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A B S T R A C T

To achieve net-zero greenhouse gas (GHG) emissions, the EU aims to fully decarbonize district heating (DH) by 
2050. This work evaluates DH simulation tools based on their ability to support the operational requirements of 
renewable district heating (R-DH) systems, including thermal energy storage (TES), direct demand response 
(DR), and advanced control strategies such as model predictive control (MPC). Twelve tools were assessed using 
criteria derived from real-life R-DH operational needs. The methodology involved identifying the key operational 
requirements of R-DH systems through a comprehensive literature review and defining modeling criteria to 
assess the tools. These criteria include the ability to model TES across various timescales, simulate building 
thermal dynamics for DR scenarios, and integrate advanced control strategies. The tools were then evaluated and 
compared to provide insights for researchers and network operators, as well as recommendations for tool de
velopers to address existing gaps. The results show that DH-dedicated tools are generally well-suited for network- 
specific studies and practical applications due to their user-friendly interfaces and built-in components. Non-DH- 
dedicated tools, offer greater flexibility and customization, excelling in TES modeling, building thermal dy
namics, and secondary side configurations, but often require significant user expertise and additional effort to 
adapt to DH-specific applications. Notably, DH-dedicated tools like SIR3S and Fluidit Heat are bridging the gap 
between DH-dedicated and Non-DH-dedicated tools by incorporating features such as custom-scripting and co- 
simulation, offering enhanced flexibility for advanced research and practical applications. In conclusion, 
improving both DH-dedicated tools, and Non-DH-dedicated tools, will better support researchers and developers 
in driving the transition to efficient and sustainable R-DH systems.

1. Introduction

The continuous increase in global carbon emissions and the conse
quent global warming observed in recent decades necessitate substantial 
transformations across all fields of the current energy system [1]. In the 
heating sector, district heating (DH) has the potential to play a crucial 
role in reducing carbon emissions, when it relies primarily or exclusively 
on renewable and waste heat (RWH) sources. As documented in the 
latest [2] report, Europe had 19,037 district heating networks (DHNs) in 
operation in 2022, providing heat to over than 77.3 million citizens. In 
Austria, DH accounts for 17 % of the heating demand for residential and 
service sectors, with a total installed DH capacity of 11.2 GWth [2].

Despite the progresses over the past decades, RWH sources accoun
ted for only 42.6 % of the DH energy mix in Europe, remaining well 
below the European goal of reaching climate neutrality by 2050 [2]. 

Achieving a fully renewable DH (R-DH) supply by 2050 [3], will require 
a profound change in the planning of new DH networks as well as in the 
management and operation of the existing ones.

DH systems have evolved over time, with each generation marked by 
advancements in technology and reductions in temperature levels, 
leading to lower heat losses and improved efficiency [4]. The 1st Gen
eration (1GDH) was Introduced in the 1880s in the USA, these systems 
used steam as the heat carrier to replace local heating installations in 
multifamily houses. They suffered from high heat losses, explosion risks, 
and corrosion in return pipes. Starting from the 2nd Generation (2GDH), 
steam was replaced by pressurized water (above 100 ◦C) to save fuel. 
Following the oil crises of the 1970s, the 3rd Generation (3GDH) was 
introduced. Supply temperatures were lowered below 100 ◦C to further 
reduce heat losses. In the fourth generation (4GDH), supply tempera
tures are decreased to a range between 30 and 70 ◦C. Recently intro
duced 5th Generation (5GDHC) networks are systems designed to 
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simultaneously supply heating and cooling. These systems operate with 
ultra-low temperatures, with hot pipe temperatures ranging between 
13–20 ◦C and cold pipe temperatures between 8–16 ◦C. However, ter
minology for 5GDHC is not yet standardized, with terms like “ultra-low 
temperature networks” ([5,6,7,8], “anergy networks” ([9]), and “bidi
rectional networks” ([10]) also being used.

1.1. Literature review

Over the last decade, numerous reviews have explored various as
pects of district heating (DH) systems, providing valuable insights into 
their technical [11], environmental, and legislative fields [12]. A 
recurring theme across these studies is the integration of renewable heat 
sources (RWH) into DH systems, which is facilitated by strategies such as 
demand-side management, thermal energy storage (TES), and the 
reduction of operating temperature levels. Vandermeulen et al. [13] 
underscored the importance of flexibility in DH systems to address the 
challenges posed by intermittent heat generation from RWH sources. 
Similarly, Angelidis et al. [14] identified opportunities and barriers for 
DHC networks that rely on sector coupling via heat pumps (HPs) and 
TES devices. Guelpa et al. [15] demonstrated that supply temperature 
reductions can be achieved without requiring major infrastructural 
modifications, further enabling the integration of RWH sources.

In addition to these thematic reviews, several studies have specif
ically addressed district heating network (DHN) simulation tools. Alle
grini et al. [16] and Xu et al. [17] reviewed modeling approaches and 
software tools for simulating district-level energy systems, emphasizing 
the importance of balancing the level of detail in building data with the 
reliability of results. Kuntuarova et al. [18] provided a comprehensive 
overview of modeling approaches and tools for DH network design and 
simulation, offering guidance for both academic and industrial users in 
selecting suitable options.

1.2. 4GDH and 5GDHC

The evolution of DH systems has led to the development of 4GDH 
and 5GDHC networks, which aim to integrate low-temperature RWH 
sources. These generations differ significantly in their design, operating 
principles, and suitability for various applications.

4GDH networks focus on reducing supply and return temperatures to 
maximize energy efficiency and facilitate the integration of RWH 

sources. Supply temperatures can range from 30–50 ◦C for space heating 
(SH) only, depending on the heating technology used in buildings, or at 
least 65 ◦C when domestic hot water (DHW) preparation is included to 
prevent Legionella growth [[19,20]].

Several studies have demonstrated the energy and economic benefits 
of transitioning from 3GDH to 4GDH. A case study in Aalborg Munici
pality showed that transitioning to 4GDH reduced annual heat losses 
from 21 % to 15 % and increased the coefficient of performance (COP) of 
heat pumps (HPs) from 2.9 to 3.9 [21]. On a national scale, Sorknæs 
et al. [22] found that transitioning to 4GDH in Denmark reduced system 
costs by €220 million/year and thermal losses by 1.05 TWh/year.

5GDHC networks operate at near-ground temperatures (hot pipe: 
13–20 ◦C, cold pipe: 8–16 ◦C) and rely on decentralized heat pumps 
(HPs) installed at connected buildings to provide the required temper
atures for space heating (SH), space cooling (SC), and domestic hot 
water (DHW) [23]. Unlike 4GDH systems, which deliver heat directly to 
consumers at higher temperatures, 5GDHC networks provide low- 
temperature water that requires additional heating or cooling at the 
consumer level. The stable, near-ground temperature range of 5GDHC 
networks enhances the efficiency of evaporation and condensation 
processes in heat pumps (HPs), compared to air-source HPs, improving 
overall system energy efficiency. As a result, HPs in 5GDHC networks 
achieve high Seasonal Performance Factors (SPFs), typically ranging 
from 3 to 6, depending on the network’s temperature levels and the 
building’s heating and cooling demand [ [24,25]].

A key feature of 5GDHC is its dependence on the electricity system, 
which directly impacts both the renewability of the net
work—determined by the carbon intensity of the electricity mix—and its 
economic competitiveness, which is strongly influenced by electricity 
prices [26].

Opportunities and barriers of 5GDHC. 5GDHC networks offer 
several advantages but face significant challenges. Their low operating 
temperatures reduce heat losses compared to higher-temperature DH 
systems. Saini (2022) et al. [27] reported heat losses as low as 4 % in 
5GDHC networks. These systems can also meet both heating and cooling 
demands using the same infrastructure, making them ideal for mixed- 
use areas. However, 5GDHC networks face barriers to implementation. 
Volkova et al. [26] highlighted the incompatibility of existing DH 
infrastructure, which is mostly based on third-generation DH (3GDH) 
systems. The low temperature difference in 5GDHC networks requires 
higher flow rates to deliver the same thermal power, making it difficult 

Nomenclature

CF-VT Constant Flow Variable Temperature
CHC Consumer-side Hydraulic Connection
CHP Combined Heat and Power
DH District heating
DHC District heating and cooling
DHN District heating network
DHNI District Heating Network Inertia
DR Demand Response
EH Excess Heat
GHG Greenhouse Gas
GUI Graphical User Interface
HOB Heat only Boiler
HP Heat pump
LCOH Levelized Cost of Heat
MILP Mixed Integer Linear Programming
MO Merit Order
MPC Model Predictive Control
MSW Municipal Solid Waste
PDEs Partial Differential Equations

R-DH Renewable District Heating
R-DHN Renewable District Heating Network
RWH Renewable and Waste Heat
RtR Return to Return
RtS Return to Supply
SHPs Sorption Heat Pumps
StS Supply to Supply
TES Thermal energy storage
VCHPs Vapor-compression Heat Pumps
VF-CT Variable Flow Constant Temperature
VF-VT Variable Flow Variable Temperature
WH Waste Heat
WtE Waste to Energy

Symbols
Q̇ Heat flow rate [W]
V̇ Volumetric flow rate [m3/s]
ρ Density [kg/m3]
Tsup Supply temperature [◦C]
Tret Return temperature [◦C]
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to reuse existing pipelines. High-efficiency buildings are also necessary 
to minimize energy demand, limiting their use in areas with older or 
poorly insulated buildings. Additionally, the bidirectional energy flow 
introduces control complexity, requiring advanced management 
systems.

Volkova et al. [26] and Lund et al. [28] concluded that 5GDHC 
networks are unlikely to replace 4GDH systems soon. They are better 
suited for specific applications, such as mixed-use areas with simulta
neous heating and cooling needs.

Hybrid DH-HP systems, which combine central DH networks with 
locally installed HPs at consumer buildings, have been proposed as an 
intermediate solution between 4GDH and 5GDHC. Soleimani et al. [29] 
reviewed these systems and found that they can achieve operational cost 
savings of 5–27 % and CO2 reductions of up to 32.3 % compared to 
conventional DH-only approaches, i.e., 4GDH.

1.3. DH modeling techniques

DHNs are complex thermohydraulic systems. Various modeling ap
proaches have been proposed, designed for different application areas, 
objectives, and boundary conditions. Modeling techniques can be 
divided in two groups: black-box models and white-box models.

Black-box models do not consider the physical thermohydraulic 
dependencies between a system’s inputs and outputs. Outputs are 
derived by data interpolation that usually comes from experimental data 
or results from white-box models simulations [30]. Different algorithms 
have been proposed, including Kalman filters, Autoregressive Moving 
Average (ARMA) models and artificial neural networks (ANN) [31]. The 
strength of black-box models is the relatively low computational time 
required to obtain solutions. However, the limited transferability hin
ders their broader application in real-world scenarios [32 30].

White-box models are typically based on one-dimensional models 
where the main direction of flow in the pipes is considered [30]. The 
hydraulic and thermal behavior of the system is physically described by 
partial differential equations (PDEs) that are typically numerically 
solved. Depending on the application scenarios and problems of interest, 
simplifying assumptions are applied to the nonlinear PDEs system for 
the best compromise between accuracy and computational time.

Both black-box and white-box models can be steady-state, quasi- 
dynamic and dynamic [33].

Steady-state approach.
In the steady-state approach, both hydraulic and thermal conditions 

are time-invariant, so the temperature distribution is not time- 
dependent. The solution of the PDEs for the thermal hydraulic 
behavior can be coupled or decoupled. In the decoupled solution, the 
hydraulic part is calculated first by using a Newton-Raphson method, 
Jacobi method or Hardy-Cross method ([33,18,34]). The thermal part is 
solved once the flow rates are determined, consequently, the matrix 
required to calculate the hydraulic part is smaller than for a coupled 
approach, where both parts are calculated in parallel. This makes the 
matrix for the problem solution smaller but the iteration steps for 
calculation increase [33]. The coupled thermo-hydraulic calculation 
solves both parts in a single system using the Newton-Raphson method 
and an integrated Jacobian matrix, reaching a faster convergence 
through fewer iterations [18].

Quasi-dynamic approach.
The quasi-dynamic approach simulates the hydraulic part as steady- 

state and the thermal one as dynamic. This strategy is justified by the 
fact that pressure waves propagate at around 1500 m/s, while temper
ature variations travel at flow velocity in pipes ([35,36]). Quasi- 
dynamic models calculate temperatures at nodes accounting for ther
mal losses and transmission delay while the temperature distribution 
along pipes is neglected [37]. The flow field can be analyzed following a 
Lagrangian or an Eulerian specification. The Eulerian specification 
consists of the observation and description of a fixed portion of the flow 
field through which water particles enter and leave. In contrast, the 

Lagrangian specification consists in following the water particles while 
they flow in the system [33]. Various methods have been proposed in 
literature for the solution of the thermal problem [18]. Benonysson et al. 
[38] presented the “node method”. The principle of this Eulerian- 
specification method is to keep trace of the movement of water mass 
from one network node to the following one. The “element method” is 
based on spatial discretization of the pipe, allowing to determine a 
temperature profile along the pipe. Other Eulerian specification 
methods like the “characteristic method” [39] and the “function 
method” [40] have been proposed in literature aiming to improve the 
trade-off between accuracy and computational time compared to the 
“node-method”. The “plug flow method”, used in ([41,42,33]), models 
the heat transfer fluid as a series of non-mixing plugs that move through 
network’s pipes at the flow velocity, mimicking a Lagrangian specifi
cation. This method is considered accurate and computationally effi
cient [18].

Dynamic approach.
In the dynamic approach, both hydraulic and thermal problems are 

considered time-dependent. Dynamic approaches typically use an 
Eulerian specification [33]. In dynamic models, the pipes are spatially 
discretized, allowing to calculate the temperature of each pipe section, 
considering both thermal losses and transmission delay [37]. As in 
quasi-dynamic approaches, the solution of the thermal problem can be 
determined by applying the “element method”, the “node method” or 
other methods [18].

Comparison of approaches.
In steady-state approaches the calculation of temperature distribu

tion in the network is time-invariant. This makes them suitable for 
design and planning [43], particularly for multi-energy systems 
([44,45,46]). Quasi-dynamic and dynamic approaches are used for 
operational analysis ([41,47,37]). The quasi-static approach is consid
ered accurate and limited time-consuming ([35,36]). As reported by 
[37], compared to the dynamic approach, the quasi-dynamic approach 
reduces computation burden, but its error and numerical diffusion still 
increase with time step increment and mass flow changes.

