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Abstract: This article provides the state-of-the-art on the optimal planning and design of future
district heating (DH) systems. The purpose is to provide practical information of first-step actions for
countries with a low DH market share for heating and cooling supply. Previous research showed
that for those countries, establishing a heat atlas with accurate geographical data is an essential
prerequisite to promote the development of DH systems. In this review, essential techniques for
building a high-quality heat atlas are elaborated. This includes a review of methodologies for district
thermal energy demand prediction and the status of the integration of sustainable resources in
DH systems. In the meanwhile, technical barriers for the implementation of various sustainable
heat sources are identified. Furthermore, technologies for the optimal planning of DH systems are
discussed. This includes the review of current approaches for the optimal planning of DH systems,
discussions on various novel configurations which have been actively investigated recently, and
common upgrading measures for existing DH systems.

Keywords: district heating system; heat atlas; sustainable resources; heat demand prediction; optimal
planning of district heating systems

1. Introduction

The Paris Agreement sets the goal of initially reducing the rise in global temperature
to no more than 2 ◦C above preindustrial levels and pursuing efforts to decrease the
temperature rise even further to 1.5 ◦C by the end of this century. This target requires
global reductions in greenhouse gas (GHG) emissions. Statistics from the International
Energy Agency (IEA) show [1] that the production of heat accounts for more than 50% of
the global energy consumption and that fossil fuels are the major source of heat supply.
It is therefore of great importance to provide heat supply in a more sustainable way in
order to decrease GHG emissions to the targeted level. In response to the Paris Agreement,
much new research has discussed the optimal planning of a future energy system with
improved energy efficiency based on sustainable energy resources. In the process of
including sustainable energy resources and increasing energy efficiency, district heating
(DH) was shown to have an important role to play in various countries/regions [2–8].

DH is not a new concept, but it has undergone a few generations of development,
with each generation incorporating major changes in energy supply, heat carrier medium,
operating conditions, and manufacturing of system components, as summarized in Table 1.
Most of the DH schemes being operated at present follow the technologies of the 3rd
generation. Those built before the development of the 3rd generation DH technology
are either already upgraded or undergoing intensive refurbishment to increase system
efficiency. The DH systems expected to contribute most to the future sustainable energy
schemes are the 4th generation district heating (4GDH) systems. A novel concept called
5th generation district heating and cooling (5GDHC) has been intensively discussed in the
literature in recent years. However, since the technology of this concept is at an early stage
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of development and the definition of the concept itself is still under debate [9], the 5GDHC
is not listed in Table 1, but will be discussed separately in Section 6.3.

Table 1. Summary of major features for different generations of DH systems.

Generation Development Time Medium Operating Temperature Major Design Features

1G 1880s–1930s Steam Supply: <200 ◦C; Return: <80 ◦C Above-ground steel pipes
2G 1930s–1970s Water Supply: >100 ◦C; Return: <70 ◦C • Underground insulated steel pipes

• Heavy on-site units (heat storages, heat exchangers etc.)
3G 1970s–now Water Supply: <100 ◦C; Return: <45 ◦C • Pre-insulated steel pipes with casing

• Prefabricated components
4G 2020s–Future Water Supply: <70 ◦C; Return: ∼25 ◦C • Higher flexibility

• A high fraction of renewables
• High interaction with other energy systems

As can be seen from Table 1, one of the major changes along the DH evolution is the
reduction in the operating temperature. A reduced operating temperature is beneficial for
the DH system since it helps to unlock more low-grade heat sources and leads to lower
thermal losses. In order to realize the design and operation of the low temperature DH
(LTDH) concept, technologies in various aspects have undergone systematic development
ever since the 4GDH concept was first defined in [10]. In [10], the authors defined the
4GDH system on the basis of the following five abilities:

• Ability to provide low-temperature heat supply for space heating (SH) and domestic hot
water (DHW) to existing buildings, renovated buildings, and new low-energy buildings

• Ability to distribute heat in networks with low grid losses
• Ability to utilize renewable heat and recycled heat from low-temperature sources
• Ability to integrate with other energy systems
• Ability to ensure suitable planning, cost and motivation structures

This relatively broad definition of a 4GDH system resulted in massive research on
relevant topics, such as the design of radiators and substations for LTDH supply, conversion
and expansion of existing grids to LTDH systems, digitally-enabled performance moni-
toring and optimal control of LTDH systems etc. One obvious reality is that the current
research on future DH development is dominated by countries with DH systems already
quite well developed, such as Denmark, Sweden and some eastern European countries.
For these countries, the status quo of their existing DH systems has led their research
interest to topics such as necessary system improvements/adjustments for a transition to
4GDH [11], optimal operation of DH systems [12] and upgrading of substations for LTDH
supply [13], etc. However, for countries where the market share of DH heat supply is rather
low, such as the Netherlands and the United Kingdom, their DH development is at an early
stage and the focus is on a refined planning and design of the energy supply system. In
such countries, most DH projects are constructed locally by DH operators. However, the
development of DH systems is reliant on the synergy between available heat sources and
required heat demands. This means that a more systematic approach is required. Existing
research showed that a high quality heat atlas, which contains the geospatial representation
of heating and cooling demand and potential supply, is an essential prerequisite for DH
planning [14]. The lacking of such a high quality heat atlas was shown to be the bottleneck
for the development of some technologies and for local strategic heat plannings [15,16].
In the present work, practical information will be provided as a first step towards the
establishment of such a heat atlas.

This review article attempts to answer two questions:

• How does recent research development in DH contribute to the establishment of a
high quality heat atlas?

• What is the state-of-the-art on the optimal planning of DH systems?

The article is arranged as follows. In Section 2, the specific approach to implementing
this review article is described. To answer the first question, three sections are presented. In
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Section 3, some existing heat atlases are first reviewed. Then, methods for the evaluation of
DH potentials are discussed. In Section 4, approaches for the computation of DH thermal
demands are discussed. In Section 5, the integration status of various sustainable heat
sources in DH systems are elaborated, and suggestions on which resources to be mapped
on the heat atlas are provided. Along the discussion, major barriers that still exist for the
implementation of the discussed sustainable heat sources in DH systems are also identified.
Afterwards, in Section 6, the optimal planning and design of future DH systems is presented
to answer the second question. Finally, major conclusions are summarized in Section 7.

2. Research Methodology

The primary motivation of this review article was to identify the practical primary
steps and major technical barriers for optimal planning and design of future DH systems
for countries with low DH market shares. Given the broad range and natural complexity
of the topic, a semi-systematic review approach [17], which will be introduced below in
2 steps, was adopted.

2.1. Step 1: Designing the Overall Structure

In this step, around 300 articles from recent years (from 2016 to date) were investigated
to narrow down the research scope. Key words “district heating”, ”district heating and
cooling”, and “district energy system” were used. In this step, the resulting articles were
screened to spot specific research topics that are related to the optimal planning and design
of district heating and cooling systems. As an integrated regional energy supply solution,
the impact from factors such as tariff policies, financial arrangement, social acceptance
are equally, if not more, important than technological progress on the development of
DH systems. However, this article focuses mainly on the technological development. The
impact of the aforementioned topics will not be deliberated, and will also not be included
when drawing major conclusions. Nonetheless, if some of them are found to be the
predominant factors for the development of certain technologies, they will be highlighted.

After investigation, around 100 articles were found to be closely related to the research
topic. Those filtered articles were broadly categorized in four main sub-topics:

• Identification of DH potentials
• Approaches for heat demand predictions
• Integration of sustainable heat sources in DH systems
• Optimal planning and design of future DH systems

Afterwards, more key words were selected from the filtered articles for the next
step search. Key words selected in this step include: “heat atlas”, “GIS”, “heat density”,
“feasibility evaluation”, “heat demand”, “regional thermal load”, “sustainable heat sources”,
“renewable energy”, “geothermal”, “biomass”, “solar energy”, “surplus heat”, “waste heat”,
“data center”, “heat pump (HP)”, “topology”, “topological optimization”, “prosumer”,
“4th generation district heating (4GDH)”, “5th generation of district heating and cooling
(5GDHC)”, “Ultra-low temperature district heating (ULTDH)” “upgrade”, etc.

2.2. Step 2: Conducting the Review

Based on the defined structure and selected key words from step 1, a more detailed
search was conducted on each subtopic. In this step, key words that were used and
finally selected from step 1 were combined for further investigation, e.g., “geothermal” +
“district heating and cooling”, “solar energy” + “district heating systems”, “topological
optimization” + “district heating”, etc. Note that although the focus of the search in this
step mainly remained on recent publications starting from the year 2016, articles published
before 2016 were also considered if they provided valuable explanation and understanding
for certain topics.

This review includes journal articles, conference papers and technical reports from
well recognized organizations such as IEA and international renewable energy agency
(IRENA). In total, approximately 200 articles were included in the present review article.
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3. Identification of DH Potentials

For policymakers, a comprehensive heat plan must consider how much heat to supply,
how to supply it and at what cost. To answer these questions, the availability of a detailed
heat atlas was shown to be crucial [18]. A complete heat atlas contains the distribution
of heat demand, the available heat sources and the information of suitable heat supply
solution for a specified region. However, building such a heat atlas is not an easy task
since it is very time consuming and capital intensive. Moreover, detailed data regarding
heat demand is usually very difficult to collect due to privacy issues. In practice, the level
of detail and resolution of existing heat atlases vary significantly in different countries
and regions.

3.1. Heat Atlas Worldwide

In the literature, several heat atlases were identified. At the EU level, the heat atlas
was mainly developed in the Heat Roadmap Europe study series. A heat atlas with the in-
formation of heat demand distribution was first built for the 27 EU member states in [19,20].
Then, heat recycling resources from the energy and industry sector were quantified and
mapped for the EU27 members in [21]. Together with the heat demand map, target regions
for large-scale implementation of DH were identified in the same work. In [18], a more
versatile online application named Pan-European Thermal Atlas 4 (PETA4) was developed
for 14 EU member states. In this application, potential regions for DH construction and the
DH distribution costs for different regions were also identified. In Figure 1, a screenshot
of the heat atlas for the Netherlands from PETA4 is shown. For illustration purpose, only
some selected layers are shown. It can be seen from the figure that in addition to the
information on the heat demand and various available resources, the DH distribution costs
and strategic heat synergy regions for large-scale implementation of DH with different
priority levels are also identified. Although this online heat map provides in-depth in-
formation for the construction of potential DH systems, it is worth mentioning here that
the level of confidence in the results from [18] is not very high since the hectare level heat
demand in PETA4 was assessed by using a regression model based on Danish conditions.
The original objective of PETA4 was to create first-order accurate continental map layers
where there were no layers available at all to visualise the possibilities and inspire more
local-oriented mapping initiatives. Direct application of PETA4 to EU countries other than
Denmark is therefore limited. Nevertheless, it still serves as a representative example for
the establishment of local heat atlases for other EU countries.

