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Most of the existing district heating systems are second and third generation and operate with supply temper-
ature above 80-100 °C. To meet long-term decarbonization targets, existing networks should be transformed into
low-temperature systems in a cost-effective manner. This paper presents a critical review on the strategies that
can be adopted to reduce the supply temperature in existing district heating networks taking advantage of

Lowerin, . . A S . . .
District ﬁeating temperature previous studies (both research projects and scientific papers) and forerunner experiences. This includes a review
Real cases of the constraints met during transition and the possible strategies/actions to overcome them, along with the

actions to boost the change.

The analysis shows that there is often significant room for improvement by exploiting the oversizing of
network, substations and terminal units along with techniques, previously adopted with other aims, for a proper
infrastructure/operation modification. Temperature reductions can be achieved without groundbreaking infra-
structural modifications. Therefore, acting on specific subnetworks (the way usually adopted) is not the only way
to proceed; this can be done in entire networks by adopting proper changes of perspective, policies and pre-
liminary analysis. In the meantime, there is still need for specific approaches to estimate the main limitations and

Founded project

the corresponding best actions to implement in a specific network.

1. Introduction

In the past, district heating (DH) were mainly based on high tem-
perature heat carriers [1]: 1st generation DH fed by steam (T>100 °C),
2nd generation DH fed by pressurised overheated water (T > 100 °C),
3rd generation DH, fed by hot water (T < 100 °C). Nowadays the ten-
dency is to design DH systems to operate with low and ultra-low tem-
perature heat carriers and even temperatures close to the ambient
(neutral temperatures) [2,3]. Low temperature DHs operate between 50
and 70 °C [4]; ultra-low temperature DHs operate between 35 and 50 °C
[4]; neutral DHs operate at a temperature of about 20-35 °C. In low and
ultra-low temperature systems, heat pumps at consumer level are typi-
cally used to match temperature requirements on the secondary side,
especially for the production of domestic hot water [5]. In the case of
neutral temperatures, heat pumps and chillers are used to increase and
decrease the water temperature to supply heating and cooling [5].
Future networks are expected to be able to handle multiple energy en-
tries with different quality and quantities [6].
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The importance of adopting low temperature heat carriers in DH is
currently undisputed, since it allows to: a) exploit renewable heat, often
available at low temperature [7] b) valorize industrial waste heat
(usually available at low temperature) [8,9] c) increase the efficiency of
technologies for heat production (e.g. combined heat and power plants
and heat pumps) and d) reducing thermal losses.

The use of lower supply temperature has been significantly debated
and 4th and 5th generation DH system are becoming quite widespread in
Europe. In the literature, several works exist on low temperature and
ultra-low temperature DH. mainly on the estimation of the next gener-
ation DH potentials [2,10], the economic aspects [4,11], real-case
analysis [12-14] and possible strategies to move towards new genera-
tion DH [15]. Guidelines for the design are provided in Ref. [16].

The main problem in the transition towards low temperature DH
concerns the existing systems, which have been designed to operate with
high temperature heat carriers (steam or superheated/hot water). In
Europe DH installed capacity is, for the greater part, 2nd and 3rd gen-
eration, therefore, to fulfil decarbonization targets [17] is essential to
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modify them [18]. In the transition of existing DH two main issues arise.
The first is that DH is a massive infrastructure (i.e. thousands large-size
pipelines in the ground and hundreds/thousands substations) with high
investment cost (due also to the difficultly of pipe installation); there-
fore, the complete renovation of existing networks (intended as the
reconstruction of the entire system) is usually not economically sus-
tainable. The second is that the pipe diameters, the network topology,
the thermal substations, the heating system circuit and the building
heating devices have been chosen to operate with high temperature
water; therefore a careful investigation are required before proposing a
sudden change. In particular there are various issues, discussed later in
the paper, that must be addressed especially in the large/complex DH
systems. A realistic transition must be planned such that limitations due
to existing networks, substations and heating systems can be overcome
through tailored solutions in a cost-effective manner.
In the literature and in the web various aspects can be found:

attempts and experiences on supply temperature reduction of real
systems, generic or strongly specific, that include different issues or
part of the infrastructure.

results of projects related to specific aspects (e.g. integration of low
temperature networks into the return line of high temperature DH, or
potential of supply temperature reduction for supplying existing
radiators)

discussion about the implementation of low temperature system
(such as the excellent work done in the framework of ANNEX TS2
IEA-DHC [19])

analyses focused on a) specific water congestions problems or b) is-
sues on substation heat exchange not strictly related to supply tem-
perature reduction of existing DH; these works are important since
similar issues can be encountered in different context of DH
renovation.

analysis aimed at demand peak shaving not related to supply tem-
perature reduction, that can be useful in the context here analysed.

In the authors’ opinion, this represents a vast body of literature in the
area that needs to be structurally and coherently reviewed.

The aim of this analysis is therefore to collect, elaborate and inte-
grate all these disaggregated aspects to review the strategies that will
enable the transition of existing DH systems towards lower supply
temperatures. The critical integration of all these aspects represents the
originality of the present review paper that goes beyond other good
review papers available that mainly aimed to new systems or refur-
bishment of small portions of the network. The paper is targeted to ex-
perts in the specific field, researchers facing the topic for the first time or
people working on the DH sector. The various constraints that can be
encountered during the transitions are considered and the possible ac-
tions that can be used to overcome the constraints are discussed on the
basis of the various works available in the literature.

The paper is structured as follows:

e Section 2 reviews the benefits that can be achieved by reducing the
supply temperature of existing DH.

e Section 3 is about the limitations that can be encountered in network
(Section 3.1), in the substations (Section 3.2) and in the buildings
(Section 3.3), including, for each section a series of possible solutions
to overcome the limitations.

e Section 4 discusses the solutions that can be adopted to modify the
demand in order to make the system suitable to supply temperature
reduction (i.e. demand flexibility)

e Section 5 reports a possible action plan to be followed for imple-
menting supply temperature reduction in existing network.

2. Benefits of reducing supply temperature in district heating

The benefits of reducing the supply temperature in DH is addressed
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in different papers [4,20,21]. Cost reduction gradient (CRG) is a key
performance indicator, often adopted in the literature [19,22], that is
very useful to address supply temperature reduction benefits for a
technology or a DH. CRG is obtained by dividing the reduction of the
levelized cost of heat (of the entire system or a generation technology)
by the temperature reduction. CRG describes the economic benefits in
terms of reduced cost per 1 °C temperature reduction and per MWh. In
Ref. [23] the CRG was calculated in 27 Swedish DH networks; it ranges
from 0.04 to 0.38 €/(MWh°C), on average 0.12 €/(MWh-°C). Consid-
ering a temperature gap of 30 °C cost reduction are of the order of
1.5-17 €/MWh [19]. For a medium size DH (500 GWh/y), the supply
temperature reduction of 10 °C provides on average yearly cost reduc-
tion of 0.6 M€. According to Ref. [20] the benefits that can be achieve
are 0.55 €/(MWh°C) for the DH network with higher transmission ca-
pacity, 0.11 €/(MWh°C) with reduced mass flow and 0.07 €/(MWh°C)
with reduced heat losses.

The various benefits can be identified, as schematized in Fig. 1, in
various sections of the system: heat production side (i.e. characterized
by different sources and technologies), heat transport side (i.e. the
infrastructure used to carry, store and distribute heat) and consumption
side (i.e. all type of buildings).

2.1. Heat production side
On the supply side, reduction of supply temperature contributes:

a) to improve the second law efficiency of most heat generation assets
(both conventional technologies and renewable heat sources);
indeed, if the source temperature reduces, the Carnot coefficient in
the denominator of the second law efficiency increases (Eq. (1),
where the subscripts b and s refer respectively to the building and the
source).

_To
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b) the utilization of low-temperature sources that are not suitable for
high temperature networks.

The effects of lower supply temperatures are different depending on
the technologies and for the most relevant technologies are summarized
below:

- Steam-based Combined Heat and Power plants (CHP) can improve the
power-to-heat ratio due to the possibility to continue the expansion
to lower pressure and temperature levels; this leads to more elec-
tricity production with the same heating demand, increasing the
second law efficiency up to 25% when supply temperature reduces of
30 °C [24-26]. Depending on the penetration rate, CRG is found to be
between 0.08 and 0.26 €/(MWh°C) [20,27].

Heat production from waste incineration may be increased by means
of direct condensation of flue gases [1]. The same applies for biomass
fuels [24]. In these cases, the heat recovered is expected to increase
by up to 25% [24,28].

- Concerning heat pumps, despite the upper limit for the sink temper-
ature in the last years has reached higher level (about 160 °C [29]),
the adoption of lower condensation temperature results into a sig-
nificant increase of the coefficient of performance (COP) of the
technology. COP variations strongly depends on the heat transfer
fluid and cycle/technology adopted. In a simple loop heat pump the
real COP increase of 20-25% if the supply temperature is reduced
from 100 °C to 70 °C [29] while the CRG is 0.6 €/(MWh°C) [20].
Reduction of the supply temperature increases the potentials for
integration of waste heat from industrial processes or cooling
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Fig. 1. Benefits achieved by supply temperature reduction in existing networks.

processes [1,24,28]. The analysis in Ref. [30] shows operational cost
savings at system level were 0.6-7.3% for a data centers, when high
shares of waste heat are adopted in DH.