1.4. Research gap, research questions and scope of the work

Recent literature focusing on software tools for district heating (DH) 
network simulation primarily focus on conventional DH systems or 
provide general comparisons of tools without explicitly considering the 
unique operational requirements of highly renewable district heating 
(R-DH) systems. To date, no publication has comprehensively evaluated 
the ability of existing tools to simulate the optimal operation of R-DH 
systems, which aim to achieve near-100 % renewable heat production, 
maximize energy efficiency, and minimize CO2 emissions. This study 
addresses this gap by introducing a novel analytical framework that 
links the real-life operational requirements of R-DH systems to specific 
modeling criteria for simulation tools. By doing so, this work provides a 
targeted evaluation of tools in the context of R-DH, offering insights that 
go beyond existing classifications and descriptions.

This work is guided by the following questions: 

• Which specific real-operation abilities should a near-100 % R-DH 
possess?

• To what extent are the currently available DH simulation tools able 
to simulate the operation of a R-DH? What are the main features and 
limitations of these tools?

The novelty of this paper lies in three key contributions: 

1. Identification of R-DH operational requirements
This study identifies a comprehensive list of operational abilities 
required for the real-life operation of R-DH systems, derived from an 
extensive review of technologies, strategies, and practices aimed at 
achieving highly renewable DH.
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2. Evaluation of DH simulation tools using a novel analytical 
framework
Twelve DH simulation tools were evaluated and compared using a set 
of criteria directly derived from the identified operational re
quirements of R-DH systems. This approach goes beyond existing 
comparative studies, by systematically linking the operational needs 
of R-DH systems to modeling requirements, enabling a more 
application-oriented evaluation of tools.

3. Recommendations and Guidelines for Researchers and Tool 
Developers
Based on the evaluation, this paper provides clear recommendations 
for researchers to select tools aligned with their specific needs, 
whether for network-specific studies or advanced research requiring 
flexibility and multi-domain modeling. Additionally, it offers 
guidelines for tool developers to address existing gaps. By addressing 
these gaps, this work aims to support the transition to more sus
tainable and renewable DH systems.

2. Identification of R-DH real operation characteristics and 
needs

This section provides a comprehensive review of the technologies, 
strategies, and operating practices that support the transition to 
renewable district heating (R-DH) systems. Subsections 2.1 to 2.8 
explore key aspects of R-DH systems, including renewable and waste 
heat (RWH) integration, flexibility and storage solutions, optimization 
of heat production, hydraulic configurations, temperature reduction 
strategies, and advanced control techniques. Based on this review, 
Section 2.9 derives a list of real-life operational requirements essential 
for the optimal functioning of R-DH systems.

2.1. Renewable and waste heat sources

In this section, the main types of RWH sources for DH are presented, 
analyzing the characteristics, potential, and limitations of each source.

As defined by Tran and Smith [48] in relation to electrical power 
generation, dispatchable generation is a type of generation that can be 
delivered based on the demand. Dispatchability measures the degree of 
flexibility of a certain plant in real time responsiveness. It is related to 
technical metrics like: start-up time, ramp-up (down) time, operational 
power range (maximum and minimum output), and minimum run time. 
Unlike electrical systems, where frequency and voltage control are 
required on a time-horizon in the order of seconds [49], the regulation of 
DH systems typically occurs on a timeframe in the order of minutes (or 
hours), reflecting their slower dynamics and considerable storage 
capacity.

The “schedulability” of a heat source is defined as the extent to which 
the heat output can be reliably forecasted and scheduled in advance, 
regardless the operational dispatchability in real time operation.

Biomass.
Biomass is currently the heat source with the highest share (34.4 % in 

2022) in the European DH energy mix [2]. It is used in district heating 
(DH) systems through two main technology options: heat-only boilers 
(HOB) and combined heat and power (CHP) plants, both of which are 
well-established and frequently employed ([24,50,51,52,53]). Due to its 
high combustion temperature (above 200 ◦C), biomass can be used in 
2GDH, 3GDH, and 4GDH systems.

In terms of dispatchability, biomass-based CHP plants have relatively 
long start-up times, ranging from 40 to 60 min for a hot start to 120–170 
min for a cold start, and can operate at partial loads down to 30 % of 
nominal capacity [54]. HOBs offer slightly greater flexibility, with a 
regulation range of 25–100 % of full capacity and ramp rates between 
4–10 % of nominal load per minute, depending on the specific plant 
[55]. Compared to gas boilers and electric boilers, biomass plants 
exhibit longer start-up times and lower ramp rates, making them more 
suitable for base-load or intermediate load operation [[56,55]].

The schedulability of biomass-based plants is high when fuel avail
ability is ensured, as their heat output can be reliably forecasted and 
scheduled [24]. However, if a CHP plant prioritizes electricity produc
tion, the dispatchability and schedulability of heat production must be 
considered null.

Direct use of Geothermal.
Geothermal heat can be connected to district heating (DH) systems 

either directly, by injecting geothermal water into DH pipelines, or 
indirectly, using heat exchangers to separate geothermal water from the 
DH heat transfer fluid [57]. In 2022, geothermal energy accounted for 
2.5 % of the European DH energy mix, with significant variability across 
countries [2]. Its economically viable use is limited to specific geological 
sites where shallow geothermal heat can be extracted at low cost and 
technological complexity [58].

Examples of geothermal DH applications include Iceland [59], 
France [60], and Turkey [61,62]. In Slovenia, Stegnar et al. [63] found 
that while 54 % of the technical DH potential remains untapped, shallow 
geothermal energy is more suited to individual systems than DH appli
cations. In contrast, deep geothermal energy can be exploited without 
geographical limitations, as demonstrated by DH systems in Munich 
[64] and Vienna [65].

When available, geothermal heat sources are generally both sched
ulable and dispatchable, although dispatchability may be constrained by 
specific applications.

Waste heat.
Waste heat (WH) sources for district heating (DH) can be classified 

into two categories: (i) heat generated from waste-to-energy (WtE) 
technologies, and (ii) excess heat (EH) released by industrial and service 
sector processes [66]. In 2022, WtE and EH contributed 6.4 % and 3.6 %, 
respectively, to the European DH energy mix [2].

WtE technologies use municipal solid waste (MSW) incineration in 
heat-only boilers (HOB) or combined heat and power (CHP) plants, with 
examples found in many countries [[67,66]]. Fruergaard et al. [68] 
demonstrated that replacing fossil-fuel boilers with WtE incinerators can 
significantly reduce CO2 emissions, saving up to 48 and 43 kg CO2/GJ 
for two case studies. Since MSW can be stored at the plant, WtE heat 
sources are highly schedulable, similar to biomass-based plants [56]. 
However, their dispatchability is limited by long start-up times (up to 12 
h for a cold start) and low ramp rates (1 % per minute) [56].

Excess heat (EH) is a byproduct of industrial [69] or service-related 
activities, such as supermarkets, power substations [70], and data cen
ters [[71,72,73]). While EH production is not dispatchable, as it depends 
on the primary activity of the industrial or service process, its schedul
ability is high when production processes are regular [[70,73]].

Use of Heat Pumps.
Heat pumps (HPs) are a heat production technology used to supply 

heat to district heating networks (DHNs), accounting for approximately 
1 % of the heat supply in DH systems [74]. HPs require a heat source (e. 
g., air, ground, groundwater, or waste heat) and an additional energy 
input, which can be either electrical energy for vapor-compression heat 
pumps (VCHPs) or thermal energy for sorption heat pumps (SHPs) [75]. 
HPs play a key role in renewable-driven DH (R-DH) systems by enabling 
the integration of RWH sources into DHNs, particularly when the tem
perature of the heat source is insufficient for direct injection into the 
network.

The HEATLEAP European project has demonstrated the environ
mental and economic benefits of integrating large-scale HPs into DH 
systems, particularly for waste heat recovery [76]. For example, in 
Berlin, an 8 MW high-temperature HP recovers waste heat from a 
cooling plant, supplying heat to the DH network at temperatures be
tween 85 ◦C and 120 ◦C, resulting in annual CO2 savings of 6,500 tons 
[77]. Similarly, Wang et al. [78] studied the use of high-temperature 
HPs to recover waste heat from data centers, showing that a 1 MW HP 
can reduce CO2 emissions by approximately 33 tons annually. Many 
DHNs are transitioning from combustion technologies to large HPs, with 
examples in Denmark, Germany, Austria, and the Netherlands [79].
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A quantitative description of dispatchability of vapor-compression 
heat pumps (VCHPs) is reported in [80]. Air-to-water and seawater- 
source VCHPs exhibit a cold start-up time of 0.5–1 h and a hot start- 
up time of 6–10 min, making them significantly more responsive than 
other base load technologies like biomass or waste-to-energy plants. 
VCHPs also have a regulation capability of 10 % per minute and can 
operate at a minimum load of 25 %.

In terms of schedulability, HPs depend on the availability and 
schedulability of the energy input, which varies based on the type of 
heat pump and its energy source. For VCHPs connected to the electricity 
grid, the energy input is generally available and schedulable, but its 
renewable nature depends on the CO2 intensity of the electricity mix. 
SHPs, on the other hand, rely on thermal energy, whose schedulability 
depends on the characteristics of the heat source.

Solar thermal.
Solar thermal systems convert solar radiation into thermal energy 

and accounted for only 0.2 % of the European DH energy mix in 2022 
[2]. Studies have highlighted the potential of integrating solar thermal 
energy into DH networks, particularly for reducing CO2 emissions. 
Winterscheid et al. [81] demonstrated that increasing the annual solar 
fraction reduces emissions, though none of the scenarios studied ach
ieved a solar fraction above 20 %. Similarly, Rämä and Mohammadi 
[82] evaluated centralized and decentralized solar collector systems in a 
Finnish DH network, finding that the maximum solar fraction reached 
21 % for centralized systems at low supply temperatures.

Solar thermal energy is inherently non-dispatchable and non- 
schedulable due to its dependency on weather conditions and the 
strong seasonal and daily imbalances in production [83]. While fore
casting methods can provide reliable intra-day and day-ahead pre
dictions, uncertainty increases significantly for longer time horizons 
[84]. The dispatchability and schedulability of solar thermal systems 
improve significantly when coupled with thermal energy storage (TES).

Table 1 summarizes the dispatchability and schedulability of RWH 
sources. Most sources, such as biomass, waste heat, and solar thermal, 
SHPs have low dispatchability, while geothermal and VCHPs are highly 
dispatchable. Notably, the renewability of VCHPs depends on the elec
tricity mix. In terms of schedulability, most sources, except solar ther
mal, exhibit high reliability when production processes or fuel storage 
are predictable.

2.2. Flexibility in DH

The low dispatchability of many RWH sources, as highlighted in 
Section 2.1, can lead to temporal mismatches between heat production 
and consumption, potentially compromising the reliability of DH ser
vices. To address this challenge, R-DH systems must leverage alternative 
flexibility options to ensure a better alignment of heat supply and 
demand.

Flexibility is a frequently used term referred to energy systems and it 

is often used in relation to electrical systems. Lechl et al. [85] solved the 
ambiguities regarding flexibility definitions, providing a flexibility tax
onomy applicable to all types of energy systems. The authors give a 
mathematical definition for terms like: “flexibility requirement”, “flex
ibility potential”, “flexibility source” and others. In the field of DH, 
Vandermeulen et al. [13] defined flexibility as the ability of shifting heat 
production and/or consumption in time and/or magnitude. Flexibility 
options consider actions that occur in a timespan below 24 h, i.e., 
intraday [86], or for several days.

In DH, three categories of flexibility options can be identified: 

a) Use of central thermal energy storages for intraday (daily) operation
b) Use of demand-side flexibility (Demand Response)
c) Use of the network itself as a thermal storage

a) Use of central thermal energy storages.
Centralized thermal energy storage (TES) systems can be connected 

to the network and be utilized for valley filling and peak shaving of the 
thermal demand (consumption-flexibility). Centralized TES can also 
allow to store intermittent production of renewable ([87,88]) and waste 
heat [89] for a later use, maximizing RWH exploitation (production- 
flexibility). TES systems can be used for both long- and short-term 
storage. Gadd and Werner [90] conducted an analysis reporting the 
relative size of storage units (m3/TJ) as a function of the annual energy 
demand of the network. Results show that most of the TES installed in 
DH systems are short-term storages.

TES can be divided in three categories based on the physical phe
nomenon used to store heat: sensible, latent and chemical. While sen
sible storage is a mature technology used in various DH networks, latent 
and chemical storage are still at an early research stage. [57].

Fazlollahi et al. [91] and Du et al. [92] demonstrated the benefits of 
integrating central TES into DH systems. Fazlollahi et al. showed that 
incorporating daily TES tanks in high- and low-temperature DH net
works improved overall system efficiency, reduced environmental im
pacts, and lowered total costs by 4.7 %, 5 %, and 2 %, respectively. 
Similarly, Du et al. [92] proposed a framework for integrating waste 
heat from data centers with dual short-term TES, achieving a 2.1 % in
crease in load shifting, a 10 % reduction in peak demand, and a 3.2 % 
decrease in operational costs. Both studies highlight that larger TES sizes 
enhance peak shaving and cost reduction, although the impact on load 
shifting capacity is limited.

The review by Guelpa and Verda [57] extensively examined the 
implementation of thermal energy storage (TES) in DHC systems. It 
evaluated both short-term and long-term storage options, highlighting 
their respective advantages and disadvantages. The analysis assessed 
energetic, economic and environmental aspects.

b) Use of demand-side flexibility (Demand Response).
Demand Response (DR) consists in shifting the thermal load of 

consumers in time. The main benefits of this practice are a reduction in 
peak heating demand, as well as a reduction in the cost of heat supply 
and CO2 emissions in cases where fossil peak-heating plants are used 
([93,94]).

Two types of DR can be identified [94]: 

• Indirect DR
It consists in the application of different tariffs for different time of 
the day. This is widely used in the electricity market and attempts are 
done also for the thermal one. The main limitation of this method is 
the uncertainty in the outcomes due to the hardly forecastable user 
behavior. In this regard, Mokhtari et al. [95] proposed a methodol
ogy for designing day-ahead dynamic price profiles for DH, aimed at 
encouraging customers to participate in DR purposes activities. Re
sults show that the change in demand profile matched a pre-defined 
load-shifting profile with 16.6 % mean absolute percentage error 
(MAPE) with an associated peak load reduction of up to 84.4 % in a 
typical winter day. Knudsen et al. [93] presented an iterative 

Table 1 
Dispatchability and schedulability of RWH sources.