In addition to the heat atlases at EU level, regional heat maps have also been generated
by local governments and associations, such as the heat map of Scotland [22], London [23],
the Irish heat atlas [24] and the German heat atlas [25]. On those heat atlases, information
of the heat demands, the distribution of available sustainable heat resources and the
distribution of existing DH networks are presented. In the Netherlands, the development
of a heat atlas started from 2020 [26]. On this atlas, information on the heat demand is not
available yet, but information regarding the access to certain sustainable heat sources is.
In [27], clean heat sources including water bodies, data centers, supermarkets, underground
subway stations, sewage plants, shallow geothermal sources, and ice rinks were mapped
for DH development in Stockholm city. A special case worth mentioning is Denmark,
where a detailed heat atlas is established on building level based on age, type and usage of
the building [28]. This detailed heat atlas has been extensively used for the development
and planning of Danish energy systems.

It is obvious from the above discussion that there exists a huge gap between different
heat atlases, while most countries still need to build their heat atlases with detailed heat
demand and supply information, PETA4 already presents the heat synergy regions with
different levels of priority for potential DH construction. The step from the heat demand
map to the identification of potential DH construction, however, is non-trivial.
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Figure 1. A screenshot of the heat atlas for the Netherlands from the PETA4 mapping application.

3.2. DH Potential Identification

The basic advantage of DH compared to local heat generation comes from the cost dif-
ference between local heat generation and central heat generation. However, unavoidable
extra cost is also introduced in DH systems. If the extra cost is too high compared to the
heat generation cost advantage, the competitiveness of the DH system will be substantially
erased. In traditional DH systems, the extra cost is dominated by the heat distribution
cost as shown in Figure 2. In future DH systems, such as ULTDH and 5GDHC systems as
will be discussed in Section 6.3, large amount of distributed thermal units such as thermal
storages and HPs are involved. The related installation capital cost and the operation and
maintenance cost on the distributed substations will substantially influence the competi-
tiveness of the DH supply solution. Note that Figure 2 only shows the cost component of
each heat supply solution. Neither the scale nor the difference in cost was validated versus
real conditions.

Figure 2. The general cost comparison between individual supply solution and DH supply.
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To identify the DH potential of a region, the involved cost on DH should be compared
with the cost of individual heat supply solutions. If the DH supply is cheaper than the
individual supply solution, DH could be identified as a viable heat supply solution. To
make the conclusion more persuasive, the least-expensive individual heat supply solution
should be used, as was done in [29]. This action guarantees the competitiveness of DH
against all potential renovation projects on local heat supply strategies. However, this
approach requires detailed information on heat demand of buildings and heat producers.
The work in [29] was enabled due to the high quality of the heat atlas in Denmark. For
other countries, the common practice is to use the linear heat density Qs/L (annual energy
demand per unit length of DH pipe, GJ/m). Examples are the potential evaluation work
in [30] for Switzerland, in [31] for France and in [32] for Hamburg, Germany. The evaluation
of DH potential is performed by defining a threshold, and regions with Qs/L higher than
the defined value are considered suitable for DH development. Some specific data that
emerged as reference values for the DH potential identification could be found in [30].
Since the trench length of the DH system is unknown yet at the planning stage, some
empirical correlations were identified to estimate Qs/L with the use of the number of
buildings per hectare [30] or by using the land area (m2) and specific heat demand of
buildings (GJ/m2) [33]. Note that those empirical correlations are region/country specific
since they were obtained by simple regressions. Their application in other regions with
different spatial layout of buildings should therefore be carefully evaluated.

The essential reason for using Qs/L as the indicator of DH potential identification is
because it is the determinant of the heat distribution cost. The total costs of district heat
distribution basically consist of the annual cost of four different categories: distribution
capital cost, distribution heat loss cost, distribution pressure loss cost, and distribution
maintenance cost. Among the four terms, the distribution capital cost dominates the total
distribution cost. The distribution capital cost is the investment cost of constructing the
DH network within an area, which could be expressed in the following form [34]:

Cc =
a · (C1 + C2 · da)

Qs/L
(1)

Here a is the annuity based on the chosen hurdle rate and the investment lifetime, Cc
is the annual distribution capital cost (EUR/GJ), C1 is construction cost constant (EUR/m),
C2 is construction cost coefficient (EUR/m2) and da is the average pipe diameter (m).
Experience from existing DH systems showed that higher Qs/L in general requires greater
da. One such example is the correlation derived in [34] based on data from 134 Swedish
DH networks:

da = 0.0486 ln(Qs/L) + 0.0007 (2)

Construction cost in different countries and different characteristic areas (inner city
area and outer city area, etc.) are different, but could be established as a function of nominal
pipe diameter, as can be seen from Figure 3. As a result, the value of Qs/L could solely
determine the scale of Cc, and thus also the DH construction potentials.
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Figure 3. Construction cost per meter trench length for DH pipes of various sizes for (a) Sweden
(2015). Reproduced from [35], Elsevier: 2022; (b) Ireland (2020). Reproduced from [36], Sustainable
Energy Authority of Ireland: 2022.

It is obvious from Figure 2 that still using Qs/L to evaluate future DH potentials might
be problematic since the extra cost term of DH compared with individual heat supply is
not only the heat distribution cost anymore, but also includes substation cost. This is also
revealed in [16], where the assessed Qs/L of some 5GDHC systems are lower than the
feasibility threshold adopted in traditional DH systems. As will be seen in Section 6.3,
future DH systems rely heavily on booster units. Those systems will only be economically
competitive if the heat generation cost savings, which is enabled by unlocking more
sustainable and low quality heat sources, outbalance the extra substation costs (including
the installation capital cost, power consumption cost and the maintenance cost). Compared
with traditional DH systems, a lower distribution temperature in future DH systems
will also lead to lower heat loss cost [37]. Another potential saving term could be from
the distribution capital cost in 5GDHC systems, where the close to ground operation
temperature does not require insulated pipes anymore. However, the specific evaluation of
this contribution still requires systematic comparison. What is clear here is that only using
Qs/L to evaluate DH potential is not enough any more. The reliability of using Qs/L for
DH potentials identification was enabled by massive experiences. For future DH potential
identification, the cost comparison between individual supply solutions and DH supply is
necessary. For this, a high quality heat atlas with high resolution is a prerequisite.

4. Approaches for Heat Demand Predictions

Heat demand is the driving force for both the planning and operation of a DH system.
Including detailed information of the heat demand distribution on the heat atlas is therefore
of great importance. Methods for the prediction of the heat demand for single buildings
have been extensively researched and are well established. However, when the scale comes
to a district or a country, more complexities and uncertainties are introduced. The route
from the prediction for individual buildings to district level is still a nascent field to be
explored. The prediction of regional thermal energy use becomes difficult due to the
following major challenges [38]:

• Uncertainties caused by different user behaviors
• Difficulty of gathering data for a large amount of buildings due to privacy and high cost
• High computational cost due to the large amount of buildings involved

Interestingly, the uncertainties caused by different user behaviors do not necessarily
have a negative effect on the regional energy prediction. Due to the diversity of the energy
use profiles from different consumers, the prediction error caused by the uncertainties from
user behaviors for aggregated regional heat use is often lower than for individual buildings.

At a large scale, energy prediction approaches in the building sector could be broadly
divided into two categories: the top-down approach and the bottom-up approach, as
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shown in Figure 4. The top-down approach uses historical energy consumption data of a
region and describes the correlation between the energy consumption of the region and
long-term changes or transitions in the building sector. This approach is thus usually
treated as a “macro-economic tradition” [39], which is often used to predict the impact
of various macroeconomic factors, such as population, climate condition and fuel price
etc., on the overall energy flow. It treats the entire building sector as an energy sink and
does not distinguish the use from individual users. The bottom-up approach, on the
contrary, starts from the prediction of energy consumption of individual users and then
aggregates the profiles to generate the overall energy consumption for the whole region.
For future DH systems, the increasing integration of sustainable resources at decentralized
sites requires more detailed energy use prediction. Therefore, the bottom-up approach is
found to be more suitable for the energy consumption prediction in DH systems [40] and
will be discussed in this study.

Figure 4. Regional energy use prediction approaches: (a) Top down; (b) Bottom up.

Based on the availability of input data and techniques, methods for the energy con-
sumption prediction of individual buildings in the bottom-up approach are grouped into
engineering methods and data-driven methods, as is shown in Figure 5.

Figure 5. Summary of bottom-up approaches for regional energy use prediction.
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4.1. Engineering Methods

Engineering methods are developed based on fundamental physics of the built en-
vironment. Common inputs for engineering methods are the physical properties of the
building, such as geometry, envelope fabric and ventilation conditions, occupancy behavior,
indoor temperature setting and weather conditions, etc. Numerical models are built to de-
scribe the energy flow according to conservation laws and heat transfer theories. Due to the
high computational cost for most engineering methods, energy prediction for each individ-
ual building in a region is unrealistic. Therefore, the concept of using some representative
buildings to represent certain groups of dwellings is often used. The simulation results
of representative buildings can then be extended for regional energy use evaluation. In
general, there are two types of representative buildings: sample buildings and archetypes.
Sample buildings are actual buildings from the region. To generate accurate regional energy
consumption, the number of sample buildings must be sufficiently high to realistically
reflect the degree of variety in the region. Archetypes can be “real buildings” whose inputs
are representative for the buildings in the region, or “virtual buildings” whose inputs
are artificially defined numbers (usually the mean value of the features of geometry and
envelope fabric, as well as operation parameters of the buildings from the entire region).
This means that an archetype can be different from any individual building in the system.