- Additional geothermal heat can be integrated in the system [1,28];
this option can produce relevant results, since large geothermal re-
sources are available in Europe at temperature levels among
40-80 °C [28]. In the case of a very low temperature geothermal field
such as GSHP (ground-source heat pump), a reduction of tempera-
ture setpoints for heat provision will increase performance through
the COP improvement as well as reduce thermal stress of the soil,
extending the borefield lifetime. CRG estimated in Ref. [20] for the
technology is 0.67 €/(MWh°C).

- Solar energy can be used to supply low temperature networks
[18-20]. Lower temperatures have a positive effect on the conver-
sion efficiency of thermal collectors [28]. CRG estimated in Ref. [31]
for solar thermal energy in Sweden is 0.64 €/(MWh°C).

When considering Heat Only Boilers, the supply temperature reduc-
tion has a negative effect on the production units. Indeed, two main
problems may occur: a) outlet temperature lower than 60 °C can cause
corrosion due to the condensation of water vapor in the flue b) large
temperature gradient can cause the cracking of the flame tube. However
the supply temperature reduction is done with the aim of exploiting
waste heat and renewable sources in DH. Heat Only Boiler are not ex-
pected to play a crucial role in the future energy systems. Probably this
could represent a problem during the transition (when the target tem-
perature has not yet been reached and production units adopted are the
old ones) more than in case of complete transition.CRG for other tech-
nologies are reported in Ref. [20]. Recent results show that considering
sensitivities in geothermal, industrial waste heat, heat pumps, solar
thermal and configurations CGR ranges between 0.07 and 0.74
€/(MWh°C) [32] and 0.25 to 0.8 €/(MWh°C) [33].

2.2. Heat transport side (i.e. DH network)

Low operating temperatures lead to lower heat losses along the DH
network [34,35]. It has been estimated that low temperatures alongside
with a well-designed network have the potential to reduce heat losses by
up to 75% with respect to conventional designs [36], while reductions
up to 35% are possible in case of existing networks [37]. In Ref. [38], the
transition to low temperature DH is shown to enable the reduction of the

heat losses up to 25%. In Ref. [39] heat-losses are shown to decreased of
about 68% when passing from 80 °C on average to 48 °C on average,
considering the expansion of a DH with a low temperature sub-network.
Low supply temperatures lead to smaller temperature differences be-
tween supply and return, resulting either a reduction of the network
capacity or in an increase of the mass-flow rates and, consequently, of
the pressure drops along the network [25], as discussed in Section 3.1.
Nevertheless, applications to real case-studies prove that, while the heat
saved by reducing the supply temperature is considerable, the increase
in the energy required for pumping can be contained and limited [38].

Besides the reduction in the heat distribution losses, there are addi-
tional advantages [19,28,40]: a) the chance to use plastic pipes in areas
with low pressure that are more cost effective than conventional metal
based pipes (this is particularly suitable for network extensions), b)
reduction of the risk of water boiling in the network, c) reduction of the
pipe thermal stress, resulting in lower maintenance costs d) lower risk of
pipe leakages e) lower risk of scalding human skin during pipe main-
tenance. Furthermore, Thermal storage units in low temperature systems
present the advantage of lower thermal losses; on the other hand, the
storage capacity of sensible thermal storage units reduces as the tem-
perature difference between the supply and the return side decreases.
Temperature reduction also enable the possibility of long-term storage
(e.g. seasonal), since costs for storing above boiling temperature water
are prohibitive.

2.3. Heat consumption side (i.e. costumers/buildings)

Reduction of network supply temperature improves the match be-
tween the temperature levels of heating demand and supply; this con-
tributes to reduce the system energy/exergy losses [10], as shown in
Fig. 2c that shows the exergy degradation in different DH generations.
Considering that the future building heating demands will not require
high temperatures [28] as well as existing retrofitted building will
require lower temperature this effect will be even more significant. A
further potential benefit that the consumers may have from supply
temperature reduction is the possible reduced prices that could be ob-
tained due to efficiency improvements in the system [25]. Furthermore,
this enables the possibility of connecting small scale heating prosumers
selling the surplus heat [25].

In general, it is well established that lowering supply temperature
may completely change the range of opportunities for the heat



E. Guelpa et al.

production/recovery in a certain DH context and can significantly in-
crease the performances of the technologies adopted. However, in the
CRG calculation for a specific network, it is important to consider is that
CGR in multi-generation systems may change depending on the position
of the various technologies. An important point to consider is that in
fossil fuel driven networks the main benefits when reducing supply
temperature are the increase of the efficiency and the losses reduction;
these two benefits could be considered not sufficient to justify the efforts
required for transition. Actually, the impact completely changes and
rises when different opportunities that the supply temperature reduction
enable are considered. For this reason, the transition should be driven at
first by a change of perspective, in order to overcome the resistance to
change and open pathways of new opportunities.

3. Constraints in supply temperature reduction

When an existing network, as is, is supplied with lower temperature
than the design value, various problems can arise that can limit further
temperature reduction, acting as constraints. Therefore, these will be
called limitations in the following sections. These limitations can be
grouped into three main types, as shown in Fig. 2, depending on the part
of the infrastructure that is involved:

e Limitations at network level: reduction in the supply temperature
causes a smaller supply-return temperature difference. This leads to
an increase of circulating mass flow; depending on its extent, the
increase in circulating mass flow rate could be potentially unfeasible
in some cases. The problem is exacerbated in large networks (~100

LARGER PUMPING PRESSURE AND
COSTS VELOCITY EXCEED
THELIMITS

l‘ i‘f
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km or more), where supply flow rates are inherently large. This issue
is discussed in Section 3.1.

Limitations at substation level: A second problem concerns the capa-
bility of the substation to exchange the required amount of heat with
the building heating circuit, when it is operated at a lower temper-
ature. Operations of the existing heat exchangers with lower supply
temperature and larger mass flows could reduce the power provided
to the building and may led further issues also related to the provi-
sion of domestic hot water. This type of limitation is discussed in
Section 3.2

Limitations at building level: The third problem is related to the limi-
tations due to the heating devices available in the buildings (e.g. the
radiators). Low temperature heat could limit the thermal power
exchanged in the heating devices. This problem is discussed in Sec-
tion 3.3.

In sections 3.1, 3.2 and 3.3 not only the limitations related to
network, substation and building are discussed, but also the actions that
can be done to overcome them. In order to have a clear view of the
actions that can be performed, Table 1 is proposed. For each action,
information on the specific opportunities which it offers and the con-
straints of the action are reported. Furthermore, the infrastructure and
the activities required are included, along with a qualitative scale on
relative economic burden (that provides indications on a possible order
of implementation of the proposed solutions), and the conditions which
make each action suitable. For sake of clarity, also the section of the
present paper where the specific action is discussed, is included in the
last column.

HEAT EXCHANGE AREA
OF RADIATOR

RISK OF
LEGIONELLA

SUBSTATION HEAT

THERMAL PLANT

HEXCHANGER FOR
DOMESTIC HOT WATER

LIMITS IN THE HEAT SUFFICIENT
EXCHANGE AREA TEMPERATURE FOR
DOMESTIC HOT WATER
PRODUCTION

Fig. 2. Schematic of the limitations and issues encountered when reducing the supply temperature in existing DH.



Table 1

Actions to overcome the limitations met while reducing the DH supply temperature.