Heat Source Dispatchability Schedulability

Biomass Low (long start-up times, low 
ramp rates)

High (fuel can be stored, 
ensuring reliable scheduling)

Geothermal High (output can be adjusted by 
varying geothermal fluid flow 
rate)

High (reliable and 
predictable in suitable 
geological sites)

Waste-to- 
Energy

Low (long start-up times, low 
ramp rates)

High (MSW can be stored, 
ensuring reliable scheduling)

Excess Heat Low (dependent on primary 
industrial/service process)

High (if production processes 
are regular and predictable)

Heat Pumps VCHPs: High (short start-up 
times, high ramp rates) 
SHPs: Low

VCHPs: High (if connected to 
the electricity grid). 
SHPs: Depends on source.

Solar 
Thermal

Low (due to weather dependency) Low (forecasting methods 
offer limited reliability)
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methodology for assessing price-driven DR during the development 
of the heating solution of new building areas with DH and available 
WH. Results show a potential of 13 % reduction in operational cost at 
the expense of 1 % increase in energy consumption. The operation 
cost reduction derives from a minor use of costly, carbon-emitting 
peak-heating plants.

• Direct DR
It consists in a direct load control. Demand profiles are managed to 
make them as close as possible to the optimal ones (desired bench
mark) while keeping comfort conditions inside the buildings. Direct 
DR can rely on optimization processes, real time analysis and day- 
ahead analysis.

When Direct DR is used, “flexible consumers” can adjust their con
sumption at the request of the network operator, to achieve a specific 
goal. For example, if the goal is the minimization of thermal peaks, the 
consumption of the flexible consumer can be increased (valley filling) to 
store heat before an expected demand peak. During peak demand, the 
consumption of the flexible consumer can be reduced (peak shaving), 
exploiting the heat previously stored. For non-industrial consumers, 
flexibility potential can be identified in the use of: 

1. A distributed TES.
2. The building mass as a virtual thermal storage.

In the first case, a TES is installed at the consumer’s site, on the 
secondary side of the DH substation [57].

In the second case, a similar demand-side flexibility concept is per
formed, with the difference that the storage capacity exploited is the 
building’s thermal mass. Flexibility lies in the variation of the room 
temperature within the building, which can be increased at times of high 
availability of heat production and reduced at times of low availability. 
The range of room temperature variation is constrained by the preser
vation of comfort conditions inside the building [[96,97]].

Industrial utilities can also shift in time their consumption, providing 
demand-side flexibility.

As highlighted by Lind et al. [98], the building’s thermal mass has 
the ability to shift loads on short term. This ability can be utilized for 
reducing costs to end-users or energy providers, reducing the primary 
energy demand of peak boilers and CO2 emissions. Van der Zwan and 
Pothof [97] formulated an operational MPC optimization model for a 
DH system with capacity- and temperature-limited renewable sources. 
The test case shows that the peak heating demand can be reduced by 50 
%, if the thermal inertia of the buildings is used and the heating setpoints 
for sources’ supply temperatures are adapted. A comprehensive review 
on building flexibility for DH has been realized by Guo et al. [99]. The 
review considers quantification of energy flexibility, the realization of 
thermal flexibility, and the use of building thermal mass in demand side 
management.

c) Use of the network itself as a thermal storage.
Unlike the electric grid, district heating networks (DHNs) inherently 

possess a higher degree of flexibility due to their ability to store thermal 
energy. This flexibility, often referred to as District Heating Network 
Inertia (DHNI), allows the network to be “charged” during periods of 
high renewable heat (RWH) availability and “discharged” during low 
availability, providing short-term flexibility without additional infra
structure investment. However, this approach increases heat losses and 
thermal stresses in the network [100].

DHNI is typically activated by varying the supply temperature at 
heating plants while ensuring minimum supply temperatures for con
sumers and avoiding excessive temperature change rates. Alternatively, 
overflow valves can increase return temperatures by bypassing flow 
from supply to return lines, though this also increases heat losses. The 
concept of network preheating further exploits the heat transportation 
delay in DHNs, allowing high supply temperatures at low flow rates 
before a demand peak, followed by increased flow rates during the peak 

to avoid production spikes [101].
Several studies have demonstrated the potential benefits of utilizing 

DHNI: 

a. Peak Power Reduction: Basciotti et al. [102] showed a 15 % reduc
tion in daily peak power with only a 0.3 % increase in heat losses. 
Turski and Sekret [103] found that using both buildings and the DHN 
as thermal storage reduced peak production by 16.2 MW in a case 
study.

b. Cost Savings: Kouhia et al. [100] reported a 2 % reduction in oper
ating costs through optimized control strategies.

However, the practical storage potential of DHNs is limited. Zhang 
et al. [104] found that Swedish DHNs can store less than 0.8 % of daily 
heating demand with a 10 K temperature increase, while Chinese DHNs, 
due to oversized pipes, can store up to 4 %. Additionally, intensive use of 
DHNI can increase the frequency of pipe ruptures due to thermal 
stresses, as noted by Vandermeulen et al. [86] and Liu et al. [105].

2.3. Seasonal thermal energy storage

Seasonal thermal energy storage (STES) enables heat generated 
during one season to be stored and used in the following one. STES 
systems are often coupled with renewable and waste heat (RWH) sour
ces, such as solar thermal plants, to store excess heat produced in 
summer and provide it in winter when demand is higher [57]. 
Depending on the storage temperature relative to the operating tem
peratures of the district heating network (DHN), the heat transfer fluid 
can either be directly used as the storage medium (direct usage) or 
require auxiliary systems, such as heat pumps, to increase the storage 
temperature (indirect usage) [57].

STES technologies are typically divided into three categories: Tank 
and Pit TES (TTES and PTES), Borehole TES (BTES), and Aquifer TES 
(ATES).

Tank and Pit TES. TTES uses insulated containers filled with water, 
while PTES stores heat in excavated ground enclosed by watertight 
covers. These systems have low energy density and high thermal losses 
(up to 30 %), making them less suitable for urban areas with limited 
space availability [[57,106]]. PTES systems have been studied in com
bination with solar thermal plants and absorption heat pumps (AHPs), 
achieving solar fractions of up to 20 % in DH systems [107].

Borehole TES. BTES stores heat in the thermal capacity of the soil 
using pipes installed in boreholes to form a closed-loop system. While 
BTES offers potential for integration with solar thermal systems, it 
comes with high investment costs, low energy density (3–5 times lower 
than water TES), and sensitivity to soil thermal properties [[57,106]]. 
Studies show that the effectiveness of BTES in DHC networks depends on 
a balanced cooling-to-heating demand ratio, typically between 0.4 and 
1.0, to optimize environmental and economic performance [[108,109]].

Aquifer TES. ATES uses natural aquifers as storage media, with 
groundwater acting as the heat carrier. However, ATES faces challenges 
such as high heat losses due to the lack of thermal insulation and po
tential interference with other groundwater uses [[106,57]]. In Frei
burg, Germany, simulations of shallow low-temperature ATES systems 
showed potential greenhouse gas (GHG) emissions savings of up to 
70,000 tCO2eq/year, corresponding to 40 % of current emissions from 
space heating and domestic hot water preparation in the area [110].

STES technologies offer significant potential for integrating RWH 
sources into DHNs, particularly in regions with seasonal heating and 
cooling demand. However, their adoption is limited by challenges such 
as low energy density, high thermal losses, and site-specific constraints 
(e.g., soil properties or aquifer availability). Among the three technol
ogies, TTES and PTES are more suitable for areas with abundant space, 
while BTES and ATES are better suited for regions with balanced 
cooling-to-heating demand ratios or favorable geological conditions. 
Future research should focus on improving the efficiency and cost- 
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effectiveness of STES systems, as well as exploring their integration with 
advanced DH tools such as heat pumps and solar thermal systems.

2.4. Optimization of heat production portfolio

The achievement of R-DH requires the integration of un-evenly 
distributed RWH sources [111]. The scarcity and non-dispatchability 
of RWH sources require the implementation of an optimal control 
strategy to fully exploit their potential. In the context of energy (elec
tricity and heat) production, portfolio optimization aims at finding the 
optimal operation of a portfolio of multiple plants, to satisfy a given 
energy demand within a set of boundary conditions and constraints 
([112,113]). Modeling approaches for portfolio optimization can be 
stochastic or deterministic. In DH, deterministic approaches are more 
commonly spread [112], even though examples of stochastic methods 
exist ([114,115,116]). Deterministic approaches include linear pro
gramming, merit order (MO), mixed integer linear programming (MILP) 
and mixed integer non-linear programming ([117,118,112]). MILP and 
MO are the most used methods. The MILP approach is able to include an 
accurate description of the technology behavior, accounting for mini
mum run-time, maximum ramp-time, start-up and down times [112]. 
The MO is a rule-based algorithm that determines the activation and the 
thermal output of the plants in the portfolio according to their ascending 
marginal cost of production. A conceptual representation of the MO is 
reported in Fig. 1.

While the MILP approach guarantees a higher accuracy, it is more 
time-consuming and computational-intensive. This aspect becomes 
important with the integration of several RWH sources. Gonzalez- 
Salazar et al. [112] compared four different versions of MO with a 
MILP approach for a case-study DH system. Results showed small dif
ference in heat production between the most accurate MO model and the 
MILP approach. The authors suggest the use of a combination of MO and 
MILP models for faster and more robust decision-making.

2.5. Hydraulic circuits for RWH sources

The local scarcity of RWH sources (Section 2.1) requires their 
optimal integration into DHNs.

A heating plant can supply heat to the network in three different 
hydraulic circuits configurations (Fig. 2) [119].

Return-to-Supply (RtS) (Fig. 2a): the heating plant increases the 

temperature from the return to the supply line. This setup requires high 
pumping power, as the pump must overcome the pressure difference 
between the return and supply lines.

Return-to-Return (RtR) (Fig. 2b): the heating plant pre-heats the 
return line, operating efficiently at low temperatures. Pumping power is 
provided by network pumps to overcome the pressure loss in the heat 
exchanger and connecting pipes. The higher return temperature raises 
network heat losses and slightly reduces the efficiency of the primary 
heat generator.

Supply-to-Supply (StS) (Fig. 2c): the heating plant heats the supply 
line, operating at low efficiency due to the high required temperature. 
Network pumps provide the pumping power to overcome the pressure 
loss in the heat exchanger and connecting pipes. The primary heat 
generator’s efficiency remains unchanged.

The choice of the hydraulic configuration depends on the type of 
renewable technology and the supply and return temperature of the 
DHN.

HPs. A detailed review regarding the integration of HPs in DH was 
conducted by Barco-Burgos et al. [120]. Their work reviewed the inte
gration of HPs in 3GDH, 4GDH and 5GDHC, describing 12 placement 
options and connection modes of a HP unit. Due to the significantly 
lower temperature lift, RtR configuration has a higher COP compared to 
RtS configuration. In the same framework, [121] compared five generic 
configurations of HPs in DH systems considering different DHN tem
peratures, different fuels and different production technologies. For 
lower DH temperatures (70 ◦C and 35 ◦C supply and return temperature 
respectively), the RtR configuration exhibited the best performance 
when considering both cost of fuel and coefficient of system perfor
mance (COSP). Specifically, the COP for RtR and RtS configuration was 
5.30 and 4.11 respectively. Supercritical HPs (e.g., CO2 as refrigerant) 
can reach high temperature lifts on the heat sink side and therefore be 
used in RtS configuration [122].

Biomass plants and Waste-to-Energy (WtE). Burning technologies 
are typically used in RtS configurations as they are not limited by 
maximum temperatures and their energy conversion efficiency is not 
strongly dependent on return and supply temperature [[119,123]]. For 
burning technologies, a considerable efficiency improvement is possible 
if flue gases condensation is achieved. To achieve flue gases condensa
tion, the DH return temperature should not exceed 45–50 ◦C. Burning 
technologies can be used in StS configuration, coupled with a heat 
source installed in RtR.

Fig. 1. Conceptual Representation of Merit Order, based on [112].
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Solar thermal. Solar thermal collectors are limited in the maximum 
temperature they can reach [124]. Solar collectors exhibit higher effi
ciency at lower operating temperatures due to reduced thermal losses, as 
the temperature difference between the collector and the ambient 
environment is minimized [125], the RtR is the most efficient connec
tion. If network’s required supply temperature is low enough, they can 
be operated also in RtS and StS configuration.

Geothermal and Excess Heat (EH). The outlet temperature pro
duced by geothermal and excess heat depends on the specific heat source 
exploited. In some cases, RtR is forced by the low-temperature of 
geothermal or excess heat source. If the heat source temperature is high 
enough in relation to the required supply temperature in the DH 
network, RtS or StS configurations can be adopted. EH can be coupled 
with HPs, if the temperature of the EH source is too low.

While the RtR configuration offers advantages for HPs and solar 
thermal plants, it also presents notable drawbacks. When a source is 
installed in RtR, an additional heat source downstream must be installed 
in RtS to achieve the required supply temperature. However, this 
downstream source may operate at lower efficiency due to the higher 
return temperature caused by the upstream RtR source [[119,123]]. 
Furthermore, the higher return temperature downstream of the source 
connected in RtR increases heat losses in the network. These opposing 
effects underline the importance of optimization to identify the most 
suitable hydraulic configuration for specific applications.

Table 2, reports the adopted hydraulic configurations for the diverse 
RWH sources presented in Section 2.1.

2.6. Reduction of temperature levels in DH

As explained in the Introduction (Section 1), the historical succession 
of DH generations is characterized by a trend towards lower operating 

temperatures. Literature shows that the reduction of operating temper
ature is still an important area of research. Several procedures and 
techniques have been proposed in literature aiming to reduce the return 
temperature.

These include optimizing domestic hot water (DHW) tank charging 
through advanced control concepts [126], implementing adaptive con
trol systems for radiator circuits to address oversizing issues [127], and 
utilizing cascade systems to repurpose return flows from high- 
temperature consumers for low-temperature consumers [128]. Addi
tionally, reviews have highlighted the importance of pricing strategies, 
maintenance practices, and other non-technical measures in achieving 
lower return temperatures [129].