Compared with archetypes, sample buildings can generate more realistic regional
energy consumption profiles, provided that the number of sample buildings is sufficiently
high. However, this approach requires a large amount of input data, which are in most cases
challenging to obtain due to privacy and marketing reasons. As a result, the application of
sample buildings has been limited [40]. In comparison, archetypes have been used much
more often. For the application of archetypes, the identification of the number of archetypes
plays a critical role. Clustering techniques have been used for the identification of groups
with similar thermal consumption patterns in building systems. As one of the simplest,
but also the most popular algorithm, k-means was proven to be efficient in identifying
archetypes [41–43]. Depending on the definition of similarity and pre-processing of the
consumption data, the number of archetypes varies significantly in different research.
In [41], 5 clusters were identified out of 8293 family houses. In [42], a variable cluster
number over time was identified, varying from 5 to 11 among the 97 buildings within one
month. Except for k-means, more advanced algorithms such as k-shape [44] and Gaussian
Mixture Models (GMM) [45] were also used to discover heat load patterns.

Engineering modelling for the computation of the heat consumption profiles can be
either deterministic or stochastic. Deterministic models generate the same output for a
given set of inputs, while stochastic models incorporate uncertainty factors by including
Monte Carlo sampling in deterministic models. Conventionally, the engineering method is
a deterministic process. In this category, multi-zone building simulation models, which
conduct detailed simulations of the energy flows of individual buildings with high spatial
layout resolution, give the most complete description of building energy flows. However,
this approach requires very detailed data of the buildings and is computationally rather
expensive. As a result, lumped parameter building thermal models were proposed for
building thermal simulations. In lumped parameter building thermal models, the building
envelope is divided into a number of temperature uniform units and expressed as a network
of thermal resistances (R) and capacitances (C). The building thermal model is thus reduced
to a resistance-capacity (RC) thermal circuit model. In a RC model, the most pivotal work
lies in determining the R and C terms. In [46], a summary for the application of RC
modeling in building thermal load prediction is provided.

For district energy demand prediction, deterministic models contain significant un-
certainty challenges. From an individual building heat demand prediction point of view,
variables such as the set point of indoor temperature, which is correlated with human be-
havior, is by nature a stochastic input. From a regional energy prediction perspective, since
a limited number of archetypes are used, uncertainties also emerge during the distribution
of different building parameters. Stochastic models became natural choice for this issue.
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The variables which contain uncertainties are sampled randomly from a predefined range
and then used for the prediction of energy consumption in the deterministic model. By
the random sampling, the stochastic features are included. This introduced randomness,
however, needs to be calibrated with measurement data to fit the characteristics of the
investigated system. For this, the Bayesian calibration method is a common practice and
was adopted in various studies, as summarized in [47]. It is worth mentioning that in
some other research, different terminologies are used for building energy simulations. The
detailed multi-zone physical based models are also called white-box models, the calibrated
models of stochastic methods are called grey-box models and data driven models which
will be discussed in Section 4.2 are also called black-box models.

4.2. Data Driven Methods

Data-driven approaches rely on historical data and utilize different mathematical tech-
niques to derive the relationship between the energy consumption and input parameters
from users. The major source of the data used in this approach is the energy billing from
users, while engineering methods spend tremendous efforts to include uncertainties such
as user behavior patterns in the model, data-driven approaches have the advantage of
inherently containing all those factors in the model. There are two main techniques to
obtain the correlation between thermal energy use and user inputs: regression techniques
and machine learning (ML) algorithms.

Historically, regression techniques have been more frequently used for energy use
prediction. In general, a correlation between energy use and weather conditions, such as
ambient temperature, solar radiation, wind speed etc., as well as historical consumption
data, is constructed to predict future energy use [48–50]. In [40,47], detailed reviews on
regression models for energy use predictions were elaborated. In contrast, the application
of ML algorithms was limited. However, due to the rapid development in the ML field,
a substantial amount of work was found using ML algorithms for energy consumption
predictions in the investigated period. In order to identify the most appropriate algorithm,
comparisons across different ML algorithms, some also including regression methods, were
performed in various studies. The main conclusions from those comparison work are
summarized in Table 2. It can be observed that ML algorithms in general produce more
accurate predictions than regression methods [51,52]. More specifically, SVM was shown to
outperform other algorithms in most research [53–56]. In addition to using one algorithm,
a combination of multiple techniques was also used [57]. It was shown that the robustness
for the forecaster is increased after combining different algorithms.

Table 2. Comparison of various data-driven methods for energy use prediction [51–57].

Comparied Algorithms 1 Conclusions

SVM, FFNN, LR, DT [51] ML algorithms significantly improve the accuracy of predicted heat load compared with LR
LR, Ridge regression, Lasso regression, FFNN [52] FFNN provides the best prediction accuracy
SVM, GP, FFNN [53] SVM outperforms GP and FFNN in prediction accuracy and generalization capability
EMD-ICA-SVM and other 8 different ML
algorithms [54]

EMD-ICA-SVM based model outperforms other algorithms in terms of forecasting accuracy

SVM-FFA, SVM with grid search, GP, FFNN [55] SVM-FFA is superior to GP, FFNN, and SVM with grid search in terms of accuracy
SVM, FFNN, MLR, DT regression [56] • SVM generates the most accurate prediction

• DT regression has the poorest performance
FFNN, ETRs, LR, SVM [57] • LR performs the worst among the compared methods

• FFNN and DT regression perform slightly better than SVM

1 Algorithms that are compared in the table include: Support Vector Machine (SVM), Feed Forward Neural
Networks (FFNN), Decision Tree (DT), Linear Regression (LR), Ridge regression, Lasso regression, Generic
Programming (GP), Empirical Mode Decomposition (EMD)-Imperialistic Competitive Algorithm (ICA)-SVM,
SVM with Firefly Algorithm (FFA), Multiple Linear Regression (MLR), Extremely randomized (extra) Tree
Regressors (ETRs).

4.3. Aggregation from Individual Buildings to a District/Region Scale

The route of building energy use from individual level to district scale is in general
rather straightforward. In the simplest case, the regional energy use is computed by directly
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summing up the energy use of all buildings. This method is applicable to cases when the
energy use for all the individual buildings in the district is available. This method was
also called “Brute Force” approach in [58]. Due to the wide application of archetypes as
discussed in Section 4.1, the most common aggregation approach is by extrapolation. The
simulated energy demand profiles for archetypes are scaled up by summing up either
the multiplication of the energy use for each archetype and the number it represents or
the multiplication of the regional floor area and the normalized archetype’s energy use
of each heated floor area, as elaborated in [40]. When sample buildings are available,
regional energy consumption can be estimated by applying appropriate weightings to
the aggregated results from the sample buildings. Except for those general approaches,
a systematic two step model named DiDeProM (District, Demand, Profiles Model) was
developed in [58] to aggregate energy profiles of archetypes to district energy use.

For regional energy use prediction, which approach to use is highly dependent on
the availability of data. When aggregated district energy consumption data is available,
predictions from data driven models could be directly used to generate the district energy
demand profile. When no previous data is available, detailed archetype simulations will
be needed.

5. Integration of Sustainable Heat Sources in DH Systems

As one of the major features of future DH systems, the inclusion of renewable resources
and excess heat from industries in DH is only briefly touched upon in most recent review
articles on DH systems. In a very recent article [59], a rather comprehensive review on
the role of sustainable heat sources in future DH systems is provided. Given that our
research aim was to provide local planners a clear vision on how to map the appropriate
heat sources on their heat atlases, we focus on discussing the integration status of various
sustainable heat sources in DH systems. Along the discussion, major technical barriers
that still exist for the implementation of the discussed heat sources in DH systems are also
identified and summarized in Table 3.

Table 3. Identified barriers for the utilisation of sustainable resources in DH systems.

Energy Source Identified Barriers Role of HP in Its Implementation in DH

Geothermal High initial cost More than 70% of installed capacity is reliant on HP [60]
Biomass Long distance between source

and potential user
Not necessary

Solar • Large land use for centralized solar systems
• Temporal mismatch between production
and consumption

The combination of PV/PVT + HP was shown to be the
best option for solar energy use

Excess heat • Supply risk [61]
• Low technical maturity [62]
• Long payback time

Recovery of most excess heat is reliant on HP: industrial
surplus heat (50% at low grade 30–100 ◦C), urban waste
heat (mainly at 20–40 ◦C)

5.1. Geothermal Energy

As the most mature renewable technology in the context of DH, the application of
geothermal energy in DH attracted tremendous attention from researchers. The detailed
survey from [60] proved that the use of geothermal energy can be developed anywhere for
both heating and cooling with the help of HP. The installed thermal capacity of geothermal
direct use at the end of 2019 was estimated to be 107,727 MWt, among which 71.6% is reliant
on HP. It was also indicated in [60] that the direct heat application of low-to-moderate
temperature geothermal resources is an economically feasible business, and can make
a significant contribution to a region’s energy mix. Given the current oil and gas price
and supply uncertainties in mid-2022, geothermal energy supply is becoming an even
more attractive heat supply solution. However, except for several countries (China, USA,
Sweden, Turkey, Japan, Germany, Iceland, Finland, France and Canada), the development of
geothermal heat supply in most countries has been slow. So, detailed mapping of available
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geothermal resources on the heat atlas will play an important role for the optimal planning
and design of future DH systems.

The major obstacle for the development of geothermal energy is the high initial cost
(exploring, drilling wells, pipeline construction and reservoir operation). Due to the high
initial cost, long term supply, e.g., from 15 years [63] to as much as 60 years [64], is neces-
sary. Therefore, the major research attention was on technical assessment for sustainable
utilization of geothermal reservoirs. For its direct application in DH systems, fluid temper-
ature and mass flow of the fluid from the reservoir are the most crucial factors [65]. They
must meet the intended consumption requirements. In [66], a framework was proposed to
evaluate the technical and useful potential of shallow geothermal application in district
heating and cooling. For the evaluation of the feasibility of deep geothermal use in DH
systems, the numerical tool GEOPHIRES was shown [67] to be sufficient. For more detailed
investigation on the sustainability of geothermal exploitation, numerical tools such as
COMSOL [64] and TOUCH [68] could be used.