Action

Opportunities

Action constraint

Activity required

Infrastructure required

Economic burden

When suitable

Take advantage
of the existing

Actions on
pumping

Modification of
the network
topology

Actions on
additional
production/
storage units

Actions on the
demand

Take advantage of the
over-dimensioning of DH
network pipelines

Take advantage of the
over-dimensioning of
thermal substations
Take advantage of the
over-dimensioning of
heating devices (e.g.
radiators) including the
exploitation of all the
available devices
Different pumping
strategy

Add new pumps in
strategic positions

Substitution of pipelines
characterized by
bottlenecks

Additional pipelines

Additional pipes to create
looped network

Local thermal storage to
reduce the mass flow
processed by the thermal
plants

Local heat supply systems,
such as heat pumps or
heat only boilers.
adoption of prosumers
after bottlenecks

Adoption of demand side
management

incentivation for focused
retrofitting

no hardware
modification is
generally required
no hardware
modification is
generally required
no hardware
modification is
generally required

Quite simple to apply.
Minor changes are
generally required

to avoid large pressure
downstream the
previous pump

easily solve problem of
local bottlenecks
acting on both pressure
drop and velocity
significant increase of
the supplied mass flow

Possible modification
of the water supply
management

part of the mass flow
processed locally

part of the mass flow
processed locally

part of the mass flow
processed locally

reduce the mass
demand during peaks;
minor changes in the
hardware are generally
necessary

reduce the heat and
mass flow required

the over-
dimensioning is
usually limited
the over-
dimensioning is
usually limited
the over-
dimensioning is
usually limited

the position/number
of the pump is
defined

only solve the
problem of the
pressure, not on the
velocity

only allows to solve
local problem

Additional pipelines
(like twin pipes) must
be laid considering
the building position
This should be
managed by a proper
tool for the optimal
water distribution
space availability

space availability

prosumer availability

1) action only on the
peaks 2) comfort to
be guaranteed 3)
occupants
acceptation

building owners take
the final decision

Tests on the over-
dimensioning availability

Tests on the over-
dimensioning availability

Tests on the over-
dimensioning availability

Analysis on the new
pumping strategy to be
adopted

Analysis on the position
where a pump should be
added

Analysis to clarify where
precisely the bottlenecks
occur

Study on the position/
shape of the new pipelines

Specific fluid-dynamic
analysis on the effects of
the loop creation

study on the best position/
volume/type of the
additional storage

study on the best position/
capacity of the additional
heat supply system

study on the most suitable
buildings to become
prosumers

Preliminary analysis to
select the best type of
demand response (e.g. load
shifting, different
substation control strategy)
Money for incentivation;
find proper legacy way to
intervein

Eventual modification of
the control system

New pumps

Minor excavation pipe
substitution and new
pipes

New pipelines and
significant excavation
work (and economic
expenditure)

New pipes, excavation
work (and economic
expenditure) and proper
control tools
installation of a new
storage

installation of a local
heat supply system

technologies for the
prosumer inclusion
(proper bidirectional
substation)

1) data sensor and
communication system
2) a software to select
the best/smart demand
response

€€

€€

€eeee

€€€

€€EE

€€€-€€EE (depending
on the installed
technology)

€€

€ (if the data sensor
and communication
system is already
available) - €€

always when the problem [25]

is dominant in the
network side

always when the problem [64]

is dominant in the
network side

always when the limiting

aspect is the radiator
exchange area

when suboptimal
pumping control is

adopted and if pumps are

big enough

when there are suitable
locations for adding new
pumping group

when local bottlenecks are [45]

present in the network

when the other strategies

are not sufficient

when preliminary studies

show that a ring could

improve the delivered mas

flow rate
when the problems are

localized on specific areas

when the problems are

localized on specific areas

when the problems are

localized on specific areas

1) in case of large peak
demand 2) preferable
when data sensor and
communication system is
already available

when there are limitations -

related to the heating
devices as well as the

Ref. Section of
the
present
paper
31.2a
3.2.1

[65, 3.3

66]

[52, 3.1.2b

671

[45] 3.1.2b
3.12c
3.12c

[68]

[40] 3.1.2b

[69] 4b

[45] 4c¢

[70] 4d

[71] 4a
3.2.1

(continued on next page)
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Table 1 (continued)

Action

Opportunities

Action constraint

Activity required

Infrastructure required

Economic burden

When suitable

Ref.

Section of
the
present
paper

Actions on the
substation

Actions at
building level

proper substation control
strategy

install proper system for
the early detection of
fault/fouling and
inefficiencies

increase the heat
exchange area in
problematic substations

to feed suitable buildings
using the return line

Fault detection of the
heating system (e.g.
under-dimensioned
radiator) and correction
Improve the radiators
control strategy

reduce the mass
demand during peaks

improve the
temperature gap at the
substation to reduce
the supplied mass flow
rate

improve the
temperature gap in
substations
representing
bottlenecks for supply
temperature reduction
reduce the mass flow
required

Improve the heat
exchanged with the
building

Improve the heat
exchanged with the
building

1) action only on the
peaks 2) comfort to
be guaranteed

limited effects on the
thermal flow increase

action on specific
buildings

availability of
buildings with only
low temperature
heating devices

Only for building side
limitation in case of
fault operations

Only for building side
limitation

analysis to estimate proper
control strategy

Implementation of an
approach for the early
fouling detection or a
specific measuring system

Analysis on the most
problematic substations

Analysis to find the suitable

buildings

A model for the assessment
of fault operations

An analysis to estimate the
best control approach.

Proper control system

data sensor and
communication system

new heat exchangers

Minor changes in the
substations

Depends on the fault
estimated

New control strategy

€ (if the data sensor
and communication
system is already
available) - €€

€€

€ (if the data sensor
and communication
system is already
available) - €€

€ (if the data sensor
and communication
system is already
available) - €€

building circuit (pipes and
substation)

1) in case of large peak
demand 2) availability of
a control system to
implement new strategies
nearly always (when the
problem at the substation
is dominant)

when the limited heat
exchanger area of specific
substations limits the
supply temperature
reduction

when low temperature
heating devices are
present in some buildings

when the radiator heat
exchange limits the supply
temperature reduction

when the radiator heat
exchange limits the supply
temperature reduction

[72]

[73,
74]

[75]

[76]

[771

[78]

3.2.1

3.2.1

3.2.1

3.3

3.3
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3.1. Limitations at DH network level and solution to overcome them

3.1. 1 Limitations at DH network level

When the circulating mass flow rate increase, due to the lower
temperature difference, pressure losses also rise due to increased fluid
flow friction across the network; this creates two main consequences.

Energy for pumping increase: the operational expenditure for water
pumping across the DHN drastically increases, proportionally to the
cube of the mass flow rate. An interesting analysis reported in Ref. [38]
shows the variation of thermal losses and pumping power for two DH
design (high and low energy density) when reducing the supply tem-
perature from 80 °C to 50 °C. Annual pumping energy increases in the
range 54-58% depending on the network energy density. This is, in
absolute terms, a variation of 1.33-1.48 MWh/y. Concerning the ther-
mal losses, a decrease of 25% is obtained in both the cases, which means
an annual reduction of 20-40 MWh, depending on the energy density.
Furthermore, an analysis is done in case of fault conditions, such as
fouling, or bad substation setting. In these cases, the impact of pumping
power increase is larger. Therefore, the impact of heat losses increase
can be considered the major, especially in case of high energy density
network and non-fault operations. Also considering an exergy viewpoint
considering a CHP DH, as shown in Ref. [41], the supply temperature
reduction is beneficial. A significant lowering of the supply temperature
from 120 °C to 60 °C almost halved the supplied exergy (from 5927 kW
to 3175 kW), with an exergy efficiency of the DH that reaches the 60%.
Since the increase of the pumping power is a disadvantage that should
be considered, in case of network refurbishment or expansion must be
remembered that, as shown in Ref. [22], a good dimensioning of a low
temperature DH allows low energy consumption for pumping (between
1 and 2% in the considered network).

In light of the results, the reduction of the supply temperature usually
provides benefits larger than the drawbacks; furthermore if the
exploitable resources are at a limited temperature (e.g. renewable
sources, waste heat from industrial plants) or the efficiency of the pro-
duction plant significantly changes with temperature (e.g. heat pumps,
cogeneration plants) the modification is more beneficial.

Water congestion: Another consequence is that high mass flow rates
can cause water congestions in the pipelines [42,43]. As congestions is
meant larger mass of water flow in pipelines that are designed for lower
mass flow values; specifically, this causes a two-fold effect:

e High velocity values are reached in some pipes of the network where
the diameters were selected to deliver significantly smaller mass flow
rates. The phenomenon can lead to mechanical vibrations due to the
excessive water velocity. Therefore, a threshold value exists for the
velocity, that cannot be exceeded. This means that some of the areas
of the network might be not properly supplied by the DHN (Fig. 3 a).
Water streams assume higher absolute pressure immediately down-
stream the pumping stations to overcome the increased pressure
losses caused by the higher mass flow rates. Networks and its com-
ponents are built to guarantee operation up to a certified maximum
pressure. Therefore an increase of mass flow rate due to supply
temperature reduction might lead to exceeding maximum operating
pressure in the network [44]. Nonetheless, the maximum allowed
pressure (selected in the design phase of DH) must be guaranteed in
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all the network operations. This is therefore a second technical
limitation (Fig. 3b).

As an example (1 km long network, with a design water velocity of 3
m/s), Fig. 4 reports the variation of the water flow velocity (y-axis) and
the pressure losses (y-axis) in the supply pipelines of a large DH net-
works as a function of temperature difference between the supply and
return line (x-axis). Both velocity and pressure increases while the
temperature difference decreases considering a friction factor of 0.016.
The strong non-linear trends show that the velocity and pressure losses
variations significantly depend on the current temperature gap [45]. A
10 °C reduction from 60 °C to 50 °C causes a velocity increase of 0.7 m/s
and a pressure increase of 2.5 bar. A 10 °C reduction from 40 °C to 30 °C
causes instead a velocity increase of 1.5 m/s and a pressure increase of 7
bar. This means that if the reduction of supply temperature initially
appears less impactful on the network viewpoint, but further reductions
could encounter significant limitations in their implementation.