Lowering the return temperature in DH has implications on the hy
draulic and thermal performance. When the return temperature is 
reduced while maintaining a constant supply temperature, the temper
ature spread increases. This allows the same thermal power to be 
transmitted with a lower volumetric flow rate, thereby either reducing 
the required pumping power or enabling the supply of more customers 
with the same flow rate [128].

As discussed in Section 2.5, reducing the return temperature also 
enhances the efficiency of certain heat production technologies, such as 
condensing boilers, which require low return temperatures below 45 ◦C 
to maximize condensation and energy recovery [123].

Lower return temperatures are essential for reducing supply tem
peratures, which help further minimize thermal losses in the network. 
Additionally, lower supply temperatures enable the integration of low- 
temperature renewable heat sources (RWH) into R-DH systems [130].

2.7. Heat production control strategies

In DH systems, supply temperatures and volumetric flow rates are 
the two primary decision variables used to control the thermal power at 
heat sources. Three main control strategies are commonly employed in 
DH [18]: 

1. Constant Flow − Variable Temperature (CF-VT),
2. Variable Flow − Constant Temperature (VF-CT), and
3. Variable Flow − Variable Temperature (VF-VT)

Among these, the VF-VT strategy has been shown to achieve the best 
performance in terms of cost reduction and renewable energy integra
tion [131]. However, dynamically controlling both the supply temper
ature Tsup and flow rate V̇ introduces significant challenges, due to the 
non-linear and non-convex nature of the problem. Non-convexities 
arise from both the thermo-hydraulic calculations and the control 
logic. The thermo-hydraulic calculations involve non-linear relation
ships between flow rates, temperatures, pressures, and heat transfer, as 
well as temperature mixing at network nodes [18].

The control logic for VF-VT requires dynamically adjusting both the 
supply temperature Tsup and the flow rate V̇. Without additional rules or 

Fig. 2. Schematic representation of hydraulic circuits for heating plants: a) Return-to-Supply Configuration; b) Return-to-Return Configuration; c) Return-to-Supply 
Configuration [119].

Table 2 
Hydraulic Connections for RWH sources.

Renewable Heat 
Source

Return-to- 
Supply (RtS)

Return-to- 
Return (RtR)

Supply-to- 
Supply (StS)

Biomass F; ME NF F**
Solar Thermal F F; ME F
Geothermal F* F F*
Waste Heat (Excess 

Heat)
F* F F*

Waste Heat (Waste-to- 
Energy)

F* NF F**

Heat Pumps F F; ME F

Legend:
F Feasible
NF Not Feasible
ME Maximum Efficiency
* Feasibility depends on the temperature level of the heat source
** Feasible if a better suited heat source is attached in RtR
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constraints, the system is underdetermined, as infinite number of com
binations of Tsup and V̇ can satisfy the power equation: 

Q̇ = V̇⋅ρ⋅cp⋅
(
Tsup − Tret

)

Where ρ is the water density and cp is its specific heat at constant 
pressure. To resolve this, additional rules can be defined to link Tsup or V̇ 
to other parameters. For example, Tsup can be defined as a function of 
ambient temperature. Alternatively, optimization algorithms can be 
used to determine the optimal combination of Tsup and V̇ (e.g., mini
mized energy consumption for pumping power and heat losses). How
ever, these approaches introduce further complexity, as the optimization 
problem must account for time delays, temperature dynamics, and in
teractions between variables. In many cases, this results in a Mixed- 
Integer Nonlinear Programming (MINLP) formulation, which is 
computationally expensive and difficult to solve for large systems [18].

2.8. Model predictive control optimization

In renewable-driven district heating (R-DH) systems, the substitution 

of flexible fossil-fuel-based heating plants with low-dispatchable and 
low-programmable renewable heat (RWH) sources increases the risk of 
mismatch between production and consumption, which cannot be fully 
compensated by flexibility options (Sections 2.2 and 2.3). To mitigate 
this risk and optimize the use of RWH sources, Model Predictive Control 
(MPC) has emerged as a widely used control strategy that integrates 
forecasts of exogenous variables, such as future thermal demand and 
RWH availability [132], into an optimization algorithm [ [133,134]].

MPC requires a digital network model to predict the future outputs of 
a system over a finite time horizon. The process involves several steps, 
which can be summarized as follows (Fig. 3): 

1. Current State Estimation
Calculation of the current state of the system (e.g., temperatures, 
mass flows, storage levels), using available measurements and a 
digital network model to estimate unmeasured states.

2. Forecasting of exogenous variables
Forecast of exogenous variables (e.g., thermal demand, outdoor 
temperature, intermittent RWH availability, electricity prices) over 
the prediction horizon.

Fig. 3. MPC Cyclic Procedure and related Timeline.
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3. Optimization Problem Setup
Formulation of a constrained optimization problem to minimize a 
target function (e.g., CO2 emissions, cost of heat), based on: 
• the predicted system behavior,
• forecasted exogenous variables, and
• system constraints (e.g., temperature and pressure limits).

4. Solution of the Optimization Problem
At each timestep, the solver computes the optimal sequence of con
trol inputs over the time horizon. MPC applies only the first element 
of the optimized control sequence, as the optimization is re- 
evaluated at the next timestep using updated measurements and 
forecasts.

5. Control Actions Application to the real network
Application of the previously computed control actions to the real 
system.

6. Shift the forecasting horizon forward and repeat the process
The forecasting horizon is shifted forward and the process is repeated 
from Step 1.

Academic literature demonstrates that MPC can optimize several 
aspects of DH operation, including reducing heat production costs 
[135], minimizing total energy demand [136], lowering peak con
sumption [137], and improving the utilization of RWH sources [ 
[136,138]]. For most applications, the forecasting horizon ranges be
tween 6 and 24 h.

The computational efficiency of MPC is critical for its feasibility in 
real-time control applications. The time required to simulate the current 
network state and solve the optimization problem must be significantly 
lower than the forecasting horizon. Studies have shown that while 
MINLP-based MPC approaches offer broader applicability due to 
reduced parameter tuning, they are computationally expensive. NLP- 
based MPC methods, on the other hand, are 7–9 times faster and pro
vide similar control performance [139]. Computational efficiency is 
particularly important for large systems, where real-time control is 
essential.

2.9. List of R-DH real-life operational requirements

The literature review carried out in the previous sections (Sections 
2.1 to 2.8), allowed to identify and describe the technologies, measures 
and operating conditions currently adopted to achieve a R-DH. All the 
considered aspects can be summarized in a list of functional and oper
ational abilities that a R-DH should possess. 

1. Storing heat in central TES for both short and long-term storage
2. Adopting DR techniques for short-term flexibility
3. Exploiting the network as a thermal storage for short-term flexibility
4. Optimally control the heat production portfolio
5. Integrating heating plants considering different hydraulic attach

ments to the network
6. Reducing the operation temperatures
7. Optimally control the thermal production at heat sources by con

trolling both flow and supply temperature
8. Application of MPC for optimal control

3. Methodology

This chapter outlines the systematic approach adopted to evaluate 
district heating (DH) simulation tools for their ability to support the 
optimal operation of R-DH systems.

3.1. Overview of the Methodological approach

The methodology is structured into several phases: 

• Sources research. In the beginning, a systematic search of academic 
sources, including research and review articles, was conducted 
across multiple scientific databases (e.g., Scopus, ScienceDirect, and 
others). The search strategy involved the use of keyword categories 
and Boolean operators to identify studies focusing on technologies, 
measures, and operating conditions that promote an increased share 
of renewable and waste heat (RWH) sources in the DH source mix. 
The search process was guided by key research topics, which are 
detailed in the “Selection and categorization of sources” section.

• Definition of R-DH. A renewable-district heating (R-DH) is defined as 
a DHN that is supplied with near-100 % RWH energy mix to satisfy 
the heating demand of residential (SH and DHW), non-residential 
and industrial customers.

• Selection and categorization of sources. The sources found were 
selected and categorized by research topic. 

The research topics considered are: 
• Renewable and waste heat sources
• Flexibility in DH
• Seasonal thermal energy storage
• Optimization of heat production portfolio
• Hydraulic circuits for heating plants
• Control strategies for heat production
• Reduction of operating temperature levels
• Model predictive control optimization

As the purpose of this work is to evaluate DH tools for the simulation 
of the optimal operation of R-DH, the selection of sources focused on 
3GDH, and 4GDH which are currently the most widely implemented 
technologies. Nevertheless, sources addressing 5GDHC have been 
included for certain topics.

• Identification of list of operational requirements for R-DH. Based on the 
literature review, a list of functional and operational required for R- 
DH is identified.

• Definition of criteria for DH simulation tools evaluation. The criteria for 
evaluating DH tools are based on two key aspects: 
• Satisfaction of pre-requisites: the tool’s ability to simulate the 

quasi-dynamic operation of a DHN, including dynamic thermal 
modeling and steady-state hydraulic modeling (explained in Sec
tion 3.2).

• The satisfaction of a R-DH specific modeling requirements: the 
tool’s ability to satisfy modeling requirements, such as TES inte
gration and custom-scripting, that are directly derived from the list 
of abilities identified in the previous phase and summarized in 
Table 3.

• DH tools’ selection. An extensive online search, combined with the 
analysis of both review and research academic articles, was con
ducted to identify DH modeling tools for evaluation. Twelve tools 
were selected, representing a diverse range of commercial, educa
tional, and freeware software to ensure a comprehensive assessment 
across different types of tools used in the field.

• DH tools’ evaluation and comparison. The selected tools were indi
vidually evaluated based on the defined criteria, focusing on their 
ability to simulate the optimal operation of R-DH systems. Following 
this evaluation, the tools were compared to identify their relative 
strengths and weaknesses. This comparative analysis provided the 
basis for deriving recommendations for researchers on tool selection 
and guidelines for tool developers to address existing gaps in simu
lation environments.
A detailed disclaimer regarding the variability and limitations of the 
reported information is provided in Section 4.2.

3.2. DH Tools’ evaluation criteria

This section outlines the evaluation criteria used to analyze DH 
simulation tools. The criteria are designed to assess the tools’ ability to 
simulate the optimal operation of R-DH systems. The evaluation 
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framework is based on the real-life operational requirements of R-DH 
systems, which are linked to specific modeling requirements that the 
tools must fulfill. Table 3 provides an overview of the key operational 
requirements for R-DH systems (defined in Section 2.9), the motivations 
behind these requirements, the corresponding modeling needs, and the 
specific implementation options available for simulation tools. This 
table serves as a framework for understanding how real-life operational 
challenges in R-DH systems can be addressed in the evaluation of DH 
modeling tools.

3.2.1. Prerequisites
The evaluation considers the assessment of two fundamental pre

requisites (P), which are necessary for any tool to be considered suitable 
for R-DH simulation:

P1: Quasi-dynamic simulation. The tool must support a quasi- 
dynamic modeling approach, which combines dynamic thermal 
modeling with steady-state hydraulic modeling. Dynamic thermal 
modeling is essential for capturing time-dependent phenomena such as 
temperature variations, heat losses, and transmission delays in the 
network. Steady-state hydraulic modeling is sufficient for simulating 
pressure and flow in the network, as transient hydraulic effects (e.g., 
water hammer or surge phenomena) are not relevant for thermal DH 
simulations.

Quasi-dynamic simulation is critical for enabling the evaluation of 
both network as a storage (Section 2.2) and VF-VT heat production 
control (Section 2.7). For network as a storage, quasi-dynamic simula
tion is required to model transmission delays and the dynamic behavior 
of temperature in the pipes, which are key to understanding the net
work’s state of charge (SOC) and its ability to provide short-term flexi
bility. For VF-VT heat production control, quasi-dynamic simulation is 
necessary to capture the time-varying behavior of heat production and 
demand, ensuring that the system can respond dynamically to changes 

Table 3 
Derivation of modeling requirements and implementation options from R-DH 
real-life operational requirements.

R-DH real-life 
Operational 
Requirement

Purpose Modeling 
Requirements

Implementation 
Options

1. Storing heat in 
central TES for 
both short- and 
long-term 
storage

Maximize use of 
intermittent 
RWH sources 
(solar thermal, 
wind, PV + HP).

1. TES model 
analysis (with 
thermal 
stratification and 
thermal losses) 
2. Control strategy 
for TES charging/ 
discharging: 
a. Simple Rule- 
based; 
b. Complex Rule- 
based; 
c. MPC (custom 
scripting or co- 
simulation)

• TES model; 
• Conditional 
control; 
• Custom scripting; 
• Co-simulation;

2. Adopting DR 
techniques for 
short-term 
flexibility

Maximize use of 
intermittent 
RWH sources 
(solar thermal, 
wind, PV + HP).

1. TES modeling at 
consumer level 
(secondary side) 
2. Building 
thermal model 
(secondary side) 
3. DR control 
strategy: 
a. Simple Rule- 
based; 
b. Complex Rule- 
based; 
c. MPC (custom 
scripting or co- 
simulation)

• TES model; 
• Building thermal 
model; 
• Conditional 
control; 
• Custom scripting; 
• Co-simulation;

3. Exploiting the 
network as a 
thermal storage 
for short-term 
flexibility

Maximize use of 
intermittent 
RWH sources 
(solar thermal, 
wind, PV + HP).

1. Evaluate 
network “SOC” 
and transportation 
delay; 
2. Control strategy 
for network 
charging/ 
discharging: 
a. Simple Rule- 
based; 
b. Complex Rule- 
based; 
c. MPC (custom 
scripting or co- 
simulation)

• Quasi-dynamic 
modeling; 
• Temperature and 
pressure in pipes; 
• Conditional 
control; 
• Custom scripting; 
• Co-simulation;

4. Optimally 
control the heat 
production 
portfolio

Maximize 
overall 
integration of 
RWH sources, or 
minimize overall 
cost of heat 
production.

1. Embedded 
Merit Order 
control logic 
2. User’s 
implemented 
control strategy 
for heat sources: 
a. Simple Rule- 
based; 
b. Complex Rule- 
based; 
c. MPC (custom 
scripting or co- 
simulation) 
Note: Tools can 
support either one 
or both options.