For the identification of the location, magnitude and sources of thermodynamic ineffi-
ciencies in the system, exergy analysis was proven [59,69,70] to be powerful. The exergy
analysis in [70] demonstrated that reducing the thermodynamic inefficiencies of the sys-
tem (by changing operation conditions) is more meaningful than changing the design of
system components. Furthermore, advanced exergy analysis was shown [71] to be more
meaningful and effective than conventional exergy analysis for the system performance
analysis since it provides information for the improvability of the system. Last but not least,
safety issues must be carefully evaluated for the exploitation of geothermal energy. The
study on the earthquakes induced by the deep geothermal based DH system in the city of
St. Gallen in 2013 shows that over pressurized gas might cause seismicity [72]. In [73], a
cyclical and iterative management process was presented as a governance model for the
development of Shallow Geothermal Energy (SGE) resources. First, a management frame-
work consisting of an open but exhaustive checklist of management problems, objectives,
strategies and measures based on four policy principles was proposed for policy makers.
This management framework was then adopted in the governance model to define the
decision-making and the decision-implementation processes. With proper implementation,
the scientifically-based robust policies formulated from this governance model will have
the potential to guarantee safe and efficient exploitation of SGE resources.

5.2. Biomass

The application of biomass in DH refers to direct combustion of biomass resources such
as wood chips. Although there are also researchers discussing about utilizing other forms
of bioenergy in DH systems [74,75], those technologies are more considered as competitors
of the biomass resource use in DH, such as transportation [59]. Compared with most of
the other sustainable resources, biomass has two major advantages: it is dispatchable and
the heat supply is not intermittent. However, biomass-based DH is not an option for many
regions because the availability of biomass varies significantly from region to region. As can
be seen from Figure 6, the population density of Canada and Australia is only 3–4 persons
per km2, but for Korea and the Netherlands, it is more than 500 persons per km2. Although
the distribution of biomass resources is influenced by various factors (such as the size of
the country’s land area, topography, climatic conditions, and the distribution of land use),
countries with low population density tend to have high availability of domestic biomass
resources [76], and thus higher potential to develop biomass-based DH systems.
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Figure 6. Population density of IEA bioenergy member countries, data from FAOSTAT, 2018 data.

Except for the population density, another factor to be considered is the distance
between the designed DH region and the available biomass resource. It is obvious from
existing research that the development of biomass-based DH is mostly suitable for the heat
supply in rural areas since logistical challenges for those areas to develop biomass-based
DH systems are smaller [77–79]. The work in [77] further indicated that the feasibility of a
biomass-based DH system is highly influenced by the presence of large heat consumers.
For regions that are found to be suitable for the inclusion of biomass in their energy supply
mix, the local planners should also realize the importance of policy support on developing
biomass-based energy systems. As a pioneer in the development of biomass-based DH,
Sweden supplies 60% of its heat demand in the building sector by DH supply, and biomass
accounts for half of the sustainable heat supply. After studying this successful experience,
the authors in [80] concluded that the biomass introduction and expansion was driven by
local municipal initiatives and national energy policies.

5.3. Solar Energy

As a well explored technology, the integration of solar energy in DH systems continues
to attract researchers’ attentions. In principle, a solar DH system can be categorized as either
centralized or distributed [81], as depicted in Figure 7. A centralized system is featured
with a large central solar collector field and a central seasonal thermal storage connected to
the network supply. In a distributed solar DH system, solar collector fields are installed at
suitable locations and connected directly to the network circuit on site. In this section, the
applications of centralized and distributed solar systems will be first discussed. Afterwards,
the selection of solar energy technologies in DH systems will be elaborated.
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Figure 7. Scheme of solar DH systems, (a) centralized, (b) distributed.

5.3.1. Centralized Solar DH Systems

Due to the seasonal mismatch between solar activities and heat demands, the com-
bination of a large-scale Central Solar Heating Plant with a Seasonal Storage (CSHPSS)
system has been a popular option, and the application of such strategy was found feasible
at various locations: Austria [82], Germany [83], Latvia [84], Italy [85,86], Canada [87],
China [88] and Spain [89] (see Table 4). Many more of these systems exist worldwide.
According to [59], 260 were in operation in 2020 according. It can be seen from Table 4
that the CSHPSS system is economically feasible for the heat supply of different sizes of
communities (ranging from a few houses to large cities), and at different locations (from
cold to hot climates). The research in [90] further showed that larger communities provide
better cost benefits since larger seasonal storage allows more direct utilization of seasonally
stored heat, thus lowering the need for auxiliary heating devices. Depending on the scale of
the heat supply, the sizes of the solar collectors and the seasonal thermal storages also vary
significantly. Moreover, it can be seen from Table 4 that the application of most CSHPSS
systems require installation of auxiliary units such as HPs, natural Gas Boilers (GB) and
Short Term Thermal Storages (STTS). Among the existing systems, a remarkable case is the
Drake Landing Solar Community (DLSC) in Canada [87], which has a Solar Fraction (SF)
of as high as 97%. Because of this outstanding performance, the DLSC system was used as
a reference for the feasibility study of other locations [91,92].

For a CSHPSS system, appropriate selections of the solar collector and the seasonal
thermal storage are critical technical factors. According to [59], the combination of a flat
plate collector and a parabolic trough collector is the most cost effective option in a CSHPSS
system. Options for seasonal thermal storage in this design include hot water tank thermal
energy storage (TTES), aquifer thermal energy storage (ATES), water pit thermal energy
storage (PTES) and borehole thermal energy storage (BTES). For the selection of the seasonal
thermal storage, a less clear guide could be provided since the choice is dependent on
various factors such as the collector area, the total heat supply load and details of the
system design etc. However, BTES was the choice of most existing systems [90].

Same as the integration of other sustainable resources, local subsidies and the energy
tax for fossil fuels play significant roles in the integration of such systems due to the high
initial investment. Without this support, the implementation of such systems is difficult.
One typical example is the DLSC system. Although this system represents an attractive
investment compared with natural gas-based systems, no such system has been built in
North America due to the low natural gas price and the lack of local subsidies [93].
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Table 4. Key technical information of some CSHPSS systems [82–89].

Location Latitude Longitude
Coordinates

Community Size/
Heating Area (m2)

Solar Collector
Area (m2)

Seasonal Storage
Size (m3)

Seasonal
TES Type

Auxilary Units
+ Capacity

Annual Supply
(MWh)

SF (%) Supply
Temperature (◦C)

Graz, Austria [82] 47.07, 15.42 39% demand of
276,526 residences

500,000 1,000,000 PTES HP (100MW) 935,000 20 120 winter
75 summer

Germany [83] ∼52, 13 1 N.A. 4 55,000 140,000 BTES HP + GB 25,000 76 55
Latvia [84] 56.9, 24.1 20,000 residences 72,900 438,000 TTES N.A. 4 23,700 78 66 winter

62 summer
Naples, Italy [85] 40.85, 14.3 6 family houses 4.42 2 7.2 2 BTES STTS (0.4 m3) + GB N.A. 4 40 55
DLSC, Canada [87] 50.73, 113.95 52 houses 2293 34,000 BTES STTS (240 m3) 646,672 97 37–55
Chifeng, China [88] 42.26, 118.89 200,000 m2

residential area
1002 500,000 BTES Excess heat supply 42,000 N.A. 4 45–55

Florence, Italy [86] 43.77, 11.26 2 buildings
299 dwellings

1000 3800 TTES HP + GB 1142 44 66

Barcelona, Spain [89] 3 41.35, 2.17 40 buildings
1120 dwellings

7000 32,100 TTES GB 4225 N.A. 4 50

1 The conclusion is drawn based on a typical German city. Berlin is thus used to estimate the coordinates; 2 In this case, the optimal sizes for solar collector field and thermal storage are
obtained per unit heat supply; 3 The parameters from the minimum impact (environmentally optimal) solution are used; 4 N.A. means those values are not available/specified in
the paper.
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5.3.2. Distributed Solar DH systems

Compared with centralized DH systems, less research attention was paid on dis-
tributed DH systems. In [94], the integration of solar heat to a local DH system in Finland
with both centralized and distributed configurations was investigated. The results showed
that the performance of the distributed system is much lower than the centralized one in
terms of euro/MWh of produced solar heat. However, the space for centralized large-scale
solar panels is not always available. When space is limited, the distributed solar DH
system was also shown to be an energy efficient, sustainable and economic alternative,
especially with LTDH systems [95,96]. In [97], the possibility of integrating a solar thermal
system (including thermal storage tank) as a sub-network in an existing CHP based DH
system in Germany was evaluated. The results showed that the solar assisted sub-network
could be self supportive and thus be isolated during summer months. The back-up boiler
which was necessary in the original system could also be efficiently eliminated in the new
configuration. In [98], the simulation of a distributed solar DH system generated similar
conclusions as in [97]. It was shown that the prosumers produce more heat than they need
during the summer period, the thermal network could therefore operate as an autonomous
micro-grid in summer.

The fundamental premise of the distributed solar DH system is that prosumers could
use the DH network as a virtual thermal storage and release excess solar thermal energy
into the DH network for later use when it is needed. For the design of a distributed solar
DH system, the feed-in connection between the distributed solar thermal (ST) collector
loop and the DH network is one of the most important technical factors. If the temperature
difference between the charging flow and the DH flow is considerable or if the cyclic
charging is too frequent, the induced fatigue would create cracks in the underground
pipes. The Return/Supply (R/S) feed-in principle (see Figure 8), in which water from
the DH return pipe is heated up by the ST collector and pumped back to the DH supply
pipe, was the choice of most systems since it largely avoids pipe fatigue break. However,
to provide a stable required feed-in supply temperature and a feed-in heat power equal
to the heat output from the ST collectors, advanced control is required. For existing
distributed solar DH systems, oscillations in the supply temperature and the feed-in mass
flow, which are the results of a poor control strategy, have been identified as one of the
major problems [81,99,100]. In [99], two possible system layouts for robust R/S feed-in were
proposed: a temperature—controlled system, which is enabled by a short circuit including a
two-way-valve and the use of a model predictive controller, and a flow—controlled system,
in which the feed-in flow and heat-power are controlled by a pump and a two-way valve
in the main feed-in circuit. In [100], analysis of the supply temperature under different
climate conditions showed that the cloud cover has a significant impact on the stability of
the collector outlet temperature. TRNSYS simulation results of a test case from the same
study indicated that to reduce the supply temperature fluctuations, a short waiting time of
the three-way valve which controls the fluid temperature supplied to the DH network is
necessary. However, additional fluctuations caused by continuous operation of the valve
should also be properly addressed. Due to the complexity of the advanced control in the
R/S feed-in, the R/R feed-in (Figure 8) was also adopted in some systems. In the R/R
feed-in, simple control is sufficient since it only requires a constant flow rate [81]. Note that
in a R/R feed-in system, the temperature in the DH return line will be increased by the ST
collector. This is undesired in some DH systems, such as CHP-based DH systems, where
increased return temperature decreases the overall efficiency of the heat production plant.
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Figure 8. Two major feed-in principles for distributed solar DH systems.