As stated, very few papers about the water congestion and how to
deal them exist. The main work (not related to supply temperature
reduction) is [45], where various simulations were performed (using the
software NetSim [46], through a quasi-dynamic simulation) on a fictive
case area, situated in the outskirts of a DH network in a city in southern
Sweden, using real data. . The work analyses four scenarios, considering
various strategies to overcome the constraints, like increasing the supply
temperature (therefore the opposite effect which is searched in the
present analysis) and the pumping power, local heat supply, better
cooling in substations, demand side management and adoption of larger
pipes. The economic burden of the measures has also been considered.
Results show that measures including the demand side (like demand
response) can be very advantageous solutions from an economic
perspective and that if there are prosumers in the water congestion areas
it makes sense to exploit them. Another outcome of the analysis is that
the best solution to implement depends on the network topology
(shapes, diameters, and length), the pressure profiles and the user
thermal demand.
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Fig. 4. Effects of the supply temperature reduction on the network velocity and
pressure losses.
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3.1.2. How to address the transition at network level

The main solutions that can be adopted to overcome the limitations
at network level are here discussed. Additional actions, done on the
demand of the plant, are discussed in Section 4 since these provide
benefits to all the three levels (network, substation and building).

a. Exploitation of the network overdimensioning: Network pipelines are
often overdimensioned. This is particularly true in case of distribu-
tion network (i.e. sub-networks). An analysis of the gradual trans-
formation of existing DH systems into grids with supply temperature
below 100 °C has been done in Poland. Considering the DH system in
Fomza (east Poland) the nominal supply temperature in DHS was
decreased from 121 °C to 109.8 °C [39] only through the exploitation
of the network overdimensioning. Results show that mass flow var-
iations have been dramatically decrease improving the season hy-
draulic stability of the DH. Before the implementation mass flow
ranged in 250-1322 m3/h (varing by a factor of over 5 over the
season), after variation ranged in 912-1501 m®/h (varying of 64%
during whole season). The work have been developed within the
LowTEMP project and the final goal is to reach the temperature 96.3
Cin 2022 [47].

b. Actions on the pumping system: the actions on the pumping system
(Table 1 in Actions on pumping) are here discussed through consid-
eration of the DH network cones. Fig. 5a represents a schematic of
the pressure cones of an existing DH (black line) and an existing DH
with lowered supply temperature (orange dashed line). The two
pressure cones are characterized by similar behaviour, although they
are slightly different: a) the supply pressure line decrease is larger
when supply temperature is lower, due to larger friction (higher mass
flow); the same applies for the return line; b) the pressure losses at
the buildings (vertical lines at x = building-to-plant distance, which
include the intrinsic losses of the substation and the delta pressure
required to balance the network [48]) are larger in case of larger
mass flow rates (orange line); c) the vertical increases due to booster
pumping groups in the supply line depend on the regulation strategy
adopted.

In Fig. 5a, two pressure limits are also reported. The upper value is
the limit due to the technical issues previously discussed, while the
lower value is either a) the water boiling pressure at a certain temper-
ature in case of overheated water networks (2nd generations) or b) the
operation pressure in case of 3rd to 5th generation networks (that
operates at pressures slightly higher than the environmental).

By considering the orange line in Fig. 3a, it is clear that larger
pressure drops in the substations, occurring in case of lower supply
temperature, may cause the exceedance of the pressure limits. Two
possible ways to overcome the limitations acting on the pressure control
are shown in Fig. 5b and c. In Fig. 5b the available pumps are used in a
different way: the pumping gap at the thermal plant is reduced and the
booster pumping stations provide larger gaps (especially the last one).
The improved strategy can be achieved by practical considerations or by
using a pumping system optimizer, as shown in Refs. [49-51]. The
adoption of a proper control strategy can provide significant reduction
of the pumping cost [52] and enable the water provision also in case of
strong fluidynamic water congestion. This is discussed in Ref. [53],
where the adoption of smart pump control is shown to provide signifi-
cant benefits to reach the correct amount of water during malfunctions
(e.g. leakages or pipe/pump breakup). The applicability of such strate-
gies depends on the position and the capacity of the booster pumps and
may then require the replacement of existing assets. In addition, this
option may not be sufficient in case of significant mass flow changes. In
these cases, the addition of a further booster pumping group can be
useful to allow the correct operations of the network. The pressure cone
of the case with an additional pumping group is reported in Fig. 5c. In
this case, an additional vertical line is present in the supply line; this
allows keeping the curve close to the upper limit without exceeding it.
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Fig. 5. Pressure cones for an existing DH (black) and the same DH with lowered
supply temperature (orange).

c. Actions on the network topology: An option to solve the water
congestion in the pipelines concerns the modification of the network
topology (in Table 1 Modification of the network topology). Modifica-
tions can be performed in different ways.

The less impactful modification consists of the substitution of the
bottleneck pipes (i.e. where the congestion occurs) with one with larger
diameters. This modification easily allows solving local congestions in a
sustainable way from the economic perspective. However, this kind of
modification only solves local water congestion.

If the water congestion is distributed along the network, topological
modifications must be more consistent. In the case an entire pipeline is
congested, a possible option consists in the modification/addition of new
pipelines, that can be installed in parallel to the existing one, or with a
different topology. In this case, the economic burden is significant and
practical considerations could prove extremely difficult. In order to
select the best shape of the additional pipelines, proper tools for the
estimation of the optimal expansion can be used. They should include
the limitations due to the presence of buildings, while the cost should be
minimized. For these aims, the approaches adopted for the best network
topology estimation [54-56] and diameter estimation [57] can be used,
properly adapted to the specific goal. A real case where the pipes have
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been substituted leading to a supply temperature reduction is Sonderby,
Hoje Taastrup (Denmark), part of a network characterized by 75 non
refurbished detached houses with floor heating. In this case, the pair of
single pipes were replaced as the annual heat losses of the grid
accounted for about 40% by a new TwinPipe system [58]. This allowed a
supply temperature reduction to about 52-55 °C, much lower than the
previous average temperature of 80 °C [39,59]. In Aahrus also the
pipelines have been substituted in a small portion of the network that
has been used as a test case. This is done with the aim of reducing
operating temperature (Tsupp = 60 °C and Tret = 30 °C) through the use
of a mixing shunt at the connection to the main network [58].

Another opportunity consists in the addition of pipes in order to
create ring networks (loops). As discussed in Ref. [40], the use of ring
networks allows to tackle the issue of pressure imbalance for the
end-users by installing valves which permit to achieve the specified mass
flows. This allows a different exploitation of the network.

An option that can be applied to new network is the triple-pipe
configuration, where the supply line is split in two parts which are
operated at two different temperature levels [23,60]. This configuration
is usually adopted by separating the DHW line from space heating line.
Actually this can also be applied to connect buildings requiring water at
different temperature levels [61]. The implementation of this option is
not straightforward in case of existing networks, since the connection
between pipes and the problematic substations must be modified in
order to connect the heat exchanger with the network at the proper
temperature.

For all the 3 options considered (a,b and c), a preliminary analysis is
required to estimate potential in a benefits-costs perspective. A repre-
sentative simulation of the water dynamics within the pipelines is a
necessary ingredient, as shown in Refs. [62,63]. This should be based on
the steady-state momentum equation for an incompressible fluid,
applied to the pipes, including the gravimetric contribution (Eq. (2)) and
the steady-state mass conservation equation applied to all the junctions
(Eq. (3)). The equations applied to all the network pipes/junctions al-
lows to find the set of mass flow rates and pressures within the network.
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3.2. Substations

3.2.1. Substation heat exchanger: constraints and solutions to the
constraints

In the thermal substations, reduction of supply temperature and in-
crease of mass flow rates can lead to two main issues. The first is that,
below a certain value of the inlet temperature, it is not possible to ex-
change the required amount of heat, independently from the mass flow
rate selected. This means that a threshold value exists for the supply
temperature in existing DH substations. The second issue concerns the
maximum value of mass flow rate that can be processed in the sub-
stations. In fact, technical limitations exist on the maximum mass flow
rate which is allowed. There are several options to overcome limitations
in substation heat exchangers.

a. Exploitation of the substation overdimensioning: As for the DH pipe-
lines, the substation are often overdimensioned. This happens mainly
for two reasons: a) DH operators are usually not aware of the exact
temperature of the supply water required by a building, therefore the
installations are done with a certain level of oversizing to avoid
comfort issues. b) During years energy renovation is carried out in
buildings and their thermal demand reduces. Another reasons,
especially in East-Europe countries, like Hungary, in some countries
DH were designed for operating with larger capacities and when the
social housing projects ceased the infrastructure resulted to be
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overdimensioned [79]. Considering the reduction of the supply sys-
tem that have been implemented in £.omza (east Poland) [39] results
show that the substation are oversized, on average, of above 2 times.
In this case study supply temperature decrease of 11 °C (from 121 °C
to 109.8 °C has been achieved). This problem has also been specif-
ically analysed in Ref. [64]. In this work an approach is proposed to
estimate how the existing thermal substations limit the supply tem-
perature reduction of DH networks; the proposed approach only
relies on the substation data. Results show that: a) it is not mandatory
to know the details about the heat exchanger (exchange area,
transmittance, type) to estimate the potential temperature reduction
and b) substation designed for supply temperature of 120 °C can
reduce the supply temperature of 5-15 °C also in the most severe
climate conditions (design conditions). The analysis only concerns
substation limitations; a quantitative analysis of the bottlenecks
related to the network and the building side in order to compare the
limitations is highly needed.