• Integrated Merit 
Order control 
logic; 
• Conditional 
control; 
• Custom scripting; 
• Co-simulation;

5. Integrating 
heating plants 
considering 
different 
hydraulic 
attachments

Maximize 
efficiency or 
allow integration 
of intermittent 
RWH sources 
(solar thermal, 
wind, PV + HP). 
Meaningful for 

Attach heat 
sources in RtR and 
StS configurations 
(alternative to 
standard RtS).

• Supported RtR, 
RtS, and StS 
hydraulic 
configuration for 
heat sources

Table 3 (continued )

R-DH real-life 
Operational 
Requirement 

Purpose Modeling 
Requirements 

Implementation 
Options

waste heat, solar 
thermal, HPs.

6. Reducing 
operation 
temperatures

Favor 
integration of 
low-temperature 
heat sources 
(RWH sources). 
Reduce 
distribution heat 
losses.

Possibility to 
import “load-files” 
for supply and 
return 
temperatures.

No specific 
implementation 
option.  

Note: All tools 
support import of 
load-files.

7. Optimally 
control the 
thermal 
production at 
heat sources by 
controlling 
both flow and 
temperature

Achieve optimal 
energy 
efficiency, cost 
reduction, and 
maximize RWH 
integration.

1. Rule-based 
control of both 
Tsup and V̇ 
2. Optimization 
framework to 
determine the 
optimal 
combination of 
Tsup and V̇ (VF-VT) 
Note: Tools can 
support either one 
or both options.

• Quasi-dynamic 
modeling; 
• Temperature and 
pressure in pipes; 
• Conditional 
control; 
• Custom scripting; 
• Co-simulation;

8. Application of 
MPC for 
optimal control

Integrate 
intermittent 
RWH sources 
(solar thermal, 
wind, PV + HP). 
Forecasting and 
optimization of 
intermittent 
RWH sources, 
TES, network 
storage, DR.

1. Embedded 
modules for MPC 
application 
2. Interface for co- 
simulation with 
external tools 
(MPC can be 
implemented) 
Note: Tools can 
support either one 
or both options.

• Integrated 
forecasting 
algorithms; 
• Integrated 
optimization 
algorithms; 
• Custom scripting 
AND/OR co- 
simulation 
supported;
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in operating conditions.
P2: Calculation of time-dependent temperature and pressure in 

network’s pipes. The tool must provide time-dependent simulation 
results for both temperature and pressure levels in the network. Accu
rate temperature calculations are necessary for modeling heat trans
mission delays, heat losses, and the effects of time-varying inputs such as 
consumer demand and heat production. Pressure calculations are 
essential for identifying hydraulic bottlenecks and determining the 
pumping energy required to operate distribution pumps.

This prerequisite is also essential for both network as a storage and 
heat production control scenarios. For network as a storage (Section 
2.2), the calculation of time-dependent temperature and pressure is 
necessary to evaluate the thermal and hydraulic behavior of the 
network, including the distribution of stored heat and the feasibility of 
using the network as a storage system. For VF-VT heat production 
control (Section 2.7), these calculations are required to optimize energy 
efficiency and maximize the integration of renewable and waste heat 
(RWH) sources by accurately determining flow rates and temperature 
levels throughout the network.

3.2.2. Modeling requirements
The modeling requirements (MRs) are derived from the operational 

needs of R-DH systems and represent the specific capabilities that 
simulation tools must possess (Table 3). These requirements are:

MR1: TES Model. The tool must include a built-in TES model or 
allow user-defined TES models through custom scripting or co- 
simulation. The TES model should account for thermal stratification 
and thermal losses. TES models are essential for simulating both short- 
term storage for daily operation (Section 2.2) and long-term seasonal 
storage (Section 2.3).

MR2: Building Thermal Model. The tool must allow the integration 
of building thermal models to simulate the use of building thermal mass 
for direct demand response (DR) (Section 2.2). For large networks with 
many connected consumers, simple thermal models, such as RC models, 
are preferred to avoid excessive simulation times. For smaller networks, 
particularly in research applications, more detailed building thermal 
models can be used to achieve higher accuracy.

MR3: Conditional Control. The tool must support conditional 
control strategies, either through built-in functionality or user-defined 
scripting. Conditional control is based on “If + statement” logic, 
where specific actions are triggered when predefined conditions are met. 
This type of control is essential in various operational strategies in R-DH 
systems, including: TES charging and discharging strategies, direct DR, 
network as a storage, heat production control at plants, merit order 
control logic.

MR4: Custom-scripting. This refers to the ability of the user to 
access a programming environment (either integrated within the tool or 
external, such as Python or MATLAB) to define and implement control 
logic. Custom-scripting allows for the development of a wide range of 
control strategies, from simple conditional control “IF + statement” 
logic to more complex algorithms, such as optimization-based control. 
The tool must provide an API or similar interface to enable communi
cation with external programming environments. It can be applied to 
TES management, direct DR implementation, use of the network as a 
storage, and optimization of the heat production.

MR5: Integrated Merit Order control logic. The tool must include 
an embedded merit order control logic to optimize the heat production 
portfolio. Merit order control is a standard strategy for prioritizing heat 
sources based on criteria such as cost, availability, and efficiency 
(Section 2.5). An embedded merit order control logic simplifies the 
implementation of this strategy, allowing users to quickly and efficiently 
optimize the integration of RWH sources. While advanced users can 
implement merit order control logic manually using conditional control 
(MR3) or custom-scripting (MR4), having it as an embedded feature 
ensures ease of use, standardization, and time efficiency.

MR6: Hydraulic Schemes for Plants. The tool must support the 

integration of heating plants with different hydraulic schemes, such as 
return-to-supply (RtS), return-to-return (RtR), and supply-to-supply 
(StS) configurations (Section 2.5). These configurations are critical for 
optimizing the performance of various heat source in R-DH systems. For 
example, integrating a HP in an RtR configuration can significantly 
improve its coefficient of performance (COP). Additionally, the tool 
must support Customer-side Hydraulic Connections (CHC), such as HPs 
located on the customer side, which are typical of 5GDHC networks. To 
model such decentralized configurations, the tool must allow for the 
simulation of the secondary side (behind the district heating substation), 
enabling the representation of customer-side components and their 
interaction with the primary network.

MR7: Integrated Forecasting and Optimization Algorithms. The 
tool must include built-in forecasting and optimization algorithms to 
support model predictive control (MPC) strategies (Section 2.8). These 
algorithms are essential for forecasting time-varying inputs, such as 
consumer demand and renewable heat availability, and for optimizing 
the operation of R-DH systems in real time. The availability of built-in 
forecasting and optimization algorithms simplifies the implementation 
of MPC and reduces the need for external tools or custom development.

MR8: Co-Simulation. This refers to the coupling of two or more 
simulation tools to model different subsystems or components. Each tool 
runs its own simulation engine, and they exchange data during runtime, 
often using standardized protocols like FMI/FMU. Co-simulation can be 
used for tasks that require specialized tools, such as simulating detailed 
TES models or building thermal models (Sections 2.2, 2.3), or for inte
grating external forecasting and optimization tools to perform MPC logic 
(Section 2.8). Unlike custom-scripting (MR4), which focuses on imple
menting control logic within a single programming environment, co- 
simulation involves the integration of multiple simulation tools to 
model different aspects of the system.

MR9: Heat Production Control (VF-VT). The tool must support the 
simulation of heat production control strategies at plants with variable 
flow and variable temperature (VF-VT), enabling dynamic boundary 
conditions for these parameters. It should also allow rule-based control 
based on system conditions, such as heating demand or weather. Opti
mization of V̇ and Tsup can be implemented through custom scripting 
(MR4) or co-simulation (MR8), provided the tool supports quasi- 
dynamic modeling (P1), time-dependent temperature and pressure cal
culations (P2), and conditional control (MR3).

Support is considered complete (CS) if the tool allows dynamic 
adjustment of both Tsup and V̇ and supports optimization frameworks 
natively or via custom-scripting or co-simulation. Partial (PS) is defined 
as the tool allows dynamic adjustment of Tsup and V̇ only through rule- 
based control. No support (NS) is assigned if the tool does not allow 
dynamic adjustment of Tsup and V̇.

4. Results

This section presents the evaluation of district heating (DH) simu
lation tools in the context of their ability to support the operational 
requirements of renewable district heating (R-DH) systems. Section 4.1
introduces the 12 selected tools, providing details about their de
velopers, licensing models, and key references. Section 4.2 discusses the 
evaluation of these tools based on the defined prerequisites and 
modeling requirements.

4.1. List of considered DH tools

This section presents the software tools considered. The 12 software 
tools evaluated and the respective sources are reported in Table 4.

4.2. DH tools evaluation

The results of the DH tools evaluation are reported in Table 5 and 
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Table 6. Table 5 reports the tools evaluation with respect to Pre
requisites P1 and P2. Table 6 reports the DH tools evaluation with 
respect to Modeling Requirements (MR1 to MR9).

Disclaimer: The capabilities and features of the tools reported in this 
section are based on a combination of publicly available information 
and, where applicable, direct access to licenses and documentation, and 
direct information exchange with tools’ developers. These capabilities 
may vary depending on the specific version, configuration, or licensing 
options of the tool. While every effort has been made to ensure the ac
curacy and completeness of the information presented, the authors 
cannot guarantee that all details are up-to-date or exhaustive. Readers 
are encouraged to consult the official documentation or contact the 

software providers for the most current and accurate information.
Fluidit Heat is a district heating network (DHN) simulation tool 

developed by Fluidit Oy [140]. The software is equipped with a 
Graphical User Interface (GUI), which facilitates user-friendly modeling 
and analysis of DH systems. The tool includes a built-in sensible TES 
model, consisting of 10 horizontal layers, where water movement is 
modeled using a plug-flow approach. Users can define the total storage 
volume and specify either the height or diameter of the tank, with the 
other dimension automatically constrained. Heat losses through the 
tank’s envelope are calculated based on a user-defined heat loss coeffi
cient [W/(m2K)], and heat transfer between stratified sections is 
modeled using a heat transfer coefficient. These features make Fluidit 
Heat suitable for simulating both short-term and long-term TES 
scenarios.

The tool supports conditional control through a non-physical sce
nario component called Control Station, which allows users to define 
rule-based control strategies. Additionally, custom-scripting is sup
ported via Control Station, enabling users to implement control logic in 
EPANET, Python [159], JavaScript [160], and Ruby [161]. This func
tionality can be used to simulate direct DR scenarios, such as the use of 
decentralized TES or building thermal mass as a virtual TES. Custom- 
scripting also allows users to implement advanced control strategies, 
such as forecasting and optimization algorithms for model predictive 
control (MPC). The tool includes an embedded merit order control logic, 
called “Production Plans”, allowing users to optimize the heat produc
tion portfolio by prioritizing heat sources based on cost.

Fluidit Heat provides support for alternative hydraulic connections 
for heating plants, including return-to-return (RtR) and supply-to-supply 
(StS) configurations, which can be implemented using the Heat 
Exchanger object. While the tool does not include built-in forecasting 
and optimization algorithms, users can implement these functionalities 
externally using custom-scripting in Python. Information about co- 
simulation capabilities and building thermal models was not found.

Leanheat Network is a thermo-hydraulic modeling tool developed 
by Danfoss A/S [142] for district heating (DH) systems. The software is 
equipped with a GUI for user-friendly modeling and analysis. The tool 
includes a built-in sensible TES model with 2 horizontal layers. The total 
volume is the only geometrical parameter defined, and heat losses are 
modeled using a user-defined heat loss coefficient. An internal heater 
can also be installed in the tank. The tool does not support building 
thermal models, as the system boundaries are limited to the primary side 
of the DH substation. Conditional control is supported through the 
“Conditional Control” feature, which allows users to define rule-based 
control strategies. A software-specific language with built-in functions 
enables custom-scripting, though the scripting environment is 
embedded and limited compared to external programming environ
ments. The tool includes an embedded merit order control logic, called 
“Production Plan”, allowing users to optimize the heat production 
portfolio by prioritizing heat sources based on cost. RtR and StS con
figurations can be implemented using the “Heater” object. The tool 
supports cyclic simulations, that include real-time measurements for 
digital model validation, an embedded forecaster for thermal power 
demand, and an embedded cost-optimizer for adjusting temperature and 
pressure levels. Co-simulation with external tools and interfaces for 
external programming languages are not supported.

Dymola is a multi-domain programming environment for the Mod
elica language, equipped with a GUI [144]. The tool supports detailed 
modeling and simulation across various domains. The tool provides pre- 
built sensible, latent, and chemical TES models (MR1) as well as pre- 
built building thermal models (MR2) through Modelica-based li
braries. These libraries include: 

• EnergySystems Library [162]
• Modelica Buildings Library [163]
• IBPSA Library [164]
• AixLib [165]

Table 4 
List of evaluated DH tools.

No Software 
Name

Developer License Sources

1 Fluidit 
Heat

Fluidit Oy Commercial, 
educational

[140,27]

2 Leanheat 
Network 

Danfoss A/S Commercial, 
educational

[141,142]

3 Dymola Dassault Systemes Commercial, 
educational

[143,144145]

4 SIR 3S 3SConsult Commercial [146]

5 STANET Fischer-Uhrig 
Engineering GmbH

Commercial, 
educational

[147,148]

6 AD Net 
Heat 

Fraunhofer-Institut für 
Techno-und 
Wirtschaftsmathematik 
ITWM − Kaiserslautern

Commercial, 
educational

[149]

7 Pandapipes Fraunhofer Institute for 
Energy Economics and 
Energy System 
Technology (IEE), Kassel

Open source [150,151]

8 TRNSYS Solar Energy Laboratory 
(SEL), University of 
Wisconsin

Commercial 
educational,

[152,27]

9 Polysun Vela Solaris AG Commercial, 
educational

[153]

10 nPro nPro Energy Commercial, 
academic

[154,155]

11 ROKA3 RZVN Wehr GmbH Commercial, 
educational

[156,157]

12 SimScape The MathWorks, Inc. Commercial, 
educational

[158]

Table 5 
DH tools Evaluation − Prerequisites.