5.3.3. Selection of Solar Energy Technologies in DH Systems

Since solar energy can be utilized via different technologies, i.e., solar thermal (ST)
collectors for heat production, photo-voltaic (PV) panels for power production, and photo-
voltaic thermal panels (PVT) for both power and heat production, the question of which
technology is the best to use arises. Given the natural geographical dependence of solar
energy and DH demands, it is not surprising that no absolute answer could be provided
for such a question. It is, however, feasible to evaluate what is the ‘best local fit’. In
Table 5, the comparisons of various solar technologies in several DH systems at different
locations are summarized. It can be seen that the the optimal solar mix is dependent on
the location, system operating temperature and the selected objective functions. For LTDH
systems, electrical based (PV/PVT) DH systems in all comparison studies are shown to
perform better than thermal based (ST) systems in terms of life cycle cost, payback time
and system technical performance. Furthermore, the P2H (power-to-heat, more specifically,
using power generated by PV panels to generate heat by using HP) concept was studied
in [101] and the results showed that indeed the P2H concept can increase the overall system
efficiency or economic feasibility of a solar assisted DH system.

Table 5. Review on the comparison of different solar technologies in some DH systems [102–105].

Location Compared
Technologies

Evaluation Criteria Supply
Temperature

Major Conclusions

University of
Bari, Italy [102]

PVT, PV,
ST (ETC 1)

Economic (PBT 2) 80 ◦C • PV system is the optimal option in PBT
• PVT has a PBT 2.7 times longer than PV
• ST system has a PBT 2.3 longer than PVT

University of
Bari, Italy [102]

PVT, PV,
SC (ETC)

Environmental
(CO2 Reduction/year)

80 ◦C • PVT system brings the best environmental benefits
• PVT system displaces 0.16 and 1.4 times more CO2
than PV system and ST system, respectively

Multiple
locations [103]

100% PV,
100% ST,
A mix of PV&ST

Economic (LCOE 3),
Technical
(overall performance),
Environmental
(CO2 emissions)

100–400 ◦C • A mix of technologies (not solely ST or PV) in a
side-by-side configuration improves the performance,
the LCOE and the environmental payback;
• The use of PVT instead of PV in the side-by-side
configuration helps to improve the SF and reduce the
ST collector area, which is often a limiting factor

63.7 ◦C • ST is the most desirable solution for the tested casesLatvia [104] PVT, PV, SC Economic (NPV 4, LCOE, PBT)
Technical (SF)
Environmental(CO2 cost)

• PV/PVT + HP is more favorable if the operation
temperature is 10 ◦C lower since the power generated
by the PV/PVT can be used by HP to increase the
temperature level

Finland [105] Decentralized PV,
Centralized PV
Decentralized ST,
Centralized ST

Economic (PBT),
Technical (OEF 5),
Environmental (REF 6)

DHW: 58 ◦C
SH: 27–40 ◦C

• Decentralized PV system (PV used as the energy
source to generate heat by running HP) outperforms
the other three systems

1 ETC: Evacuated Tube Collectors; 2 PBT: Payback Time; 3 LCOE: Levelized Cost of Electricity; 4 NPV: Net Present
Vale; 5 OEF: Onsite Energy Fraction; 6 REF: Renewable energy fraction.
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5.4. Excess Heat

Excess heat in the DH context includes industrial surplus heat and urban waste heat,
i.e., heat from data centers, metro stations and other public buildings. Great potentials
were identified for both industrial surplus heat and urban waste heat in DH. However, the
potentials are far from fully exploited. Compared with other renewable resources, there
still exists significant barriers for the inclusion of excess heat in DH systems, as shown in
Table 3. One unfortunate situation is that explicit incentives for renewable resources are
creating unnecessary competition between renewable resources and excess heat as DH heat
sources [62,106].

Including industrial surplus heat in the DH system is, according to [107], with great
political interest, great potential and high profitability. The high potential of industrial sur-
plus heat was investigated and confirmed at various countries and locations [21,108–110].
Unfortunately, this great potential is mostly untapped. The most common obstacle for the
inclusion of industrial heat in DH is the concern of supply security (such as unexpected
shut down or decreased activities of the connected industries) from DH operators [61]. This
concern, however, was proven to be exaggerated. After an assessment study of 107 excess
heat recoveries in Sweden, Lygnerud and Werner [107] concluded that only a small propor-
tion of industrial heat recovery has been lost in Sweden because of terminated industrial
activities. An actual technical barrier requires further research is the mismatch between
the production and consumption. To eliminate this barrier, the use of seasonal heat storage
was considered and evaluated [111,112]. However, the results showed that this strategy is
not yet viable due to technical risks and immaturity of current material technology. The
annual charging cycle, which is crucial for a seasonal thermal storage, is rather low in
the investigated cases, which makes the investment on seasonal heat storage unprofitable.
It was also shown in [111] that existing materials used at the inner walls of the seasonal
heat storage are either too expensive or not mature enough to guarantee expected lifespan.
Another limiting factor for the use of industrial surplus heat is the distance between the
factory location and the residential area. Since most DH systems considering connecting
industrial surplus heat are nearby regions, the estimated consumption is usually lower than
available heat supply. This results in long payback time and thus infeasible conclusion. As
can be seen from Table 6, all the DH systems supplied by excess heat are within 4 km of the
factories. However, the study in [113] showed that the maximum DH feasibility threshold
distances can be actually longer than the ones listed in Table 6 (it may reach up to 30 km for
waste heat flows of 30 MW in Austria). This indicates that there is large room for direct
inclusion of industrial surplus heat in DH systems. What is missing is more regulations,
incentives and obligations to enforce the feed-in of industrial surplus heat [114].

Table 6. Key information of some excess heat based DH systems [112,115–117].

Location Industry Distance to
DH Network

Supply
Temperature

Jutland, Denmark [115] Meat processing plant 3.2 km 73 ◦C
Chifeng, China [116] Copper smeltery

+ cement plant
3.5 km 25–80 ◦C

(cascade supply)
Linz, Austria [112] Steel mill Inside city boundaries 97 ◦C
Hamburg, Germany [117] Copper smeltery 3.7 km 70–90 ◦C
Barcelona, Spain [117] Waste treatment plant Inside city 90 ◦C

Urban waste heat recovery, namely recovering the low temperature heat from urban
sources for DH use, was shown to have the potential to cover 10% of residential heat
demand in Europe [118]. However, at present, this application is not widespread and is
an immature technology, according to [62]. Nevertheless, increasing interests were shown
in demonstrating the effectiveness of low grade excess heat recovery, especially in data
centers [119,120]. In general, the waste heat recovery solution in data centers is suffering
from its economic viability. To improve the efficiency of reusing data center’s waste heat,
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high initial investment is required for upgrading the existing chillers and installation of
thermal storages [121]. However, this high investment essentially decreases the economic
viability of the excess heat recovery solutions. To date, most data center heat recovery
projects for DH supply are located in cold climates such as Denmark and Finland.

To sum up, the excess heat recovery in both industries and in urban sectors require
policy incentives. For industrial surplus heat, despite with still existing technical barriers,
large room is available for its direct use in DH. Urban waste heat recovery solutions
require further pilot projects to demonstrate technical and economic feasibility. Therefore,
industrial surplus heat should be integrated into the heat atlas with information of the heat
grade for regional DH potential evaluations. The inclusion of urban waste heat could be
implemented later when the technology is proven to be mature.

5.5. Unlocking More Heat Sources with the Use of HPs

In the definition of the 4GDH concept in [10], the importance of HPs in future DH
systems is clearly indicated as they enable efficient integration of more renewable resources
and help to unlock more low temperature surplus heat. This was also clearly revealed
on Table 3, where the exploitation of the majority of identified renewable resources (more
than 70% of geothermal, solar PV + HP being the optimal solar DH configuration) and
excess heat potentials (almost half of industrial surplus heat and 100% urban waste heat)
were shown to be reliant on the use of HPs. Depending on its location in the DH system,
a HP could be centralized, in which case it would be located close to the source of large-
scale heat resources to increase the feed-in temperature of the heat sources to the DH
network. Alternatively, it could be distributed, in which case it would be close to end-
users to increase the fluid temperature from the DH network to the required level for the
consumers. Centralized large-scale systems have the advantages of higher flexibility in
heat supply, possibilities to integrate higher proportions of renewable energy, potential
to make use of strategically advantageous heat sources and use of surplus electricity at
lower costs [122]. Compared with centralized systems, decentralized small-scale systems
have the following advantages [123]: (1) significant reduction on thermal loss, (2) low and
even electricity demand if HPs are supplied only for DHW, (3) possibility to connect with
more low temperature local heat sources, thus increasing supply reliability and reducing
the dependency on the primary network. Just like solar DH systems, some researchers
performed techno-economic evaluations for centralized and decentralized HP systems,
attempting to figure out which system is better than the other [122–125]. However, since
the evaluation results of HP installations, either centralized or decentralized, rely heavily
on the price and generation mix of the electricity and the temperature of available heat
sources, different conclusions were drawn for different test cases. In this section, the focus
is placed on the integration of centralized large-scale HPs in DH systems. The use of
decentralized HPs in DH systems is dependent on the overall system design, such as the
operating temperature and the design of substations. Therefore, it will be covered in the
next section together with the DH system design.