b. Fault/Fouling detection: Past studies have shown that there are
faults in the operation in about 70% of the substations [80]. While
considering possible solutions to the limitations due to the heat
exchanged in the substations, it is important to consider the fouling
problem (i.e. an undesired deposition of material on the internal
surface of the heat exchanger). Fouling is a relevant problem [81]
which unavoidably occurs in the life of the substation [82]; the
worldwide costs for fouling in heat exchangers is estimated to be of
the order of 4.5 billion $/year in the field of the crude oil distillation.
Fouling factor increase (fi and fo in eq. (4)), causes the decrease of
the global heat transfer coefficient that lead a reduction of the heat
exchanged ©.
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This means that to exchange the same value of heat it is necessary to
use larger mass flow rates (and in case of severe fouling deposition the
heat demand cannot be met). Using experimental data of an existing
thermal substation, it is possible to obtain the graph in Fig. 6. Data
before and after cleaning are compared in terms of temperature differ-
ence (supply minus return) as a function of the thermal power
exchanged. In case of a fouled heat exchanger, the heat exchange re-
duces and the control system tends to open the valve to increase the
mass flow rate in order to keep the thermal power constant (see Fig. 7).
As a consequence, the temperature gap between supply and return
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Fig. 6. Temperature gap (supply-return) on an existing thermal substation
before (fouled) and after (not fouled) fouling cleaning.
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reduces. A difference of the order of 10 °C in temperature gap occurs
between fouled and not fouled heat exchanger. This means that during
the reduction of the supply temperature, in case of fouled heat
exchanger, the limitation at substation level may become dramatically
more impactful.

Since fouling can be a crucial limitation in the reduction of the
supply temperature, it is important to check for possible deposition
before to proceed with modifications to the operation of substations. In
case of large networks characterized by a large number of buildings, a
tool for the fouling early detection can be applied. Tools can require
specific measurement systems as shown in Refs. [83,84], or rely on the
substation data [73]. It has also to be considered that fouling signifi-
cantly affects the substation data analysis [74]. Therefore, when data are
utilized in the control system, or a data analysis is done, it is highly
recommended to consider this problem. Concerning more general fault
detection these can include broken valves, controllers and actuators or
the presence of unintentional by-passes. An approach to detect general
malfunctions is presented in Ref. [85]. It is important in this framework
a continuous monitoring of the data detected at substation level.

c. Inefficiencies detection and solution: A proper analysis, trough tem-
perature and mass flow rate data, to investigate the real operation of
the thermal substation could be useful to capture eventual problems.
Typical inefficiencies consist in 1) too high set-point temperature 2)
oversized circulation pumps (which lead to larger mass flow in the
building heating circuit) 3) inappropriate use of by-passes and mix-
ing valves. In order to avoid these problems, an analysis of the sub-
station data should be adopted; this can include an analysis and
comparison of the evolution in time of thermal consumption, set-
point temperature, building circuit mass flow (for instance in case
of consumption decrease it is probability possible to reduce the set
point temperature). This may help to find room for improvement for
the temperature reduction and correct set-point temperatures
(maybe individuating the lowest possible value) as well as the indi-
viduation of heat exchanger that should be substituted and the
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individuation of shunt of by-passes to be removed. Details on
possible actions are investigated in various paper [86-88]; often
inefficiencies and fault detection are both considered in the same
analysis since sometimes is difficult to make a specific distinction. In
Gleisdorf (Austria) supply temperature has been reduced from 90 °C
to 83 °C by proper correction of fault, fouling and inefficiencies in the
thermal substations [89,90]. This has enabled the possibility of
exploiting solar and biomass along with the fossil fuel based supply.

d. Actions on the most problematic devices: Another way to enable
reduction supply temperature, overcoming limitations concerning
the substations, is the estimation of the heat exchangers which
mostly limit the supply temperature (i.e. those requiring heat at
higher temperature, also after the fault elimination). As shown in the
analysis performed on 15 substations, reported in Ref. [64], the
minimum supply temperature allowed in various heat exchangers
can significantly differ. If some of them are much larger than the
others, an option (after the fouling detection check) consists in acting
on the most limiting substations trough a) substitution of heat ex-
changers b) installation of additional heating devices/storages or c)
considering implementation of incentivation for focused retrofitting
(discussed in section 4 related to the demand modification).

e. Additional heating devices/storages: Other options, discussed in Sec-
tion 4 consist in a) installation of local thermal storage, that can be
useful when the demand evolution of the limiting substation signif-
icantly varies during the day and b) using local heaters or heat pump
to provide to the buildings the additional required heat.

3.2.2. Domestic hot water production and Legionella issue

In houses or commercial buildings, temperature reductions below
60-70 °C is generally limited by the domestic hot water requirements
and specifically by the Legionella problem. Legionella is a bacterium
growing in water and humid places, that, if inhaled, can cause problems
such as cold, high fever, pneumonia and can even lead to death. The
proliferation of Legionella depends on the water temperature, the
quantity and the stagnation of the water inside pipes and storages. This
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Table 2

Funded projects having among the aims the temperature reduction in existing DH.

ref Acronym Name Type Period Analysis of T Specific aims related to supply temperature reduction of existing
reduction in existing DH
DH
[142] LOWTDH Leave 2nd generation behind: cost effective solutions for IEA-DHC Annex XIII 2020-2023  Main goal Analyse bottlenecks on supply temperature reduction (related to
small-to-large scale DH networks substations and network) and find strategies to overcome them
CASCADE CASCADE: A comprehensive toolbox for integrating low- IEA-DHC Annex XIII 2020-2023  Main goal integration of low temperature networks into the return line of
temperature sub-networks in existing district heating high temperature net
networks
[143] LowTEMP Low Temperature DH for the Baltic Sea Region European Union (European 2017-2020  Main goal promoted the installation of so-called 4th generation DH networks
Regional Development Fund)
LowTEMP Low Temperature DH for the Baltic Sea Region 2.0 European Union (European 2021 Main goal promoted the installation of so-called 4th generation DH networks
2.0 Regional Development Fund)
[144] - Transformation Roadmap from high to low temperature DH IEA-DHC Annex XI 2014-2017  Main goal Significant experimental analysis on potential of current radiator
system to address supply temperature reduction
[149] - Stepwise transition strategy and impact assessment for future ~ IEA-DHC Annex XII 2017-2020  Main goal Experimental analysis on 10 buildings shows the potentials of the
DH systems existing equipment to reduce heating device supply temperature
[150] OPTiTRANS Optimized transition towards low-temperature and low- IEA-DHC Annex XIII 2020-2023  Main goal Facilitating the transition to low temperature DH providing
carbon DH systems adequate support for long-term decision-making to DH companies
[145, TEMPO TEMPerature Optimisation for Low Temperature DH across European Progect Horizon 2020 2019-2022  Among the goalsofthe  Analyses bottlenecks related to the costumer side
146] Europe project
[147] FLEEXYNETS European Progect Horizon 2020 2015-2018  Among the goalsofthe  use of thermal energy from the return pipes to feed neutral
project networks
[151, RES-DHC Transformation of existing urban district heating and cooling ~ European Progect Horizon 2020 2020-2023  Among the goalsofthe ~ Address temperature reduction on existing networks
152] systems from fossil to renewable energy sources project
[5] - Towards 4th Generation DH: Experiences with and Potential of =~ IEA-DHC Annex X 2011-2014  Among the goalsof the ~ Extending the adoption of 4GDH to existing buildings connected
Low Temperature DH project to existing high temperature DH.
[153] - Heat Pumps for Domestic Hot Water Preparation in Funded by EUDP 2011-2013  Among the goal of the  Study the use of heat pumps to increase the water temperature of
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problem must be considered for the temperature selection of domestic
hot water preparation. In Ref. [91], it is proven that the temperature
range that causes the highest Legionella proliferation is between 30 and
45 °C. Usually domestic hot water is kept at temperatures that are higher
than the user need (>50 °C [14]) in order to avoid legionella problem.
Concerning low temperature DH (T < 60 °C), the problem of legionella
can be faced by the installation of heating devices such as instantaneous
local heaters or heat pumps [25,92].