Software Name P1. Dynamic Thermal 
Behavior

P2. Calculation of time-dependent 
pressure and temperature

Fluidit Heat ✓ ✓
LeanHeat 

Network
✓ ✓

Dymola ✓ ✓
SIR 3S ✓ ✓
STANET ✕ ✓
AD-Net Heat ✓ ✓
Pandapipes ✕ ✓
TRNSYS ✓ ✓
Polysun ✓ ✓
nPro ✕ ✓
ROKA3 ✓ ✓
SimScape 

(Matlab)
✓ ✓

Legend:
✓ Satisfied
✕ Not Satisfied
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• IDEAS Library [166]

Users can adapt the parameters of pre-built models to tailor them to 
specific applications. Additionally, Modelica-library developers can 
create custom components for TES and building thermal simulation. 
Conditional control (MR3) is supported through the Modelica language, 
which allows users to define rule-based control strategies. Custom- 
scripting (MR4) is enabled via Modelica, allowing users to develop 
advanced control strategies and tailor models to their needs. The tool 
does not include an embedded merit order control logic (MR5). RtS, RtR, 
and StS configurations are supported (MR6), as users can freely define 
the hydraulic connections of heating plants. Dymola does not include a 
pre-built module for forecasting and optimization algorithms (MR7). 
However, co-simulation enables the integration of external tools, such as 
MATLAB [167], Python [159], JModelica.org [168], or Julia [169], to 
develop and execute model predictive control (MPC) algorithms. While 

Dymola excels in compiling and simulating models, its optimization 
capabilities are limited. Co-simulation capabilities (MR8) are supported 
through the Functional Mock-up Interface (FMI) standard [170], which 
allows model exchange and integration with external tools, or via the 
Dymola-specific dymosim executable file.

SIR3S is a hydraulic modeling software developed by 3SConsult 
[146]. The tool is equipped with a GUI and supports steady-state, quasi- 
dynamic, and dynamic simulation of water networks, heating and 
cooling networks, and gas networks. The tool includes two types of built- 
in sensible TES models: a simple model based on energy balance and a 
more detailed model capable of simulating thermal stratification inside 
the TES tank [171]. Direct DR scenarios can be simulated by modeling a 
secondary-side loop connected to the primary DH network via a heat 
exchanger. A building thermal model and user-specified TES model can 
also be defined using the Python interface [172], though the scalability 
of such custom definitions is challenging to evaluate. Conditional 

Table 6 
DH tools Evaluation – Modeling Requirements.

Software 
Name

MR1. TES 
Model

MR2. 
Building 
Thermal 
Model

MR3. 
Conditional 

Control

MR4. 
Custom- 
Scripting

MR5. 
Integrated 

Merit Order 
control logic

MR6. 
Hydraulic 

Schemes for 
Plants

MR7. Integrated 
Forecasting and 

Optimization 
Algorithms

MR8. Co- 
Simulation

MR9. Heat 
Production 
Control (VF- 

VT)

Fluidit Heat ✓ (BI); S 
(10Nodes); 

CuSc

✕ ✓ ✓ ✓ ✓ (BI); RtS; 
RtR; StS; No 

CHC

✕ ✕(?) CS

LeanHeat 
Network

✓ (BI); S 
(2Nodes)

✕ ✓ ✓ 
(embedded 
− limited)

✓ ✓ (BI); RtS; 
RtR; StS; No 

CHC

EF; EO ✕ PS

Dymola ✓ (BI); S, L, C; 
CuSc; CoSi

✓ ✓ ✓ ✕ ✓ (IbU); RtS; 
RtR; StS, CHC

✕ ✓ CS

SIR 3S ✓ (BI); S ✕ ✓ ✓ ✕ ✓ (BI); RtS; 
RtR; StS; No 

CHC

✕ ✕(?) CS

STANET Not evaluated for the lack of quasi-dynamic simulation
AD-Net 

Heat
✕ (UD) ✕ ✓ ✓ ✕ ✓ (IbU); RtS; 

RtR; StS; No 
CHC

✕ ✕(?) CS

Pandapipes Not evaluated for the lack of quasi-dynamic simulation
TRNSYS ✓ (BI); S, L, C; 

CuSc; CoSi
✓ ✓ ✓ ✕ ✓ (IbU); RtS; 

RtR; StS; CHC
✕ ✓ CS

Polysun ✓ (BI); S 
(12Nodes), L; 

CuSc; CoSi

✓ ✓ ✓ ✕ ✓ (IbU); RtS; 
RtR; StS; CHC

✕ ✕(?) PS

nPro Not evaluated for the lack of quasi-dynamic simulation
ROKA3 ✕ ✕ ✓ ✓ 

(embedded 
− limited)

✕ ✓ (IbU); RtS; 
RtR; StS; No 

CHC

✕ ✕(?) PS

SimScape 
(Matlab)

✓ (IbU) ✕ ✓ ✓ ✕ ✓ (IbU); RtS; 
RtR; StS; CHC

✕ ✓ CS

Legend:
✓ Available
✕ Not Available
BI Built-In
CHC Consumer-side Hydraulic Connection Supported
C Chemical TES
CS Complete Support
CoSi Co-Simulation Supported
CuSc Custom Scripting Supported
EF Embedded Forecaster
EO Embedded Optimizer
IbU Implementable by User
L Latent TES
No CHC Consumer-side Hydraulic Connection Not Supported
NS Not Supported
PS Partial Support
RtR Return-to-Return
RtS Return-to-Supply
S Sensible TES
StS Supply-to-Supply
UD Under Development
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control is supported through event-based control strategies, and custom- 
scripting is enabled via the Python interface [172], allowing users to 
implement advanced control strategies, including forecasting and opti
mization algorithms for model predictive control (MPC). RtR and StS 
configurations can be simulated using the Heat Exchanger object. The 
tool does not include embedded merit order control logic or built-in 
forecasting and optimization algorithms, but these functionalities can 
be implemented externally using the Python interface. Co-simulation 
capabilities are not supported, limiting the tool’s ability to integrate 
with external simulation tools.

STANET is a software package developed by Ingenieurbüro Fischer- 
Uhrig [148] for the stationary and dynamic calculation of utility net
works, including gas, water, electricity, sewage, and district heating. 
This analysis focuses exclusively on its district heating capabilities. The 
tool simulates subsequent network states as consecutive thermo- 
hydraulic equilibrium states, using a quasi-static approach. As a result, 
STANET does not support quasi-dynamic simulation, which is a pre
requisite for this evaluation. Therefore, the nine modeling requirements 
are not examined.

AD-Net Heat is a district heating network (DHN) simulation tool 
developed by the Fraunhofer Institute for Industrial Mathematics ITWM, 
based in Kaiserslautern [149]. The tool can be operated either through 
its GUI or by setting boundary conditions in a Python script for execu
tion. The tool does not currently include a built-in TES model (MR1), 
although this feature is under development. Information about the 
integration of building thermal models (MR2) is not available. Condi
tional control (MR3) and custom-scripting (MR4) may potentially be 
implemented by defining user-specific subroutines in Python [159]. 
These capabilities could allow for the simulation of direct demand 
response (DR) scenarios and event-based control, although this func
tionality has not been explicitly verified. The tool does not include an 
embedded merit order control logic (MR5). RtR and StS configurations 
are supported (MR6). The Python interface appears to provide the 
flexibility required to apply forecasting and optimization algorithms 
(MR7) through user-defined routines, including model predictive con
trol (MPC). However, further investigation or testing is required to 
confirm the full extent of these functionalities. Information about co- 
simulation capabilities (MR8) is not available.

Pandapipes is a Python-based open-source tool for fluid system 
modeling, analysis, and optimization, developed by the Fraunhofer 
Institute for Energy Economics and Energy System Technology (IEE), 
Kassel [150]. The tool simulates subsequent network states as consec
utive thermo-hydraulic equilibrium states, using a quasi-static approach 
[18]. As pandapipes does not support quasi-dynamic simulation, which 
is a prerequisite for this evaluation, the nine modeling requirements are 
not examined.

TRNSYS is a transient system, multi-domain simulation program 
with a modular structure, developed by the Solar Energy Laboratory at 
the University of Wisconsin-Madison [173]. The tool is equipped with a 
Graphical User Interface (GUI) and supports detailed transient simula
tions across various domains. The tool provides pre-built models of 
sensible, latent, and chemical TES (MR1) through the TESS Libraries 
[174], which are available as add-ons. These models allow for detailed 
simulation of TES systems. Additionally, users can customize built-in 
TES models or create new ones by writing custom scripts in Fortran or 
integrating TRNSYS with external tools. The simulation of building 
thermal models (MR2) is supported through built-in models such as 
Type 19 (a single-zone model) and Type 56 (a detailed multi-zone 
model) [[175,176]]. These models enable the simulation of direct DR 
scenarios, including the use of buildings as virtual TES. Conditional 
control (MR3) is supported through the modular structure of TRNSYS, 
which allows users to define rule-based control strategies. Custom- 
scripting (MR4) is also possible by writing custom code in Fortran or 
by integrating TRNSYS with external tools for advanced control strate
gies. The tool does not include an embedded merit order control logic 
(MR5). RtS, RtR, and StS configurations are supported (MR6), as the user 

can freely define the hydraulic connections of heating plants. TRNSYS 
does not have a built-in module for forecasting and optimization algo
rithms (MR7). However, it can be coupled in co-simulation (MR8) with 
external tools such as MATLAB/Simulink [[167,177]] via Type 155 or 
Python [159], where model predictive control (MPC) algorithms can be 
performed [[178,179]].

Polysun is an energy modeling software tool developed by Vela 
Solaris [153] for designing systems for buildings and districts. The tool is 
equipped with a GUI that allows users to design and customize hydraulic 
circuits by connecting components. The tool includes latent and sensible 
TES models (MR1), with the latter represented using 12 horizontal 
layers. Users have access to a large library of TES types, enabling cus
tomization of parameters such as dimensions, insulation properties, and 
port connections. Custom TES models can also be defined using Polysun 
Designer. Polysun provides a pre-built single-zone building thermal 
model (MR2), which allows users to configure inputs such as building 
geometry, shading, thermal mass (as a lumped capacity), insulation 
properties, ventilation, and internal gains. This enables the simulation of 
direct DR scenarios using the building’s thermal mass. However, the 
underlying building equations are not accessible or modifiable by the 
user. Conditional control (MR3) is supported through the tool’s graph
ical interface, which allows users to define rule-based control strategies. 
Custom-scripting (MR4) is enabled via the Plugin Controller, which 
supports programming languages such as Java [180], Python [159], and 
MATLAB [167]. This functionality allows users to implement advanced 
control strategies, including forecasting and optimization algorithms for 
model predictive control (MPC). The tool does not include an embedded 
merit order control logic (MR5). RtS, RtR, and StS configurations are 
supported (MR6), and users can freely design hydraulic circuits for 
heating plants. Polysun does not include a pre-built module for fore
casting and optimization algorithms (MR7). However, users can imple
ment MPC algorithms by coupling Polysun with external tools via co- 
simulation (MR8). Co-simulation is supported with tools such as MAT
LAB/Simulink [[167,177]] and Python [159]. Data exchange can be 
achieved through file-based methods, such as CSV files in the standard 
version, or through the Plugin Controller [181]. Users have reported 
that Polysun simulations may experience slow runtimes or failures when 
modeling large-scale DHNs with many pipes or customers. The exact 
threshold is undocumented and likely depends on network complexity 
and available computational power.

nPro is a planning tool for buildings and districts developed by nPro 
Energy [154]. It is designed to support the dimensioning of pipe di
ameters in district heating networks (DHNs) and uses energy balances to 
model network components [155]. The tool performs quasi-static sim
ulations by sequentially modeling hydraulic and thermal behavior [18]. 
Due to the lack of dynamic temperature calculations, nPro does not 
support quasi-dynamic simulation, which is a prerequisite for this 
evaluation. Therefore, the eight modeling requirements are not 
examined.

ROKA3 is a district heating network (DHN) planning and simulation 
tool developed by RZVN Wehr GmbH [156]. The tool is equipped with a 
GUI for network modeling and analysis. The tool does not include a TES 
model (MR1). Information about the integration of building thermal 
models (MR2) is not available. Conditional control (MR3) is supported 
through event-based control, and custom-scripting (MR4) is enabled 
using a syntax derived from the EPANET rule description language 
[[157,18]]. The tool also provides mathematical and logical functions 
and operators to define custom rules or attributes for network compo
nents [157]. The tool does not include an embedded merit order control 
logic (MR5). RtS, RtR, and StS configurations are supported (MR6), 
allowing users to simulate various hydraulic connections for heating 
plants. The simulation of direct DR scenarios and the application of 
forecasting and optimization algorithms (MR7) are hindered by the 
absence of an interface to external tools. Co-simulation capabilities 
(MR8) are not supported. System boundaries in ROKA3 include both the 
primary and secondary sides of the DH substation [18].
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Simscape is a Matlab-based simulation software tool developed by 
The MathWorks, Inc. [158]. It enables the modeling of physical systems 
within the Simulink environment by integrating physical component 
models, based on physical connections, with block diagrams and other 
modeling paradigms. The tool does not include pre-built TES models 
(MR1). However, it provides built-in components for modeling sensible 
TES systems, such as thermal masses and various heat transfer blocks, 
available in the Simscape Foundation Library [182] and Simscape 
Thermal Library [183]. Advanced users can implement their own TES 
models, though this requires significant expertise and effort. Dedicated 
building thermal models (MR2) are not included, but simplified building 
thermal dynamics can be modeled using components such as thermal 
masses and heat transfer processes. Simscape can also be integrated with 
external building simulation tools, such as EnergyPlus [184], TRNSYS 
[173], and carnotUIBK [185], enabling the simulation of direct DR 
scenarios that incorporate the building’s thermal mass. Conditional 
control (MR3) is supported through Simulink’s block diagram modeling 
environment, which allows users to define rule-based control strategies. 
Custom-scripting (MR4) is enabled via Matlab and Simulink, allowing 
users to implement advanced control strategies, including forecasting 
and optimization algorithms. The tool does not include an embedded 
merit order control logic (MR5). RtS, RtR, and StS configurations are 
supported (MR6), as users can design hydraulic circuits by connecting 
components. Simscape does not include a built-in module for forecasting 
and optimization algorithms (MR7). However, it can be integrated with 
Matlab’s Model Predictive Control Toolbox [186], which provides pre- 
built tools for designing and deploying MPC algorithms. Additionally, 
users can program custom MPC algorithms in Matlab or Simulink 
[[167,177]], enabling the definition of tailored optimization problems. 
Co-simulation capabilities (MR8) are supported, as Simscape can be 
integrated with external tools such as EnergyPlus, TRNSYS, and carno
tUIBK, enabling advanced multi-domain simulations.