As stated in [126], the current technology developments of HPs are mature enough for
large scale application in DH systems. Large-scale HP installations were identified across
Europe in various countries: 120 units ranging between 1 and 50 MW in Sweden in 2017,
31 installations in Denmark, 2 geothermal based HP units in operation in Milan between
2010 and 2011, and several installations in Norway and Finland [122]. The expansion
of large-scale HP units started from 1980s when large amount of surplus electricity was
available from nuclear plants in Sweden. A dilemmatic fact is that the low electricity price
of Sweden in the 1980s and onward also led to an expansion of individual HPs installed
at small, private houses. This made HP a competitor from most DH operators’ perspec-
tive [127]. However, this competition was proven to be unnecessary. The research in [128]
showed that the combination of HPs and DH is an important step toward low CO2 emis-
sion targets. The current technology of neither centralized (large-scale) nor decentralized
(small-scale) HP schemes are superior enough to replace the DH systems in Sweden. For
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the development of large-scale ground source-based HP systems, large physical space
that is required to cover energy wells is unavailable [129]. The integration of distributed
HPs was found to be limited by the capacity limit of the power grid in the investigated
system [130].

In other countries, the developments of large-scale HP-based DH systems were also
shown to have great potentials. It was concluded [131] that potential heat sources for
HPs for DH are present near almost all DH areas in Denmark. A further assessment [132]
showed that introducing HPs in Denmark has the potential to produce between 2 and
4 GW of thermal power and a total potential benefit of around 100 M€/year in 2025. The
study in [133] proved that it is feasible to integrate large-scale HPs in the DH system of
Greater Copenhagen. The viability of introducing large-scale HPs in existing Finnish DH
systems was also investigated in [134]. The results indicated a much higher amount of
viable HP-based DH systems (10–25%) compared with the current situation (3%) in Finland.
The work in [135] also shows a significant increase in the use of HP in the Helsinki region
in the future low-carbon scenario. The work in [136] indicated that HP might be a viable
solution for the replacement of current biomass-based DH systems which are operating
unprofitably in the rural area of Austria. This result is, however, dependent on the price of
biomass resources. A similar result is found in [137], in which the application of industrial
HPs in the UK is limited due to the gas price being lower than the electricity price.

Major heat sources in existing HP-based DH systems are: sewage water, ambient
water, industrial waste heat and geothermal energy, as shown in Table 7. Large capacities
of sewage water sourced HP systems are mainly found in big cities due to their ability to
manage the reuse of sewage water. For a sewage water sourced HP system, special attention
should be paid on the fouling problem. It was shown in [138] that the fouling problem in
the heat exchanger results in serious reduction of efficiency in a HP when sewage water is
used as the source. Ambient water mainly refers to saline sea water, lake and river water.
So ambient water sourced HP systems are generally used, and should be considered in
future in regions close to the sea or river. In future DH systems of Denmark, sea water was
identified [131] as the main heat source for HP-based DH systems. For geothermal and
excess heat, as discussed above, most of their identified potentials are dependent on HPs
but only a small portion were unlocked. Large space is available for their future use.

To conclude, large-scale HP-based DH is a mature technology. Sources that could
be mapped on the heat atlas for HP use include: sewage water, ambient water, industrial
waste heat and geothermal energy. Urban excess heat is a future candidate.

Table 7. Major heat sources for existing HP-based DH systems in Europe [122,126].

Heat Source Percentage Temperature Development Barriers

Sewage water 56% 12–20 ◦C Decreased HP performance due to fouling [138]
Ambient water 24% 2–14 ◦C Availability
Excess heat 8% 15–40 ◦C Low technical maturity [59]
Geothermal heat 4% 10–20 ◦C Large physical space required for energy

wells [129]
Others 8% N.A.

6. Optimal Planning and Design of Future DH Systems

To answer the second research question about the state-of-the-art on the optimal
planning of DH systems, three related topics are discussed in this section. First, general
methodologies for the optimal planning and system design of DH networks are reviewed
in Section 6.1. Then, novel configurations that emerged in recent years are discussed
in Section 6.3. Finally, measures to upgrade existing DH systems are summarized in
Section 6.4.
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6.1. Methodologies for DH System Design

The optimization of the spatial layout of DH pipes has been the main content for the
DH topology design. In general, spatial layouts of DH grids are designed according to one
of the following three topologies [139], as shown in Figure 9:

• The radial grid, which comprises a single centralized heat production plant. Thermal
energy is transported from the heat production plant to buildings by a unidirec-
tional flow.

• The ring grid, which contains a closed loop and allows multiple heat sources.
• The meshed grid, which involves multiple closed loops in the network by introducing

additional lines. The additional lines provide a high security of the supply and allow
the flow to be bidirectional.

Figure 9. Grid topology for DH systems, adapted with permission from [139]. 2022, Justus von Rhein.

Historically, the shortest route which connects all the users to the heat producer has
been the basis for DH network design. Current DH systems are still very often designed
based on this concept [140,141]. The shortest DH route can be identified by using graph
theory algorithms to solve the well-known minimum spanning tree (MST) problem. The
wide application of this concept is due to the intuition that the shortest route minimizes the
distribution capital cost, which dominates the distribution cost of a DH system, as shown
in Figure 2. However, prior work has shown that the shortest route does not necessarily
lead to the minimum initial capital cost or operation cost [142]. Besides, new DH systems
are characterized by distributed heat sources and thermal units, optimal planning and
sizing of heat production plants and thermal units is also a major task in future DH systems.
The shortest route apparently does not guarantee an optimal solution for the selection and
sizing of heat source plants and thermal units. Furthermore, potential trade-offs between
initial capital cost and energy performance are not considered when the shortest route is
used as the only standard. For large infrastructure projects like DH, the system design
should be optimized based on long-term planning to ensure the development is beneficial
for society in the long run. For this, life cycle cost (LCC), which accounts for both the
annualized capital cost and the operating cost, is a more suitable indicator. The problem in
this context is quite often formulated as a Mixed-Integer Programming problem. Given the
natural non-linearity of the involved physics, the complete form of the LCC optimization is
then a Mixed-Integer Non-linear Programming (MINLP) problem. Due to the complexity
introduced by the non-linearity, the MINLP is usually simplified as a Mixed-Integer Linear
Programming (MILP) problem by either simplifying or linearizing the involved physical
models [142–145]. The results from [142] demonstrated that engineering design parameters
related to pipe sizing, heat losses and pumping energy have significant influence on the
total LCC. When those parameters were included, a reduction on the LCC was obtained
compared with approaches which only considered capital or operating costs. In [143,144],
MILP models were formulated to identify the optimal selection of the system components
among available candidate technologies in decentralized DH systems. In [145], the shortest
route concept was implemented in a MILP model for DH network optimization. First,
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buildings were divided into clusters based on the MILP model. Then, the optimal route
within each cluster was identified by using MST algorithms.

Except for solving the MILP problem, heuristic approaches could also be used to
perform the LCC analysis [139,146]. In [139], the optimization problem was solved based
on an exhaustive search approach. Simulations were run on various connection scenarios,
which were identified from the MST algorithms. The cost for each scenario was then
computed and analyzed to find the optimal solution. In [146], a multi-objective problem,
which considers not only the involved capital cost but also the equivalent CO2 emission cost,
was solved by decomposing the problem into three steps: the first step plans the network
based on a MST algorithm, the second step designs the generation and renovation planning
for the designed network from the first step and the last step simulates the operation. Based
on the operation simulation, the cost for the designed configuration was computed. This
process was then iterated to find the optimal solution.

To account for the non-linearity of the problem, some work attempted to solve the
MINLP problem [147,148]. In [147], the problem was split into sub-problems to obtain the
optimal option for the desired parameters: the sizing of the plant, the allocation between
heat and power production and the topology of the DH network. The proposed approach
was applied to academic cast studies which consist of one definite consumer and seven
potential consumers. In [148], the model was applied to the optimal system design of a
DH network with one producer and four consumers. It can be seen that both work limited
their application in small networks with few users. This is a direct consequence of the high
computational cost of the MINLP model. In [149], an adjoint-based numerical optimization
strategy was proposed to perform the optimization. To avoid the high computational
cost, consumer constraints were aggregated. At the same time, a numerical continuation
strategy was applied to force continuous design variables towards discrete design choices
for simultaneous optimization of network topology and pipe sizes. The model was applied
to the optimal system design of a fictitious DH network with 160 users. The results from
this work also emphasized the importance of considering the non-linear transport model
in the design phase: a variation of 72% in the consumer flow rates was induced by the
temperature variation.

It is evident that models for the optimal planning and system design of DH networks
still require further development. Existing numerical models are mainly suffering from
the high computational cost due to the large-scale of DH systems and non-linearity of the
optimization problem.

6.2. Numerical Tools for Optimal Planning and System Design of Future DH Networks

The design, dimensioning and cost evaluation of a DH system requires knowledge
of all above-mentioned topics. In general, different software tools are employed to solve
related sub-problems on different topics. It is common to use numerical models to predict
the thermal-hydraulic behaviour of the DH network, and then perform the system opti-
mization based on scenario analysis. In this context, numerical tools such as Modelica [150]
and Matlab/Simulink [151] could be used to provide the thermal-hydraulic performance of
the system for further optimization. This process is usually time-consuming, inapplicable
to other systems, and requires the designers to have in-depth understanding of the system.
To overcome these challenges, some integrated frameworks and numerical tools were
proposed for the optimization process.

The basis of most DH system design frameworks and tools is the above-mentioned
methodologies in Section 6.1. In the project QUARREE100 [152], an optimization frame-
work based on a flexible MILP formulation was proposed to investigate the impact of
distributed thermal storages on the DH system design. The framework was programmed
in Python as open source tool DHNx. In this framework, geospatial information from
OpenStreetMap is used to identify potential routing options. Existing Python open source
libraries were employed to perform system simulations and to optimize the network.
In [153], a framework was established by combining Modelica simulations and modules
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from open source Python libraries. In the framework, Modelica is used to perform the
thermal-hydraulic simulation and the open source Python module Pyomo is used to solve
the MINLP model. This elegant combination of the efficient numerical tool Modelica and
the complex optimization algorithm MINLP was shown to be rather reliable for continuous
optimization of a virtual DH system. In [154], a framework was built using a thermal-
hydraulic model in MATLAB to perform a holistic energy and economic analysis of the DH
system. Geo-spatial data of the district and buildings was obtained from GIS, and district
demand profiles were generated by using the simulation tool CESAR. In this framework,
holistic energy and economic analyses were performed based on scenario comparisons.