Interesting analyses concern the benefits that can be achieved by
adopting lower temperature coupled to treatment for the legionella
elimination. Analyses are done in Refs. [93,94], where various scenarios
for domestic hot water production (substation with instantaneous heat
exchanger or substation with micro tank) are analysed from energy
exergy and economic viewpoint, considering both comfort and Legion-
ella issues. Different temperature levels of DH are taken into account.
Results show that instantaneous heat exchangers are the best solutions
in all cases except for ultra-low temperature DH where tank solution
perform better. Furthermore small volume approach are often used to
avoid Legionella, e.g. less than 3 L, as done in the pilot in Wednesbury,
north west of Birmingham (UK), Stavanger ({Jstre Hageby), Norway and
Aarhus (Lystrup), Denmark [95]. Concerning the existing 1st and 2nd
generation networks this usually not represents the main limiting
problem since that supply temperature cannot be reduced so much.

In [96], a conventional DH is analysed from energy, economic and
exergy perspective at different temperatures; for the analysis three heat
pump solutions applying R134a and R744 are considered as local heat
source. Results show that conventional solutions at the lowest possible
temperature have the highest exergy efficiency and lowest cost. Hot
storages are proved to have a positive impact on the exergy efficiency of
the system; the best solution is proven to be the storage located on the
DH circuit side. This means that low temperature DH represents an
efficient solution also when domestic hot water, along with space
heating, is required.

In this framework, the project Heat Pumps for Domestic Hot Water
Preparation in Connection with Low Temperature District Heating [23]
funded by EUDP (details are reported in Table 2) studied the adoption of
heat pumps to increase the water temperature of ultra-low temperature
DH to supply domestic hot water. The project aims at the development of
a pilot (in Birkergd north of Copenhagen) with an ultra-low temperature
DH equipped with a heat pump (micro-booster) for domestic hot water
preparation. The project shows that the system operated according to
the expectations except for some minor problems to be taken into ac-
count (e.g. problems with regulating the existing circulation system for
domestic hot water). The performance of the system results to be satis-
factory and the solution resilient.

3.3. Building heating devices (constraints and possible solutions)

Most of the residential buildings built in the 20™ century in Europe
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use radiators as heating devices, especially in urban areas. Radiators of
European dwellings are usually designed to operate with supply tem-
peratures between 90 °C and 70 °C. The design is done considering the
most severe condition in the specific location (usually in Europe be-
tween —5 and —15 °C depending on the climate area). Therefore, it is
reasonable to expect that the typical space heating demand (excluded
during the extremely cold day) can be met also by adopting lower supply
temperature. The relation between the minimum supply temperature
and the outdoor temperature for an existing substation is reported in
Fig. 8. Supply temperature can be reduced of about 15 °C considering an
outdoor temperature of 0 °C instead of —8 °C (design conditions).
Furthermore, often not all the available radiators are used in dwellings
[97]. This means that there is large potential of exploiting the oversizing
and outnumber of heating devices.

This is particularly true, if considering that often existing buildings
are subjected to retrofitting measures after the DH connection. Analyses
available in the literature [65,66] show that typical Danish and Swedish
homes that have receive retrofitting measures can be supplied with
low-temperature heat.

The topic has been significantly investigated by Ostegaard in his
doctoral thesis [77]. The potential of current heating systems for
low-temperature heating is investigated by analysing various case
studies. Among the interesting results, a crucial outcome is that as much
as 80% of heating systems are currently over-dimensioned. The analysis
also highlights major problems related to the adopted control system.
The main issues on the control system are hydraulic short-circuits,
radiator thermostats not working optimally, occupants using the ther-
mostats in the wrong way, and too small radiators. It has been shown
that it is possible to overcome these issues by a) improving the heating
control or b) replacing critical radiators that have large impacts on the
overall return temperature. The installation of thermostatic valves can be
considered as first step for improving the heating control.

An analysis of houses build in the 1990th, along with an overview of
typical building constructions adopted, is reported in Ref. [98]. The
results obtained from the analysis of 6 single-family houses show that for
more than 97% of the year, these can be supplied with temperature
below 50 °C.

Both the simulation and test measurements done on existing build-
ings, reported in Ref. [14], show that 1980th Danish single-family
houses can be heated with supply temperatures as low as 45 °C for the
main part of the year. This means that, during peak period, the tem-
perature must be increased [99] while most of the time the network can
be fed with warm water.

The analysis reported in Ref. [100] shows that temperature reduc-
tion of 15 °C can be achieved in case of typical oversized radiators. An
experimental analysis on more than 100 radiators of an existing DH
system [101] shows that in case of design temperature of —16 °C, for an
outdoor temperature of 5 °C or more all radiator systems have a supply
temperatures of 55 °C or less, as expected in 4th generation DH. The
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Fig. 8. Relation among the heating system supply temperature and the outdoor temperature.

12



E. Guelpa et al.

analysis shown in Ref. [102] proves that the payback time for preparing
existing space heating systems for low-temperature DH in Denmark is
1.2-4.3 years from an energy system perspective and 0.3-18.7 years for
an individual DH customer. In Ref. [97] the exploitation of all the
available radiators instead of portions (in the work it was measured was
70% the fraction of operated radiators) has been explored through a
model of the radiator system. Results show that average supply and
return temperatures of 44 °C and 30 °C, respectively, could be achieved
in the heating system of a typical Danish building.

In order to overcome the limitations due to poor control, continuous
fault-detection analyses should be implemented [77]. These can be done
though control systems relying on the data measured with the available
sensors. Actually, it is not straightforward to gather all the useful data
since companies and energy agencies often cannot install sensors in
buildings. For this reasons the first pilots for supply temperature re-
ductions are usually university campus. Consider, as examples, Kelowna
[103] (Canada) and Oshawa Ontario Tech University [104] (Canada)
and Zurich [105] (Switzerland). An interesting work in this regard is
that performed in Ref. [78], where use of proper control (adjusting the
temperatures according to demand) is shown to allow radiators in
existing buildings to be supplied with lower temperature water also
without any intervention in the thermal envelope.

Concerning the modelling of the radiators, a new model, suitable for
different ranges of mass flow rates is proposed in Ref. [106]. In the
future, proper models should be developed in order to reach suitable and
reliable control tools and proper data collection system should be
adopted. Furthermore, is important that in case of building renovation
in case these are connected to high temperature DH, proper design
criteria are adopted to enable future exploitation of low supply
temperature.

4. Actions on the district heating network demand

Additionally to the actions discussed in section 3 (that were strictly
related to the singular benefits on the network, the substation and the
building) other solutions to overcome the constraints can be achieved by
directly acting on the demand. In this case, some benefits are obtained at
different levels (i.e. network, substations and buildings); for this reason
these are organized in a separate section. The actions on the building
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demand can be done with different approaches, here listed and dis-
cussed (along with the level of effects achievable) are specified in Fig. 9.

a. Demand side management. Demand response (that are only the not
definitive actions on the building demand) and the other demand
side management techniques are born in the electric field for the
modification of the user demand to achieve benefits on the produc-
tion side [107,108]; afterwards, the same approaches have been
applied to DH to modify the thermal request profile of buildings
[109-112,112,113]. All the details of demand side management in
DH are provided in a review paper [71]. Demand side management
can be implemented in different ways:

e Through retrofitting measures. In Ref. [114], a specific method-
ology for assessing supply temperature reduction in DH by using
retrofitting measures is proposed. The analysis applied to the
Klagenfurt DH (Austria) showed that retrofitting actions allows
achieving return temperature reductions varying from 0.3 K (in the
BaU scenario) to 1.2 K (in the ambitious retrofitting scenario), with
standard deviation of about 4-4.5 K. Reduction of thermal distri-
bution losses range between 5 MWh and 21 MWh [114].
Adopting different tariffs (dependent on the time of the day) to
force the owners to change the heating system settings, as show in
Ref. [115] where suggestions of new DH-tariff encouraging to
utilise demand side management are proposed.

Changing the schedule of the heating system in the buildings. In

the literature, various works (also a test in relevant environment

[116]) have shown that thermal power peak reduction up to

25-30% [111] and reduction of primary energy needs up to 5%

can be achieved.

Changing the set-up [117,118] or the control strategy [119] of the

building substations, or by installing flow limiters. The last has

been implemented in Boras (Sweden) and allowed to reduce the
average supply temperature from 96 °C to 79 °C, along with

operating pressure increase and inefficiency detection [19].

To adopt all the demand response techniques for enhancing supply
temperature reduction, a preliminary work is required a) for properly
selecting the new setting of the control system or b) for predicting the
effects of the planned modification. In some cases, proper tools are used

Action on the demand modification

type effects on..

Demand side management

/substation/building

Installed in the primary

) network
side

Additional thermal energy storage

installed in the building
circuit

'substation

Installed in the primary

) network
side

Adittional heat supply system

installed in the building
circuit

Inclusion of prosumer/low energy
buildings

network

Fig. 9. Workflow for achieving supply temperature reduction in existing DH.
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[120,121] with the aim of estimating the best settings, depending on the
daily thermal demand, the schedule of the other buildings, etc. Targeted
control actions for demand-side management are shown being attain-
able in Refs. [122,123], using measurements at a substation level. In the
latter, the use of a model for the prediction of the expect thermal profile
is required to estimate the proper control actions; in Ref. [124] various
possible approaches and options are discussed. A new approach pro-
posed in Ref. [125] consists in the overall management of the network
by using the concept of the State of Charge of the buildings connected.

b.

