readers are referred to [6] for a detailed analysis of KPI
metrics in both yearly and life-cycle cost evaluations.

3. Case study

The case study selected to evaluate the framework is from the city of Namur, Belgium, in the Walloon
part of Belgium. With the GIS interface, the footprint area of the buildings can be extracted using
OSMnx street-network mapping library|as shown in Fig. [3(a). However, the area of missing buildings
that needs to be provided, including the number of floors and available rooftop area for solar irradi-
ance, is adjusted using IFC plans shown in [3[(a), which provides more detailed plans. This location is
dominated by heating demand load as listed in Table d The time-series of energy demands for each
building node is generated using [[L1],

Table 4: Details of a location considered as case study

location network length [m] no. of buildings @, [GWh] Q. [GWh] synergy[%]
namur-dist 5824 19 4.4 - 14

All relevant input data for the thermal network, HVAC systems, PV generation, and energy-market
equipment costs are summarised in Table [5]

Lot 81-83

§ Lot ~14,parkin 1

Lot 7 3 . Lo 33
Lot 41~44 parking 2
2 T
* Lo 51~54,parkip-, 3 /'Y
| : .

(a) Identifying buildings with osmnx [2]

(b) Identifying buildings with IFC plan
Figure 3: Energy community layout to anlyze SGDHC scenario

4. Results and discussions

To assess the scenarios including PV generation, a spatial solar-irradiance analysis using QGIS 1is
performed. This integrates the (Walloon Region GIS platform) to obtain high-resolution, site-specific
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Table 5: List of parameters used to simulate SGDHC case and its comparison with present design
technologies

descriptions symbol  value unit

ASHP factor hy 9817 -

GSHP factor ho 5051 -

BHP factor hs 5051 -

pipe factor D1 2.16 —

pipe factor D2 68 —

BTES fix ceres 16726 EUR/m?
BTES fix CBTES 16726 EUR/m3
ATES fix CATES 145 EUR/HI3
boiler price Choiler 100 EUR/kW
trench price Cpipe 1.0 kEUR/m
PV panel price Cpipe 1.0 kEUR/kWp
PV panel area A, 2.2 m?

energy demand th - kW

NG boiler efficiency Mboiler 90 %

BHP efficiency 1BHP 70 %

GSHP efficiency NGSHP 50 %

ASHP efficiency NASHP 40 %

standard test irradiance Gsic 1.0 kW/ m?

hot network temperature 7, 35 °C

cold network temperature T¢ 20 °C

gas price Cas 0.1 EUR/kWh
electricity price Celoct 0.3 EUR/kWh
CO, penalty cco, 0.1 EUR/kgCO,
CO, emission electric Cemsne 0.20 kgCO,/kWhe
CO, emission gas Cemsng 0.23 kgCO,/kWhg

irradiance values. This approach provides more accurate GG(t) to compute PV poptential using Eq.
compared to () obtained from PVGIS, which relies on a global solar-irradiance model [[12]. The
resulting irradiance distribution is shown in Fig. i} However, this GIS workflow is limited, as it does
not cover all the buildings that are provided in the IFC plan shown in Fig. [3(b). Hence, PVGIS is
still used to generate PV renewable supply for the particular case studies by providing the available
rooftop area for each building.

The selected location is simulated using the proposed framework and the input parameters listed in
Table 5| The simulations follow the scenario-comparison scheme shown in Figl2] Since the objec-
tive is to assess how additional PV generation can enhance SGDHC performance, the analysis begins
by computing the techno-economic KPIs listed in Table [3| for a SGDHC with PV against present
design technologies (Boiler+ASHP, ASHP and GSHP), and then compared to a set baseline sce-
nario (SGDHC without PV) see section Fig[5| compares the SGDHC+PV scenario with current
building-level technologies equipped with rooftop PV and shows that SGDHC achieves a lower total
cost of ownership than both GSHP and Boiler+ASHP configurations. The GSHP option exhibits the
highest TCO because each building requires its own horizontal BTES field, leading to substantial
decentralised upfront investment, whereas SGDHC relies on a single centralised facility with lower
overall capital intensity.

Although SGDHC has higher initial costs than ASHPs due to the network infrastructure, its operating
costs are lower thanks to reduced CO, taxation and lower operational emissions. As shown in Fig[7]
emissions are consistently lower in the SGDHC scenario, reflecting reduced exergy losses and more
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Figure 4: Solar irradiance using (]Walloon Region GI platforml)

efficient heat exchange. Electricity drawn from the grid is also lower for SGDHC (Figlo), which
increases savings potential, while the amount of electricity that can be exported to the grid is higher
with SGDHC network scenario compared to the other scenarios.
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Figure 5: TCO comparison of SGDHC with PV versus all buildings connected to their own HVAC
equipment

GSHP Boiler+ASHP

3.0 3.01 ) 2.92 = Sold to grid

B Acquired from grid

2.48

N
w

N
o

Electricity Exchange [GWh]

0.0

DHC ASHP GSHP Boiler+ASHP

Figure 6: Electricity exchange over the year of SGDHC with PV versus all buildings connected to
their own HVAC equipment
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Figure 7: Total emissions of SGDHC with PV versus all buildings connected to their own HVAC
equipment

In Table [] the comparison of main KPIs defined in Table [3] is performed with baseline SGDHC
without PV network design scenario.

Table 6: Comparison of the techno-economic KPIs (defined in Table [3) obtained from the baseline
SGDHC without PV and the SGDHC scenarios integrating PV generation (Boiler+ ASHP, ASHP, and
GSHP).

KPI 5GDHC without PV 5GDHC with PV (cmp. ASHP) RC [%] 5GDHC with PV (cmp. GSHP) RC [%]
savings|[KEUR/y] 346 439 267 395 147
cost ratio[ %] 86 42 40, 66 22]
SPBP[yr] 25 18 24] 20 17}

For the most common ASHP-based setup (SGDHC with PV (cmp. ASHP)), energy savings increase
by 26%, the cost ratio improves by 40%, and the simple payback period falls to 18 years, representing
a 23% improvement over the baseline. The SGDHC+PV scenario compared with GSHP shows simi-
larly consistent gains, with performance strengthening as the share of locally generated PV electricity
rises. Both PV-enabled SGDHC variants benefit from reduced grid dependence, lower operational
emissions, and improved economic outcomes as renewable supply increases. Tablg6| confirms that
electrifying the thermal grid enhances all major KPIs relative to the SGDHC baseline without PV.
These improvements arise despite the limited thermal-load complementarity in the community, un-
derscoring the robustness of SGDHC even in heating-dominated networks.

5. Conclusion

The study shows that a SGDHC network remains a feasible and advantageous option even in small-scale
communities with exclusively heating demand and no accessible waste-heat sources. A bidirectional
SGDHC layout still enables meaningful energy sharing, offering benefits in settings where heating
loads dominate and where a full shift from traditional DH to DHC would otherwise require extensive
retrofitting. Increasing the level of electrification within the network strengthens these advantages.
Across all electrified configurations, clear energy-performance gains emerge, and the improvements
persist even when the existing reference technologies already include rooftop PV. A consistent com-
parison of the main KPIs indicates that energy savings rise by 26%, while the simple payback period
drops to 18 years showing an improvement of 24% as the share of PV-based renewable supply in-
creases. These results highlight the economic potential of electrified SGDHC systems and underline
their robustness in heating-dominated communities.
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