5. Discussion

This section discusses the findings from the evaluation of DH simu
lation tools. Section 5.1 highlights the key insights from the evaluation, 
providing recommendations for researchers based on the strengths and 
limitations of DH-dedicated and Non-DH-dedicated tools. Section 5.2
outlines guidelines for tool developers, emphasizing areas for 
improvement to better support the modeling and simulation of R-DH 
systems.

5.1. Key findings and recommendations for researchers

The tools’ evaluation allowed to identify two distinct macro- 
categories: 

• DH-dedicated tools (Fluidit Heat, Leanheat, ROKA3, SIR3S, ADNet 
Heat). These are tools specifically designed to model and simulate 
DHNs.

• Non-DH-dedicated tools (Dymola, TRNSYS, Polysun, SimScape). 
These tools can simulate a variety of systems, including thermal 
systems, but are not inherently specialized for DHNs modeling.

DH-Dedicated Tools. Among DH-dedicated tools, Fluidit Heat and 
SIR3S stand out for their detailed multi-nodes TES models, which 
include heat losses and thermal stratification, making them suitable for 
researchers focusing on seasonal TES studies. Leanheat Network offers a 
simplified TES model consisting of only two nodes, which may suffice for 
basic applications but is less suitable for detailed TES studies. ROKA3 

lacks a TES model entirely, limiting its applicability for TES-related 
research, while for ADNet Heat a TES model is currently under devel
opment. None of the DH-dedicated tools include pre-built building 
thermal models, which restricts their ability to simulate direct DR sce
narios or decentralized configurations. Fluidit Heat and Leanheat 

Network are the only tools with embedded merit order control logic, 
making them suitable for heat production portfolio optimization. 
Leanheat Network is also the only tool with embedded forecasting and 
optimization frameworks, which makes it a strong candidate for re
searchers focusing on predictive control and optimization. In terms of 
custom-scripting, Fluidit Heat and SIR3S provide APIs for external 
programming languages, offering a higher level of freedom and cus
tomization, while Leanheat Network and ROKA3 are limited to tool- 
specific embedded programming languages, which may restrict flexi
bility for advanced modeling.

Researchers who prioritize flexibility and customization in their 
studies should consider using Fluidit Heat or SIR3S, as these tools pro
vide APIs for external programming languages and detailed TES 
modeling capabilities.

Researchers focusing on direct DR scenarios or decentralized con
figurations should consider using Non-DH-dedicated tools, as DH- 
dedicated tools lack building thermal modeling and secondary side 
modeling capabilities.

Non-DH-Dedicated Tools. Non-DH-dedicated tools, such as 
Dymola, TRNSYS, Polysun, and SimScape, are highly versatile and 
capable of simulating a variety of systems, including thermal systems. 
While they are not inherently specialized for DHN modeling, they offer 
significant advantages in terms of flexibility, customization, and multi- 
domain modeling. Dymola, TRNSYS, and Polysun provide robust TES 
modeling capabilities, including sensible, latent, and chemical TES 
models, making them ideal for researchers investigating advanced TES 
configurations or seasonal TES. These tools also include pre-built 
building thermal models, enabling the simulation of direct demand 
response scenarios using the building’s thermal mass. TRNSYS, Polysun, 
and Simscape support modeling of the secondary side (customer side), 
which is essential for simulating decentralized heat sources and 5GDHC 
networks. Dymola and Simscape excel in flexibility and customization, 
allowing users to create their own components and integrate external 
tools (e.g., MATLAB, Python) via co-simulation. TRNSYS and Polysun 
also provide significant customization options, but their interfaces are 
more user-friendly, making them accessible to a broader range of users.

Researchers requiring freedom in customization and access to 
detailed modeling of TES and building thermal dynamics should prior
itize Dymola or TRNSYS, especially for studies focusing on the second
ary side and decentralized configurations.

For researchers focusing on multi-domain modeling or integrating 
DHNs with other energy systems, Simscape is a strong candidate due to 
its co-simulation capabilities and flexibility. For researchers who value 
user-friendly interfaces and good customization options, Polysun and 
TRNSYS are recommended.

In summary, the choice of a simulation tool should align with the 
specific research focus. DH-dedicated tools are ideal for network-specific 
studies due to their user-friendly interfaces and built-in components, 
while Non-DH-dedicated tools offer greater flexibility for multi-domain 
modeling and advanced configurations. Researchers should weigh the 
trade-offs between accessibility and customization to select the tool that 
best meets their needs.

5.2. Guidelines for tools development

DH-Dedicated Tools. DH-dedicated tools are primarily designed for 
network operators and researchers, serving as essential platforms for 
modeling and simulating DHNs. While these tools are generally user- 
friendly and equipped with built-in components, several gaps have 
been identified: 

1. Enhance TES models
Some DH-dedicated tools lack TES models or provide oversimplified 
versions (e.g., 2-node models). Developers should prioritize the in
clusion of detailed TES models that account for heat losses and 
thermal stratification.

L.V. Valentini et al.                                                                                                                                                                                                                             Energy Conversion and Management: X 29 (2026) 101414 

16 



2. Incorporate secondary side modeling
The ability to model the secondary side (customer side) is essential 
for simulating direct demand response (DR) scenarios and decen
tralized configurations, such as customer-side hydraulic connections 
(CHC) in 5GDHC networks.

3. Support VF-VT control
While some tools provide complete support for VF-VT control, some 
DH-dedicated tools do not support dynamic optimization of both 
flow and temperature. Developers should focus on enabling VF-VT 
control through built-in optimization frameworks or enhanced co- 
simulation capabilities, which would allow for advanced opera
tional strategies and temperature control optimization.

4. Expand Custom-control capabilities
Custom-scripting is often limited to embedded programming lan
guages in some DH-dedicated tools, which restricts flexibility for 
advanced users. Providing APIs for external programming languages 
(e.g., Python, MATLAB) would significantly enhance the custom
ization options for researchers and advanced users and offer the 
possibility for new features and relative testing by users and 
developers.

5. Integrated merit order control logic
While some tools, such as Leanheat Network and Fluidit Heat, 
include embedded merit order control logic, this feature is not uni
versally available. Adding this functionality to more tools would 
benefit users who prioritize accessibility and need to optimize heat 
production portfolios without relying on custom-scripting.

Non-DH-Dedicated Tools. Non-DH-dedicated tools are designed for 
broader applications and are not inherently specialized for DHN 
modeling. While their flexibility and multi-domain capabilities make 
them highly valuable for advanced research, there are areas where im
provements could make them more accessible and better suited for DH- 
specific studies. 

1. Improve Accessibility
Non-DH-dedicated tools often require significant expertise to be set 
up and to be used effectively, which can be a barrier for less expe
rienced users. Developers could consider providing pre-built mod
ules (e.g., pipes, heat exchanges, pumps) and templates for common 
DHN configurations.

2. Enhance Import Functionalities
Many DHN researchers and operators rely on GIS or CAD data for 
network design and analysis. Adding robust import functionalities 
for these file types would make Non-DH-dedicated tools more prac
tical for DHN modeling and reduce the time required for data 
preparation.

It is important to recognize that Non-DH-dedicated tools are designed 
for a wide range of applications, and achieving DH-specific user- 
friendliness may not always align with their broader purpose. However, 
targeted improvements in accessibility and import functionalities could 
make these tools more attractive to DH researchers without compro
mising their versatility.

6. Conclusions

This work presented a comprehensive evaluation of district heating 
(DH) simulation tools, focusing on their ability to support the opera
tional requirements of renewable district heating (R-DH) systems. These 
requirements include the use of thermal energy storage (TES) for various 
timescales, leveraging building thermal mass for direct demand 
response (DR) scenarios, and implementing advanced control strategies 
such as model predictive control (MPC) and variable flow-variable 
temperature (VF-VT) control. Twelve DH simulation tools were evalu
ated and compared based on modeling requirements directly derived by 
the real-life operational abilities of R-DH. The evaluation aimed to guide 

researchers and network operators in selecting appropriate tools and to 
provide guidelines for tool developers to address existing gaps.

The evaluation revealed that DH-dedicated tools are well-suited for 
network-specific studies and practical applications due to their user- 
friendly interfaces, built-in components, and the ability to simulate 
large DHNs. However, they often lack advanced features such as detailed 
TES models, secondary side modeling, and full support for VF-VT con
trol, which limits their applicability for studies on direct DR scenarios, 
customer-side hydraulic connections (CHC), and advanced operational 
strategies. Researchers who prioritize network calculations and require 
accessible tools with moderate customization options are recommended 
to use Fluidit Heat or SIR3S, which offer detailed TES modeling and APIs 
for external programming languages. Leanheat Network offers 
embedded functionalities, such as merit order control logic and fore
casting/optimization frameworks, which enhance accessibility for users 
who cannot or prefer not to implement custom controls.

Non-DH-dedicated tools, such as Dymola, TRNSYS, Polysun, and 
Simscape, provide greater flexibility and customization, making them 
ideal for research-oriented applications. These tools excel in modeling 
TES, building thermal dynamics, and secondary side configurations, 
enabling the simulation of direct DR scenarios and customer-side hy
draulic connections (CHC) such as heat pumps installed at the customer 
side in 5GDHC networks. Researchers requiring freedom in custom
ization and detailed modeling of TES and building thermal dynamics are 
recommended to use Dymola or TRNSYS, especially for studies focusing 
on the secondary side. For multi-domain modeling or integrating DHNs 
with other energy systems, Simscape is a strong candidate due to its co- 
simulation capabilities.

The evaluation also identified key areas for tool development. For 
DH-dedicated tools, developers should focus on enhancing TES models, 
incorporating secondary side modeling, supporting VF-VT control, 
expanding custom-scripting capabilities, and ensuring that merit order 
control logic is universally available. For Non-DH-dedicated tools, 
improving accessibility through pre-built modules and templates for 
DHN configurations, as well as enhancing import functionalities for DH- 
specific data, would make these tools more practical for DH researchers 
while maintaining their versatility for broader applications.

In conclusion, the choice of a simulation tool depends on the specific 
research focus. DH-dedicated tools are ideal for network-specific studies 
and practical applications of existing networks, while Non-DH-dedi
cated tools are better suited for advanced research requiring flexibility 
and multi-domain modeling. By addressing the identified gaps, tool 
developers can better meet the evolving needs of researchers and 
network operators, ultimately supporting the transition to more efficient 
and sustainable R-DH systems.
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[43] Pałka P, Malec M, Kaszyński P, Kamiński J, Saługa P. District heating System 
Optimisation: a Three-phase Thermo-Hydraulic Linear Model. Energies 2023;16 
(8):3316. https://doi.org/10.3390/en16083316.

[44] Shi J, Wang L, Wang Y, Zhang J. Generalized Energy Flow Analysis considering 
Electricity Gas and Heat Subsystems in Local-Area Energy Systems Integration. 
Energies 2017;10(4):514. https://doi.org/10.3390/en10040514.

[45] Liu X, Wu J, Jenkins N, Bagdanavicius A. Combined analysis of electricity and 
heat networks. Appl Energy 2016;162:1238–50. https://doi.org/10.1016/j. 
apenergy.2015.01.102.

L.V. Valentini et al.                                                                                                                                                                                                                             Energy Conversion and Management: X 29 (2026) 101414 

18 

http://refhub.elsevier.com/S2590-1745(25)00546-X/h0010
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0015
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0015
https://doi.org/10.1016/j.energy.2014.02.089
https://doi.org/10.1016/j.energy.2014.02.089
https://doi.org/10.1016/j.energy.2018.04.081
https://doi.org/10.1016/j.energy.2018.04.081
https://doi.org/10.1016/j.energy.2021.121318
https://doi.org/10.1016/j.energy.2021.121318
https://doi.org/10.1016/j.jobe.2021.103538
https://doi.org/10.1016/j.enbuild.2023.113516
https://doi.org/10.1016/j.energy.2016.05.065
https://doi.org/10.1016/j.apenergy.2017.10.072
https://doi.org/10.1016/j.apenergy.2017.10.072
https://doi.org/10.1016/j.ecmx.2024.100641
https://doi.org/10.1016/j.enpol.2022.113377
https://doi.org/10.1016/j.energy.2018.03.034
https://doi.org/10.1016/j.energy.2023.126740
https://doi.org/10.1016/j.energy.2022.125363
https://doi.org/10.1016/j.energy.2022.125363
https://doi.org/10.1016/j.rser.2015.07.123
https://doi.org/10.1016/j.rser.2015.07.123
https://doi.org/10.1016/j.enbuild.2024.114291
https://doi.org/10.1016/j.energy.2024.132189
https://doi.org/10.1016/j.energy.2024.132189
https://doi.org/10.1016/j.egypro.2017.05.052
https://doi.org/10.1016/j.enconman.2016.05.057
https://doi.org/10.1016/j.enconman.2016.05.057
https://doi.org/10.1016/j.energy.2020.119030
https://doi.org/10.1016/j.energy.2022.125215
https://doi.org/10.5194/adgeo-49-129-2019
https://doi.org/10.1016/j.scs.2024.105897
https://doi.org/10.13044/j.sdewes.d13.0577
https://doi.org/10.13044/j.sdewes.d13.0577
https://doi.org/10.1016/j.egyr.2022.07.162
https://doi.org/10.1016/j.enbuild.2023.113347
https://doi.org/10.1016/j.energy.2021.120520
https://doi.org/10.1016/j.enbuild.2024.115253
https://doi.org/10.1016/j.energy.2019.03.064
https://doi.org/10.1016/j.energy.2025.134855
https://doi.org/10.1016/j.energy.2025.134855
https://doi.org/10.1016/j.energy.2022.126410
https://doi.org/10.1016/j.energy.2022.126410
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0170
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0170
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0170
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120304
https://doi.org/10.1016/j.energy.2023.130169
https://doi.org/10.1109/TSG.2021.3102057
https://doi.org/10.1109/TSG.2021.3102057
https://doi.org/10.1016/j.enconman.2009.04.034
https://doi.org/10.1016/j.applthermaleng.2017.05.083
https://doi.org/10.1016/j.applthermaleng.2017.05.083
https://doi.org/10.1016/j.applthermaleng.2016.03.168
https://doi.org/10.1016/j.applthermaleng.2016.03.168
https://doi.org/10.1016/j.energy.2018.09.186
https://doi.org/10.1016/j.energy.2018.09.186
https://doi.org/10.3390/en16083316
https://doi.org/10.3390/en10040514
https://doi.org/10.1016/j.apenergy.2015.01.102
https://doi.org/10.1016/j.apenergy.2015.01.102


[46] Massrur HR, Niknam T, Aghaei J, Shafie-khah M, Catalao JPS. Fast Decomposed 
Energy Flow in Large-Scale Integrated Electricity–Gas–Heat Energy Systems. IEEE 
Trans Sustain Energy 2018;9(4):1565–77. https://doi.org/10.1109/ 
TSTE.2018.2795755.