C.

d.

Thermal storage installation. A widespread way to solve the problem
of bottlenecks is the adoption of thermal storages [117,126] to store
energy when the demand is low and to provide it when the demand is
high. This can be very useful to reduce supply temperature in the
case the demand is highly variable during the day (e.g. thermal peak
during the morning hours or night setback). Various kinds of storages
can be adopted to achieve this goal, as shown in the survey [69]; the
most widespread technology is definitely the water storage. The
storage volume must be properly selected in order to be able to
achieve benefits, avoiding unsustainable investment costs [127,
128]. Thermal storage can be installed as centralized storage or as
distributed storage (at building level). In the first case, the position of
the thermal storage in the urban areas should be properly selected
since this strongly influence the network fluidynamic; indeed, if the
concentrated storages are not properly located, these are not useful
to overcome water congestion in the DH network.

Additional local heat supply systems. Additional heat pumps or heat
only boilers can be used for two specific aims: a) to recirculate water
in the areas close to the buildings avoiding water congestion in the
critical pipelines and b) to increase the water temperature. The
second option is proper in case of areas characterized by similar
limitations in terms of temperature levels at the substation or at the
building level. In some cases, these two benefits can be achieved at
the same time. In this case, the location of the local heat supply
system, as well as the configuration of the heat pump configuration,
as shown in Ref. [129], is crucial.

Enhance the connections of prosumers and exploitation of low en-
ergy buildings: An interesting opportunity to reduce water conges-
tion in networks consists in exploiting the possible presence of heat
prosumers [130] (i.e. buildings that depending on time require or
sell heat). These allows reducing the mass flow processed by the
thermal plant, since a part of the mass flow rate is circulated directly
in the prosumers (that act as plants, transforming return water into
supply) instead of being transported up to the plants. In case the
position of the prosumer is properly selected, this allows a reduction
of the water passing through the bottlenecks. In case there are
multiple prosumers, it could be useful to analyse which user is more
suitable, as shown in Ref. [131]. In the analysis, results show that the
optimal allocation corresponds to the network critical user since
reduce the pumping power with an optimal hydraulic balance of the
DH network. The analysis only shows that the prosumer must be
managed by the network operator to avoid problems due to flow
reversions and/or to pressures and mass flow distributions. In
Ref. [70], it is shown that as the supply temperature from prosumers
is usually low, this is compensated with larger mass flow rates and
therefore higher velocities. The effect at a larger scale is to create a
new pressure cone among the prosumers and the buildings served by
the prosumer. Areas that are not reached by water from prosumers
are managed according to the pressure of another plant; therefore,
proper control strategies must be applied to allow a correct water
circulation. This effect is reduced when water from the prosumers is
mixed with supply water from the rest of the network; in this case, a
proper pressure value must be guaranteed at the correct mass flow
rate. Another effect, studied along with a DH company and discussed
in Ref. [70], is that the prosumers may cause travelling temperature
fronts leading to increased fatigue in the pipes; the analysis proves
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that this phenomenon generally has little impact on the lifetime of
the pipes. The inclusion of prosumers in large number requires the
further development of bidirectional substations, to allow a bidi-
rectional heat exchange in the two cases of consumer and producer
operations [132]. In the case of buildings equipped with low tem-
perature heating systems (e.g. building not requiring domestic hot
water, buildings with radiant floor), it is possible to connect them to
the return line (in series), such that the mass flow rate provided to
the buildings is lower than that required in case of parallel
connection.

5. Global approach for the supply temperature reduction

5.1. Possible action flow

A preliminary planning should be performed to achieve convenient

solutions in the implementation of actions to reduce supply temperature
in an existing network. A possible global procedure that can be followed
is reported in Fig. 10.

The proposed procedure consists in the following steps.

a) The first step concerns the estimation of how much the DH parts are

b

C

~

~

oversized respect to the current use. The question is “How much the
network/substations/radiators are oversized?” Depending on the
answer to this question it is possible to understand what is the supply
temperature reduction that can be achieved without any modifica-
tions. This issue can be addressed through numerical analysis,
allowing to directly estimate the temperature reduction potential of a
network using realistic data.
In case the exploitation of oversized devices is not sufficient to reach
satisfactory temperature reduction, it is useful to analyse if signifi-
cant thermal peaks exist during the daily period (analysing the
overall daily demand and estimating the peak entity respect to the
base load). This step is very important since the limitations occurs
during the peak hours. The elimination of the peaks allows to use low
supply temperature in all the DH operations (not only in the off-peak
hours) and this allows to avoid installation of inefficient capacity.
Peak elimination can be done acting on the demand using the tech-
niques described in Section 4. It could make sense to consider during
the selection of the peak reduction approach, which is the part of the
system affected (Fig. 9); in fact, if, for instance, a centralized thermal
storage is used, part of the network, the substation and the building,
will continue to see the peak. If DSM is adopted, the peak is shaved at
all the system levels.

Further supply temperature reductions can be achieved only if spe-

cific modifications in the DH system are performed. In order to find

the best actions to be implemented, a preliminary analysis is required
to estimate where the main limitation occurs: in the network, in the
substation or in the buildings. Depending on which part of DH limits

the supply temperature reduction a list of actions is proposed (Fig. 10

STEP 3). The actions are ordered following the implementation

easiness and cost. In general, in case the first action cannot be

applied to the system, it is possible to skip to the first applicable
modifications:

e NETWORK: If the supply temperature cannot be reduced due to
water congestion in the DH network, the cheaper way to solve the
problem is to modify the pumping strategy, or, if not sufficient, to
add one or more pumps. Secondly, depending on the problematic
that is encountered there are different options. In case the
congestion is localized in a precise pipe it makes sense to consider
modifications of the pipelines in the bottlenecks or the addition of
new pipelines. In case the problem is related to a wider area or
other options to be considered are the inclusion of an additional
local heat supply system or the exploitation of prosumers or low
exergy buildings to feed some buildings by using return water. This
allows to have water recirculation avoiding the overload the
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temperature reduction that can be achieved.

2. Peak reduction
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Demand side
management

Storage
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‘Water congestion in the network:

Change of operations/control
logic of the current already
available

Add new pumps (if possible)
Local heat supply systems
(suitable in case of combined
limitations)

Substitution of pipes

Add new pipes

3. Specific Improvements

Substation heat exchange area

*  Analysis and tool for early
fouling/fault/inefficiency detection and
correction

* Modification of problematic substation

* Feed some buildings by the return line

* Local heat supply systems (suitable in
case of combined limitations)

* Incentivation in energy renovation of
specific buildings

Unsuitable heating devices
Fault/unefficiency detection

Proper control system (at first
installation of thermostatic
valves)

Local heat supply systems
(suitable also in case of
combined limitations)

Incentivation in energy
renovation of specific buildings

GOAL
REACHED

@

Fig. 10. Workflow for achieving supply temperature reduction in existing DH.

congestion areas All the individual actions cited are deeply dis-
cussed in Section 3.1.

SUBSTATION: If the substation heat exchanger limits the supply
temperature reduction, at first it is necessary to check the heat
exchangers fouling/fault/inefficiencies. After that, it is useful to
consider the effects of modifying the most critical substations. In
the end, it could be considered the possibility to install additional
local heat supply system in a crucial section of the network. All the
individual actions cited are discussed in section 3.2

e BUILDING: In case the buildings are limiting the supply tempera-
ture reduction, the options to be considered are: 1) the fault/in-
efficiency detection and depending on the outcomes the action on
the most limiting radiator 2) thermostatic valves installation and
the change of the control strategy 3) the adoption of additional
local heat supply. The possible actions cited are discussed in sec-
tion 3.3.

d) In case the most suitable modification, in the proper column, is

performed and still the supply temperature reduction goal is not met,
it is necessary to repeat the loop: to estimate which is the most
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limiting part and again act on it. It is possible that, after the modi-
fication applied in the step d) the second limiting section for the step
e) is different from that estimated in the step c).

e) Again, after the evaluation of the DH part that limits the supply
temperature reduction an action is selected. The loop can be repeated
until a satisfactory temperature reduction is achieved.

An alternative option to the supply temperature reduction in the
entire network, which is the focus of the current paper, is the adoption of
low-temperature sub-networks (LTSN). This can be used when part of
the DH is suitable for low supply temperature (e.g. an area of the
buildings connected is retrofitted/low consumption) or in case of
network expansion. Various examples exist in the literature; an inter-
esting review can be find in Ref. [133] where good practice examples (in
Austria, Germany and the Nordic and Baltic countries) are described. In
the analysis out of 29 examples are identified (4 meeting the strict
definition of LTSN defined in the paper). Among the main existing ex-
amples of LTSN are: Albertslund Coopenaghen (Denmark, terraced 560
houses, probably the largest LTDH system in Europe, implemented for
existing buildings after refurbishment Tsup = 57 °C, Tret = 30 °C) [39,
134], Lystrup (Denmark, network/substation renovated for 7 row
houses with totally 41 apartments, Tsup = 55 °C Tret = 25 °C) [135,
136], Adlershof Berlin (Germany, Tsup = 65 °C Tret = 40 °C) [14] and
Gluckstein (Germany). Usually, the return water is used as supply for the
LTSN. In case the temperature is not sufficient, a portion of hot water
from the supply line is mixed. Another option is to use an heat exchanger
as done in Vasteras [95]. Payback periods of 10-12 years was found, for
investment in long distance (20 km) of LTSN with central heat pump.
Further information is not provided since the topic is out of the scope of
the present work.