In addition to the above-mentioned frameworks that combine different numerical tools
in a systematic way to achieve an optimal design of the DH network, some software was
also developed by assembling different tasks in one tool. This includes THERMOS [155],
Comsof Heat [156], URBio [39] and Termis [157]. THERMOS a is free, web-based tool
for optimal local district energy planning. It is based on a high-resolution address-level
mapping and accurate energy demand estimation. The tool allows for instant feasibility
evaluation of DH construction, identification of optimal spatial layout and optimal sizing
of available heat sources and thermal units. Comsof Heat is a GIS-based DH planning and
design software. In [158], Comsof Heat was used to investigate the optimal planning of a
DH system with more than 2300 buildings in a neighbour of Nijmegen. URBio adopts an
iterative and interactive optimization process. An initial solution is first presented to the
decision makers for exploration and learning. Users preferences are then considered in the
optimization model by updating the objective function and constraints in the MILP model.
This process is repeated until a satisfactory solution is found. Termis is a commercial tool
and has a long history of being used for planning and system design for DH networks. A
simple MS Excel based tool developed by Ramboll named District heating assessment tool
(DHAT) [159] could also be very useful for the optimal planning of DH systems. Compared
with above-mentioned tools, DHAT is specifically designed for feasibility evaluation, and is
therefore recommended to be used for screening projects and not for a final heat planning.

6.3. Novel Configurations for Future DH Systems

The rapid development of DH in the last few years resulted in various solutions for the
heat and cold supply, while the technology of 4GDH is still under development, the concept
of “5th generation district heating and cooling (5GDHC)” was already introduced. In [16],
an explicit definition of 5GDHC is given and a detailed review on 40 5GDHC systems
under operation in Europe is presented. However, the author of the original definition
of 4GDH argued in [9] that the term “5th generation” would seem to suggest that the
5GDHC represents a sequential or serial development from 4GDH, indicating fundamental
improvements on the system energy efficiency, which does not seem to reflect the reality.
The author suggested to regard 5GDHC as a sibling of other technology options in the
4GHD family. In this article, we differentiate systems based on their system configurations
and the corresponding operation temperature ranges.

A summary of the temperature levels used for three different configurations of a DH
system, i.e., LTDH, ULTDH, 5GDHC, in the investigated articles are plotted in Figure 10.
It is obvious that the temperature levels represented by the same term can differ a lot. In
our work, the temperature levels are consistent with those used by most researchers, i.e.,
LTDH, ULTDH and 5GDHC represent DH systems with supply temperatures of: 50–70 ◦C,
30–50 ◦C and 0–30 ◦C, respectively. A more detailed sketch of the temperature levels in
the three configurations is shown in Figure 11. The following featured configurations were
identified as novel configurations: 5GDHC, ULTDH, non-uniform temperature district
heating (NUTDH), and triple-pipe district heating system.
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Figure 10. Summary of temperature levels in different category in the literature [16,139,160–194].

6.3.1. ULTDH

As can be seen from Figure 11, an ULTDH system operates at a lower temperature level
than a LTDH system. Such low temperature level was proven to be high enough for direct
SH supply for most of the residential buildings [163,169]. Temperature levels from the DH
system are boosted up by extra units such as auxiliary heaters or HPs at each individual
residence for the DHW supply. For DHW, Legionella bacteria has been and is still the
central concern. Since a DHW temperature below 50 ◦C yields high concentrations of
Legionella bacteria [169], the supply temperature has to be at least 50 ◦C. This is also clearly
reflected in Figure 10, where the majority of the research took 50–55 ◦C as the dividing
temperature between LTDH and ULTDH. In a LTDH system, a distributed substation with
an instantaneous heat exchanger (IHEX) for the DHW preparation is sufficient [161], but in
an ULTDH system, the design and control of the decentralized substation at each connected
house can be more complicated. The design of a micro HP [168] and the combination of a
micro tank and an immersion electric heater [161] were shown to function well for ULTDH
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systems. To control the return temperature, advanced control like model predictive control
is required in an ULTDH system [180].

Figure 11. The temperature levels for three different DH configurations: LTDH, ULTDH and 5GDHC.

Compared to LTDH, ULTDH has the benefits of easier access to more sustainable heat
sources and smaller distribution heat losses. However, the introduced capital costs on the
distributed boosting units for DHW might hinder its economic feasibility. As illustrated in
Figure 2, the economic feasibility of an ULTDH system is highly dependent on the saved
cost on heat generation and the extra cost on distributed substations. The economic analysis
in [170] indicated that an ULTDH is competitive compared with individual gas boilers
when a local low-temperature heat source can be recovered with minor marginal costs for
the investigated case. A more interesting question is: how competitive is ULTDH compared
to LTDH? For this, the system performance of LTDH and ULTDH solutions were compared
in different cases [160,162,164,166]. In [160], the coefficient of system performance (COSP)
for LTDH and ULTDH with CHP plants and HPs as central heat supplies were compared.
The results showed that the LTDH outperforms the ULTDH for CHP supplied system
while the ULTDH provides a performance increase compared to the LTDH when heat was
supplied by central HPs. In the CHP plant supplied system, the booster units in the ULTDH
configuration consumed more electricity than the corresponding save at the CHP plant.
In [162], the comparison was conducted based on energy performance, exergy performance
and economy performance for a system supplied by geothermal energy in a low-heat-
density area. The energy performance analysis showed that the two configurations had
similar distribution efficiency, but the LTDH system presented higher exergy efficiency
than the ULTDH system. This indicates that the energy in the LTDH scenario was better
allocated to satisfy the heat demand from a thermodynamics perspective. On the other
hand, good economic gain was shown in the ULTDH due to the cheap marginal cost
from renewable heat sources and lower distribution losses. The economic comparison
of the two configurations in another low-heat-density area [164] demonstrated that an
ULTDH network can be more cost efficient than a LTDH network. In [166], the influences
of the boundary conditions of the supplied area and the available heat sources on the
economic performance of the two systems were compared. The results again highlighted
the importance of the heat generation cost on the feasibility of the ULTDH configuration. It
was shown that for areas with a plot ratio of above 0.6, LTDH is the most feasible solution
for new buildings in Denmark supplied by HPs. The economic feasibility of ULTDH
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mainly suffered from additional investment and fixed operation and maintenance cost of
the decentralized HPs.

6.3.2. 5GDHC

A 5GDHC, according to [16,195], is a decentralized, bi-directional system that operates
at close to ground temperature level and uses local heat pumps and chillers to satisfy the
heating and cooling demand of a district, as can be seen from Figure 11. Such system has
attracted tremendous attention in recent research community since it allows recovering
more low-temperature energy sources, it minimizes the thermal losses due to the small
temperature difference between the fluid and the ground and it provides both heating and
cooling services. If those functions and strengths were fully employed, this concept will
have the potential to bring the energy supply market into a new era when the synergy
between the thermal and the power grid enables a more efficient energy supply. In this new
era, decarbonisation target can be realized via high inclusion of renewable resources and
the optimal heat and power supply by synchronizing the optimal scheduling of the two
systems. However, recent research results seem to indicate that the current technologies are
not sufficient to promote this concept to a larger scale yet.

The detailed economic comparison in [194] clearly indicated that 5GDHC is less com-
petitive than LTDH and ULTDH. The low competitiveness of 5GDHC is mainly due to
the involved cost of the decentralized substations, including the capital cost of the units
installations and the cost of the extra power consumption of HPs and Chillers. Compared
with LTDH and ULTDH, 5GDHC systems comprise a significantly larger amount of expen-
sive substations. It was shown in [189] that for a 2400 buildings community located 2 km
away from the main heat source, the high building substation cost for the decentralized
HP installation made the network deploy cost of a 5GDHC system 22.8% costlier than a
3rd generation DH system. Moreover, the low temperature difference between supply
and return flow in 5GDHC leads to a larger pipeline diameter, which further results in
higher pumping costs per unit of supplied energy. The survey in [16] showed that the
pumping energy consumption of a 5GDHC system is about one magnitude higher than
in traditional DH systems. In order to reach a good trade-off between initial investment
and operating cost, the network temperature difference has to be carefully evaluated in
the design phase. The parametric study in [170], in which the performance of booster HPs
with network supply temperature between 15 and 45 ◦C was investigated, showed that
unless the electricity consumption for the HPs is self produced, it is always advantageous
to work with the highest supply temperature in the investigated case. This reveals that
the competitiveness of 5GDHC is highly dependent on how the electricity is generated.
To increase the amount of self generated power, integration of solar PV panels in 5GDHC
systems were investigated in several studies [181,184,185,187,196]. Although with different
configurations, the Coverage Ratio (CR), which represents the percentage of electrical
energy demand covered by the self-generated solar power using the PV panels, for most
of the investigated systems [181,184,185,187] were found to be around 30% at the district
level. If the power production from the (roof-mounted) PV panels were only used for the
local HPs at individual building level, the CR value decreases dramatically even to a much
smaller value [196].

To increase the competitiveness of 5GDHC, the costs of both the components instal-
lation and operation have to be reduced. Due to the large amount of substations, an
appropriate equipment sizing is of vital importance to decrease the capital cost of com-
ponent installations. At the same time, the complexity of the system configuration and
interactions between the network and users require more advanced control in 5GDHC. For
both the optimal equipment sizing and advanced control strategy, integrated simulation
of the 5GDHC system models and building models is crucial and remains to be challeng-
ing [178]. In most of the feasibility evaluation work, holistic simulation tools “TRNSYS”
and “Modelica” were used since they are able to perform co-simulation of the district
energy system and building performances. However, the coupled district and building
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energy simulation is facing a trade-off between simulation performance and prediction
accuracy. To obtain desired results, numerical models are usually simplified. Two common
simplifications were spotted in existing numerical models [139,179,190,192]:

• The variation of the operating temperature was not included.
• The dynamics of thermal units are either largely simplified or simulated with low

level of detail.

Those simplifications could lower the confidence level of the conclusions significantly.
To fill the gap, major efforts were found on developing new numerical models for 5GDHC
simulation in the last two years [173,175,186,191].