[47] Dancker J, Wolter M. Improved quasi-steady-state power flow calculation for 
district heating systems: a coupled Newton-Raphson approach. Appl Energy 
2021;295:116930. https://doi.org/10.1016/j.apenergy.2021.116930.

[48] Tran TT, Smith AD. Evaluation of renewable energy technologies and their 
potential for technical integration and cost-effective use within the U.S. energy 
sector. Renew Sustain Energy Rev 2017;80:1372–88. https://doi.org/10.1016/j. 
rser.2017.05.228.

[49] Prabha K. Power System Stability and Control. Palo Alto, California: McGraw- 
Hill; 1994.

[50] Boussaid T, Rousset F, Scuturici V-M, Clausse M. Optimal operational planning of 
biomass district heating: Adaptation to air pollution episodes with LCA-based 
dynamic penalization. Energy 2025;320:135185. https://doi.org/10.1016/j. 
energy.2025.135185.

[51] Ericsson K, Werner S. The introduction and expansion of biomass use in swedish 
district heating systems. Biomass Bioenergy 2016;94:57–65. https://doi.org/ 
10.1016/j.biombioe.2016.08.011.

[52] Noussan M. Wood biomass CHP in district heating systems: simulation and 
operation analysis. Politecnico Di Torino 2015.

[53] Nguyen T, Lin L. Potentials and effects of electricity cogeneration via ORC 
integration in small-scale biomass district heating system. Green Energy Resour 
2025;3(1):100113. https://doi.org/10.1016/j.gerr.2024.100113.

[54] Tereshchenko T, Nord N. Energy planning of district heating for future building 
stock based on renewable energies and increasing supply flexibility. Energy 2016; 
112:1227–44. https://doi.org/10.1016/j.energy.2016.04.114.

[55] Danish Energy Agency (ed.). Technology Data: Generation of Electricity and 
District heating; 2016.

[56] Wang J, You S, Zong Y, Træholt C, Dong ZY, Zhou Y. Flexibility of combined heat 
and power plants: a review of technologies and operation strategies. Appl Energy 
2019;252:113445. https://doi.org/10.1016/j.apenergy.2019.113445.

[57] Guelpa E, Verda V. Thermal energy storage in district heating and cooling 
systems: a review. Appl Energy 2019;252:113474. https://doi.org/10.1016/j. 
apenergy.2019.113474.

[58] Schaumann G. Wirtschaftlichkeit geothermischer Energiegewinnung im Rahmen 
regenerativer und konventioneller Energiesysteme 2002.

[59] Ragnarsson A, editor. Geothermal Development in Iceland; 2015. p. 2010–4.
[60] Lopez S, Hamm V, Le Brun M, Schaper L, Boissier F, Cotiche C, et al. 40 years of 

Dogger aquifer management in Ile-de-France, Paris Basin. France Geothermics 
2010;39(4):339–56. https://doi.org/10.1016/j.geothermics.2010.09.005.
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[64] Wekstadt München. Fernwärme-Vision 2040 [October 30, 2025]; Available from: 
https://www.werkstadt-muenchen.de/wiki/fernwaerme-vision-2040/.

[65] Wien Energie. Vienna’s first geothermal plant [October 30, 2025]; Available 
from: https://positionen.wienenergie.at/en/projects/geothermal-plant/.

[66] Werner S. International review of district heating and cooling. Energy 2017;137: 
617–31. https://doi.org/10.1016/j.energy.2017.04.045.

[67] Klinghoffer NB, Castaldi MJ. Waste to energy conversion technology. Woodhead 
Publishing Series. Energy 2013.

[68] Fruergaard T, Christensen TH, Astrup T. Energy recovery from waste 
incineration: assessing the importance of district heating networks. Waste Manag 
2010;30(7):1264–72. https://doi.org/10.1016/j.wasman.2010.03.026.

[69] Ziemele J, Kalnins R, Vigants G, Vigants E, Veidenbergs I. Evaluation of the 
industrial waste heat potential for its recovery and integration into a fourth 
generation district heating system. Energy Procedia 2018;147:315–21. https:// 
doi.org/10.1016/j.egypro.2018.07.098.
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[72] Oró E, Taddeo P, Salom J. Waste heat recovery from urban air cooled data centres 
to increase energy efficiency of district heating networks. Sustain Cities Soc 2019; 
45:522–42. https://doi.org/10.1016/j.scs.2018.12.012.

[73] Huang P, Copertaro B, Zhang X, Shen J, Löfgren I, Rönnelid M, et al. A review of 
data centers as prosumers in district energy systems: Renewable energy 
integration and waste heat reuse for district heating. Appl Energy 2020;258: 
114109. https://doi.org/10.1016/j.apenergy.2019.114109.

[74] IEA. International Energy Agency. The Future of Heat Pumps 2022.
[75] Yun D, Choi HW, Park S, Lee W, Park S, Cho H, et al. A large temperature 

difference absorption heat pump system with multi-step heat exchangers for 

district heating applications. Energy 2025;328:136596. https://doi.org/10.1016/ 
j.energy.2025.136596.

[76] Heatleap (ed.). Heatleap Project Report; 2023.
[77] Siemens Energy. Vattenfall und Siemens Energy treiben mit Großwärmepumpe 
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Energie aus Erneuerbaren Energieträgern - Chancen und Hemmnisse. Austria: 
Graz; 2005.

[120] Barco-Burgos J, Bruno JC, Eicker U, Saldaña-Robles AL, Alcántar-Camarena V. 
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Republic, May 15-17, 2017. Linköping University Electronic Press; 2017, p. 
141–150.

[136] Xin X, Liu Y, Zhang Z, Zheng H, Zhou Y. A day-ahead operational regulation 
method for solar district heating systems based on model predictive control. Appl 
Energy 2025;377:124619. https://doi.org/10.1016/j.apenergy.2024.124619.

[137] Trabert U, Pag F, Orozaliev J, Jordan U, Vajen K. Peak shaving at system level 
with a large district heating substation using deep learning forecasting models. 
Energy 2024;301:131690. https://doi.org/10.1016/j.energy.2024.131690.

[138] Wei Z, Tien PW, Calautit J, Darkwa J, Worall M, Boukhanouf R. Investigation of a 
model predictive control (MPC) strategy for seasonal thermochemical energy 
storage systems in district heating networks. Appl Energy 2024;376:124164. 
https://doi.org/10.1016/j.apenergy.2024.124164.

[139] Jansen J, Jorissen F, Helsen L. Mixed-integer non-linear model predictive control 
of district heating networks. Appl Energy 2024;361:122874. https://doi.org/ 
10.1016/j.apenergy.2024.122874.

[140] Fluidit Heat. [October 06, 2025]; Available from: https://fluidit.com/software/ 
fluidit-heat/.

[141] Danfoss A, S.. Leanheat Network Manual. Danfoss a/s 2024.
[142] Danfoss A/S. Leanheat® Network. [October 06, 2025]; Available from: https:// 

www.danfoss.com/en-gb/products/dhs/software-solutions/leanheat-software- 
suite-services/leanheat-network/.

[143] OpenModelica. [October 06, 2025]; Available from: https://openmodelica.org/.
[144] Dymola. [October 06, 2025]; Available from: https://www.3ds.com/products/ 

catia/dymola.
[145] RWTH-EBC/AixLib library website. [June 10, 2025]; Available from: https:// 

github.com/RWTH-EBC/AixLib.
[146] SIR 3S website. [June 10, 2025]; Available from: https://www.3sconsult.de/en/ 

sir-3s/.
[147] STANET website. [June 10, 2025]; Available from: https://www.stafu.de/en/ 

home.html.
[148] Fischer-Uhrig Engineering. STANET User Manual 10.2; 2022.
[149] AD-Net Heat. [October 06, 2025]; Available from: https://www.itwm.fraunhofer. 

de/en/departments/tv/products-and-services/software-tool-ad-net-district- 
heating.html.

[150] pandapipes. [October 06, 2025]; Available from: https://www.pandapipes.org/.
[151] Lohmeier D, Cronbach D, Drauz SR, Braun M, Kneiske TM. Pandapipes: an Open- 

Source piping Grid Calculation Package for Multi-Energy Grid Simulations. 
Sustainability 2020;12(23):9899. https://doi.org/10.3390/su12239899.

[152] TRNSYS website. [June 10, 2025]; Available from: https://www.trnsys.com/.
[153] Vela Solaris. Polysun. [October 06, 2025]; Available from: https://www. 

velasolaris.com/?lang=en.
[154] nPro. [October 06, 2025]; Available from: https://www.npro.energy/.
[155] Wirtz M. nPro: a web-based planning tool for designing district energy systems 

and thermal networks. Energy 2023;268:126575. https://doi.org/10.1016/j. 
energy.2022.126575.

[156] ROKA3. [October 06, 2025]; Available from: https://www.roka3.de/.
[157] RZVN. ROKA3 Handbuch DE 2023.
[158] SimScape General Documentation. [June 10, 2025]; Available from: https:// 

www.mathworks.com/help/simscape/index.html.
[159] Python Software Foundation. Python Language Reference. [July 10, 2025]; 

Available from: https://www.python.org/.
[160] Mozilla Foundation. JavaScript. [July 10, 2025]; Available from: https:// 

developer.mozilla.org/en-US/docs/Web/JavaScript.
[161] Matsumoto, Y. Ruby Programming Language. [October 07, 2025]; Available 

from: https://www.ruby-lang.org/en/.
[162] Energy Systems Library - Modelica. [October 06, 2025]; Available from: https:// 

modelon.com/library/energy-systems-library/.
[163] Modelica Buildings Library. [October 06, 2025]; Available from: https:// 

simulationresearch.lbl.gov/modelica/.
[164] Modelica IBPSA Library. [October 06, 2025]; Available from: https://github. 

com/ibpsa/modelica-ibpsa?tab=readme-ov-file.
[165] Maier L, Jansen D, Wüllhorst F, Kremer M, Kümpel A, Blacha T, et al. AixLib: an 

open-source Modelica library for compound building energy systems from 
component to district level with automated quality management. J Build Perform 
Simul 2024;17(2):196–219. https://doi.org/10.1080/19401493.2023.2250521.

[166] IDEAS Library. [October 06, 2025]; Available from: https://github.com/open- 
ideas/IDEAS.

L.V. Valentini et al.                                                                                                                                                                                                                             Energy Conversion and Management: X 29 (2026) 101414 

20 

https://doi.org/10.1016/j.enbuild.2018.09.015
https://doi.org/10.1016/j.enbuild.2018.09.015
https://doi.org/10.1016/j.applthermaleng.2022.118813
https://doi.org/10.1016/j.applthermaleng.2024.122535
https://doi.org/10.1016/j.applthermaleng.2024.122535
https://doi.org/10.1016/j.solener.2013.06.006
https://doi.org/10.1016/j.solener.2013.06.006
https://doi.org/10.1016/j.egypro.2016.06.204
https://doi.org/10.1016/j.egypro.2016.06.204
https://doi.org/10.1016/j.energy.2022.125464
https://doi.org/10.1016/j.energy.2023.129382
https://doi.org/10.1016/j.energy.2023.129382
https://doi.org/10.1186/s40517-023-00279-x
https://doi.org/10.1186/s40517-023-00279-x
https://doi.org/10.1016/j.segy.2024.100150
https://doi.org/10.1016/j.energy.2022.126277
https://doi.org/10.1016/j.rser.2017.10.089
https://doi.org/10.1016/j.rser.2017.10.089
https://doi.org/10.1016/j.ejor.2019.01.055
https://doi.org/10.1016/j.ijepes.2020.106428
https://doi.org/10.1016/j.ijepes.2020.106428
https://doi.org/10.1016/j.eneco.2024.107764
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0585
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0585
https://doi.org/10.1016/j.renene.2016.12.043
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0595
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0595
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0595
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0595
https://doi.org/10.1016/j.energy.2021.122378
https://doi.org/10.1016/j.energy.2021.122378
https://doi.org/10.1016/j.energy.2014.09.016
https://doi.org/10.1016/j.energy.2014.09.016
https://doi.org/10.1016/j.meaene.2025.100059
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0625
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0625
https://doi.org/10.1016/j.energy.2022.125493
https://doi.org/10.1016/j.enbuild.2013.12.011
https://doi.org/10.1016/j.egypro.2017.05.091
https://doi.org/10.3390/app15062982
https://doi.org/10.3390/app15062982
https://doi.org/10.1016/j.segy.2023.100104
https://doi.org/10.1109/TSTE.2019.2952147
https://doi.org/10.1016/j.buildenv.2016.05.034
https://doi.org/10.1016/j.buildenv.2016.05.034
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0665
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0665
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0670
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0670
https://doi.org/10.1016/j.apenergy.2024.124619
https://doi.org/10.1016/j.energy.2024.131690
https://doi.org/10.1016/j.apenergy.2024.124164
https://doi.org/10.1016/j.apenergy.2024.122874
https://doi.org/10.1016/j.apenergy.2024.122874
http://refhub.elsevier.com/S2590-1745(25)00546-X/h0705
https://doi.org/10.3390/su12239899
https://doi.org/10.1016/j.energy.2022.126575
https://doi.org/10.1016/j.energy.2022.126575
https://doi.org/10.1080/19401493.2023.2250521


[167] The MathWorks, Inc. MATLAB; Available from: https://www.mathworks.com/ 
products/matlab.html.

[168] Github. JModelica. [November 08, 2025]; Available from: https://github.com/ 
JModelica/JModelica.

[169] Lie B, Palanisamy A, Mengist A, Buffoni L, Sjölund M, Asghar A, et al. In: Omjulia: 
an OpenModelica API for Julia-Modelica Interaction. Linköing University 
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