6.3.3. NUTDH

The NUTDH system uses different temperature levels to supply the SH and DHW
during different times of the day. This design is enabled by the use of thermal storage. The
basic concept of NUTDH is to supply the SH with a low temperature at most of the time
during a day and charge the heat storage for DHW supply during a short period. The major
difference between NUTDH and ULTDH is that the operation of ULTDH constantly remains
at a low temperature level while the operating temperature of NUTDH varies at different
times of the day. In [197], a NUTDH system with decentralized heat storage was proposed
for the energy supply of a town in Brazil. Given the local conditions, the system was
designed to operate at low-temperature mode (40–45 ◦C) for SH and at high-temperature
mode (70–75 ◦C) for 4 h a day to charge the heat storage for DHW use. In [174], a NUTDH
system with decentralized HPs and heat storage units was proposed for the energy supply
of 100 single-family detached houses in Denmark. In this system, the temperature in the
transmission pipeline was always kept at 35–40 ◦C for SH supply and the heat pumps raise
the temperature in the distribution pipe up to 70 ◦C during a short period of time in a day
to charge the storage for DHW use.

6.3.4. Triple-Pipe DH System

Although the number of pipes in DH systems vary from one to four [16], the most
common configuration is with two, one supply and one return. One proposal is to employ
two supply pipes (a low temperature supply for SH and a high temperature supply for
DHW) and one return pipe [198,198–200], while another suggested one supply and two
return pipes [201]. The detailed CFD simulation results in [198] demonstrated that the
triple-pipe design with two supply and one return is more energy efficient than a twin-pipe
design, no matter how the three pipes are arranged. This same conclusion also appeared
in other researchers’ work [199,200]. The author in [198] further claimed that a triangular
arrangement of the three pipes within the same casing is the optimal option for the triple-
pipe design. In [201], the necessity to use two return pipes in future high efficiency buildings
was addressed via a cast study. However, unfortunately, no performance comparison
between the two different triple pipe configurations has been carried out so far.

As elaborated above, all these novel designs have their own advantages and limita-
tions for their application. Their superiority over other structures is also shown in the
corresponding research work through case studies. However, the superiority is case de-
pendent and a general conclusion of which one is best is difficult to draw. The 5GDHC
system design is, among various novel concepts for future DH system design, most widely
applied. It was found that on average three 5GDHC systems per year have entered the
heating and cooling market in the last decade [16]. Despite this tremendous development,
optimizing 5GDHC systems in terms of both design and operation remains challenging
due to the large number of degrees of freedom introduced by different temperature levels,
bi-directional flow, and decentralization of the system. For this, efficient tools for integrated
simulation of the 5GDHC system models and building models are still lacking.
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6.4. Upgrade of Existing DH Systems

For optimal planning and system design of future DH networks, another important
topic that must be mentioned is the upgrade of existing DH systems since many existing
DH systems were designed in the last century. As mentioned above, DH is developing
towards a lower temperature direction. Therefore, most of the retrofitting programs were
proposed to serve the purpose of decreasing the system operating temperature. Among
various upgrading strategies, the following five patterns were identified:

• Energy supply upgrade. For fossil fuel driven DH systems, the strategy of upgrad-
ing the heat supply solution proved its effectiveness. The benefit of this strategy is
twofold. First, by enhancing the heat supply technology (such as switching from
coal-fired plant to a CHP unit in [202]) or by replacing the fossil fuel with more sustain-
able resources [203,204], the overall energy conversion efficiency is increased, which
leads to extra energy savings, lower heat generation cost and less GHG emissions.
Furthermore, replacing fossil fuels with sustainable resources usually results in a
lower operation temperature. This means that the benefits of a LTDH system are also
empowered to the old systems [205].

• Substation upgrade. Given the proved functionality of ULTDH [163], some retrofitting
work focused on upgrading the substation for DHW preparation. In [206], an inno-
vative substation was devised, of which an instantaneous heat exchanger and micro
electric storage tank were used to replace the original bypass for DHW supply. The
results showed that such design leads to a lower return temperature and higher ef-
ficiency for the DHW supply, thus enabling the DHW supply with LTDH. In [207],
replacing the gas boilers with HPs for DHW production in Turin was shown to be
economically feasible. More importantly, such replacement was shown to bring sub-
stantial environmental benefits. Except for structural changes, regular fault detection
at the substation is of great importance to control the return temperature at the ex-
pected low level [208]. For this, the excess flow method proposed in [209] was shown
to be efficient and reliable in identifying fault substations in urban networks.

• Energy cascade. For well-established high temperature DH systems which are difficult
to switch to LTDH, an energy cascade structure was proposed [210] to connect a LTDH
to the return line of a high-temperature DH (HTDH). This proposal was shown to be
economically feasible since the calculated payback time is less than 3 years. At the
same time, the exergy analysis showed that the cascade structure is more efficient than
a reference case, in which a new network is connected directly to the downstream of
the HTDH.

• System expansion. Here, expansion refers to both combining small DH systems into
one large system and expanding the number of connected users in an existing DH
system. It was shown in [211] that by combing individual small DH systems into a
big one, electric boilers in the original small systems could be efficiently eliminated,
and higher production of cogeneration units were enabled, making the system more
profitable. In [212], a significant expansion of an existing DH system (26% of additional
connections) with limited investment cost was enabled by considering the hydraulic
limitation of the original DH network. The results showed that the expansion enables
a reduction of CO2 emissions of more than 13%.

The retrofitting and upgrading plan of an existing DH system is dependent on the
design of the original system and local conditions. For policymakers, the above-mentioned
strategies may be used as references.

7. Conclusions

The purpose of this review work is to provide a clear picture of the status of the
optimal planning and design of an efficient and sustainable DH system. This can be useful
for policy makers and local planners but also for researchers looking for a quick overview
of this status and for gaps in the knowledge domain. Two main topics are considered
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important in this work: how does recent research development on DH contribute to build a
high quality heat atlas for a higher inclusion of sustainable heat resources?, and what are
the up-to-date technologies for the optimal design of the system structure?

For the establishment of a high quality heat atlas, an accurate forecast of district
thermal demand is the driving force and a detailed mapping of sustainable heat sources
is the work horse. There exists large differences between different atlases in terms of the
level of detail and resolution. The importance of a high quality heat atlas is more evident
for the optimal planning and system design of future DH networks than for traditional
DH systems. To forecast district energy demand, a bottom-up approach, which aggregates
energy profiles from individual users to district level, is considered more suitable for
the energy consumption prediction in DH systems. Compared with engineering models
which are based on fundamental conservation laws and heat transfer theories, data driven
approaches showed great potentials for district heat demand forecasts. Comparison studies
showed that machine learning algorithms in general produce more accurate predictions
than regression methods. More specifically, SVM provided the best prediction in most
studies. The main difficulty for accurate district energy forecasts lies in collecting high
quality data of energy consumption profiles due to privacy issues.

For the inclusion of renewable heat resources in DH systems, technologies for geother-
mal energy, biomass, and solar energy are shown to be mature for their direct use in DH
systems. The utilization of these resources is highly dependent on the location of the
system. Geothermal has shown great potential for its inclusion in the energy supply mix
everywhere for both heating and cooling demands, with the help of HP units. Biomass
is mainly suitable for rural areas. Solar energy-based DH systems were found economi-
cally feasible for most regions from low to high latitudes. Centralized solar DH systems
are especially attractive for large communities with high heating demands and for cold
climates. However, a centralized solar DH system requires large space for centralized
large-scale solar panels. When this space is unavailable, distributed solar DH systems were
also proven to be technically viable and economically beneficial. However, for distributed
solar DH systems, an appropriate feed-in principle from the solar collector loop to the
DH network still requires further research. Among various solar technologies, electrical
based (PV/PVT) DH systems in general perform better than thermal based (ST) systems
in terms of life cycle cost, payback time and system technical performance. Inclusion of
industrial surplus heat and urban waste heat in the total energy mix is also an attractive
option because of the enormous amounts of heat involved. However, their implementation
in DH was found to be limited so far due to some major barriers: supply risk concerns
from DH operators, low technical maturity due to the low quality of the heat grade and
the time mismatch between the availability of industrial excess heat and the DH demand,
and long payback time. Special attention should be paid on avoiding the unnecessary
competition between renewable heat sources based DH and excess heat based DH systems
due to explicit incentives for renewable resources. To unlock low-quality heat sources, the
applicability of HPs has shown its significant importance. Studies in various countries
have shown that implementing HPs in existing DH systems is both economically and
environmentally beneficial for the whole energy system. Sources that could be mapped on
the heat atlas for HP use include: sewage water, ambient water, industrial waste heat and
geothermal energy. Biomass is a direct heat source to be mapped on the heat atlas.

The planning and design of a future DH system is much more complicated compared
to the design of a traditional network, while the design of old generations of DH systems
mainly focused on the topological layout of the networks, future designers must expand
their vision to the optimal system design of the overall structure, including the choice
of distributed heat sources, sizing of different thermal units and the optimization of the
spatial layout. Prior research has demonstrated the importance of including engineering
parameters related to pipe sizing, heat losses and pumping energy in the planning and
design phase. Moreover, the non-linear transport model was shown to have significant
impact on design results. These findings result in a complicated optimization problem.
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Current optimization approaches are mainly suffering from the high computational cost
due to the large dimension of DH systems and the non-linearity of the optimization models.
It is therefore of great importance for researchers to develop approaches to solve the
optimization models efficiently.

Alongside the development of approaches for optimal planning and design of DH
systems based on the structure of previous generations of DH systems, some novel configu-
rations have been proposed in the research field. This involves the intensively discussed
5GDHC system. It is obvious from the investigation that the term 5GDHC has been widely
adopted to represent a decentralized, bi-directional DH system that operates at close to
ground temperature level, and uses local heat pumps and chillers for both heating and
cooling demand of a district. Despite its fast expansion, 5GDHC is considered an immature
technology for large-scale implementation. For both optimal design and advanced control,
integrated simulation of the 5GDHC system models and building models is crucial and
remains to be challenging.

The future development of DH still requires efforts from both the scientific research
community and national and local governments. Although the share of DH in the overall
energy supply mix is quite low in most countries, its tremendous contribution to an efficient
and sustainable overall energy system has been demonstrated by pioneering countries like
Denmark. DH is arguably one of the best solutions for many regions and countries.
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MINLP Mixed-Integer Non-linear Programming
ML Machine Learning
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SH Space Heating
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