5.2. Policy and incentivation aspects

Along with a proper procedure for the transition is important to
consider a change of perspective. Since reducing the supply temperature
is a long-term effort, it is important that all the technical decisions taken
related to a network consider the final goal. A main example is that new
and substituted devices are compliant with the low supply temperature.
For instance, in Aarhus (Denmark), by 2012 obliged design specifica-
tions for substations, water heaters and space heating systems newly
installed have been set up [16].

In general, it can be stated that the success of the temperature
reduction strategy lays combined actions of policy makers and com-
panies. In fact, regulatory constraints related to a) the newly installed
devices b) the financial investment/penalties for the end-users
depending on the quality of the heat absorbed and the return tempera-
ture, are crucial aspects. At the same time, concerning DH operating
compagnies, a successfully path consists in the adoption of proper long-
term planning towards ambitious goals that can be reach only if a proper
vision is accepted. A successful approach has been adopted in Denmark,
through the implementation of a national motivation tariff. This is a
bonus or a penalty that is applied to the billing price as a function of the
return temperature. In particular the bonus/penalty is 1% of the heating
price per degree the average return temperature is respectively below/
above a reference temperature [19,137]. Another interesting approach
has been implemented in Viborg (Denmark) from 2002, where the DH
company has proposed a motivation tariff in form of benefit/penalty as
described in Ref. [138]. The motivation tariff adopted is a model, where
the average yearly supply temperature is used to calculate the goal for
the return temperature. The expense for the motivation tariff is 270
k€/y, the efficiency more than 670k€/y, therefore the gain is 400 k€/y.
Viborg DH company also provides assistance and help to costumers with
high return temperature to modernise and upgrade their system. This is
therefore a win-win situation that can help both costumer and company
to save money and costumers to improve comfort. The Viborg experi-
ence showed that by introducing smart meters and incentivation tariffs
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the supply temperature was reduced on average from 80 °C to 66 °C (and
return from 50 °C to 40 °C); this allowed to exploit heat from an Apple
data centre available at 10 km [139]. A further reduction of 5 °C is
planned for the next years. Also in Middelfart (Denmark) supply tem-
peratures have been reduced from 81 °C to 63 °C by adopting an opti-
misation tool by monitoring the operating conditions of the substations
and implementing tariff incentives [140].

5.3. Research gap

The proposed approach is a possible action plan that can be adopted
to analyse how to achieve supply temperature reduction and how to
perform it. This has not the ambition of being the best possible cost-
benefit approach. The best action flow can be achieved only though a
series of optimizations that allow selecting step by step the best action to
be applied to the specific DH system. Furthermore, when multiple op-
tions are possible, the selection of the best option allows a deep analysis
of the specific conditions, preferably relying on proper simulators.
Currently literature review for the selection is still unavailable. In the
authors knowledge the only attempt has been done in Ref. [43], where a
decision making approach has been proposed after workshops with DH
operators with the aim of overcoming the problem of bottlenecks and
applied to a specific case study. An interesting list of solutions that can
be adopted for overcoming issues of supply temperature reduction in
buildings, respectively for space heating and domestic hot water, from
the cheaper to the most expensive are shown in Ref. [19] (where sub-
station are considered along with heating devices).

Procedures or proper tools to estimate the best set of actions to be
implemented for a specific case are still not available. These can be very
complex because of many reasons: 1) limitations on buildings, sub-
stations and pipes contemporary exist and a global approach could be
the best option to be adopted; 2) since problematic buildings, sub-
stations and pipes could be in different areas of the city, it is necessary to
find a proper approach to provide modification at different levels in the
most effective way; 3) the system is large and heterogeneous and sig-
nificant amount of data are required; 4) model of different devices must
be included since various phenomenon should be considered.

6. Projects aimed at the reduction of supply temperature in
district heating

Various results that have been cited in this paper have been made
possible by founding in project context (mainly by IEA and European
Community). Indeed, currently and in the last few years, various pro-
jects on the transition toward low temperature DH have been proposed
and carried out. Some of them are completely devoted to the specific
goal. In Table 2, the main existing projects are reported, along with the
typology, the duration, the financing institution and the main goals.

A comprehensive toolbox for integrating low-temperature sub-networks in
existing district heating networks [141] investigates the possibility of
integrating of low temperature DH in the return line of an existing large
urban DH network. This approach leads to a reduction of the return
temperature of the DH improving the system efficiency and allows
overcoming problems of mass flow congestions. A project completely
related to the transformation of existing DH into low-temperature sys-
tems is Leave 2nd generation behind: cost effective solutions for
small-to-large scale DH networks [142] (pursued by the authors). The aim
of the project is to develop cost effective routes for the transition of
existing networks inter low-temperature system considering the bar-
riers, especially related to the network and substation side. The novelty
of the work is to evaluate, with proper tools, to what extent these bar-
riers can be removed. Among the techniques considered are the inter-
vention on specific fluid-dynamic bottlenecks, use of demand-side
management and storages, recirculation of mass flow rates, optimal
operation of booster pumping station and thermal substation, connec-
tion of buildings on the return network, proper supply temperature
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setting and optimal modification of the network topology. CASCADE:
LowTEMP Low Temperature District Heating for the Baltic Sea Region [143]
is a European Union (European Regional Development Fund & European
Neighbourhood Instrument) founded project in the framework of
Interreg Baltic Sea Region Programme 2014-2020. The goal is to pro-
mote the adoption of low temperature DH, considering all, new instal-
lation, network expansion, renovation of existing networks also in case
buildings have not been retrofitted. Interesting results can be found in
Ref. [39]. Stepwise transition strategy and impact assessment for future
district heating systems is a project dealing to transition towards low
temperature DH. The experimental analysis performed on 10 real
buildings revealed that there is potential already in the existing equip-
ment to reduce heating system operating temperature. This output is
very important to enable reduction of supply water in DH. Radiators
appear to be often over-dimensioned especially in a trend of global
thermal demand reduction, due to building retrofitting measures. In
Transformation roadmap from high to low temperature DH [144] the
possible strategies proposed for the transition towards the 4th genera-
tion DH mainly consists in: 1) identifying temperature errors in distri-
bution networks, substations and heating systems in buildings; 2)
increasing the thermal lengths in substation heat exchangers; 3)
reducing the temperature demand in buildings by reduction of heat
demand or increase of the heat transfer surfaces. The project OPTi-
TRANS aims at enhancing the discussions with the DH companies to
assist the transition towards low temperature DH by considering po-
tential actions at technical level (e.g. at building level, new sources,
management) and at economic level, including business models and
pricing, considering the uncertainly related to the transition. Towards
4th Generation DH: Experiences with and Potential of Low Temperature DH
aims at providing a roadmap for the transition to sustainable energy and
total phase-out of fossil-fuels. This includes the estimation of the benefits
in using low temperature DH with a special insight in domestic hot water
and the Legionella problem.

Furthermore, there are projects that among the various goals have
the temperature reduction of DH networks (despite this is not the main
aim). (TEMPO) TEMPerature Optimisation for Low Temperature District
Heating across Europe [145,146] aims at developing a) innovations to
create low temperature DH for increased network efficiency and inte-
gration options for renewable and residual heat sources and b) new
business models to boost network competitiveness and attractiveness for
stakeholder investment. In the project, 3 different applications are
considered: new networks in urban areas, new networks in rural areas,
and existing high temperature networks. FLEXYNETS [147] is a H2020
European Project which aims at developing and demonstrating new
generation networks working at neutral temperature levels (15-20 °C),
trough the adoption of reversible heat pumps. RES-DH aims at
enhancing the integration of local resources into the existing district
heating and cooling networks through future-proof solutions. Among
the various issues considered is that the system efficiency can be
increased by lowering the network temperatures, which reduce heat
losses and favour renewable energies like solar thermal and heat pumps.

Also concerning temperature reduction in DH are the Annex TS1 of
IEA-DHC in 2012-2017 “Low Temperature District Heating for Future
Energy Systems*“ [148], Annex X of IEA DHC “Toward 4th Generation
District Heating” [91] and Annex TS2 “Implementation of
Low-Temperature District Heating Systems” [19]. The Annexes results
are reported in the final documents that includes interesting insights on
the topic as well as a wide range (in terms of application type) of real DH
cases. Among the main concluding remarks are that: a) low temperature
DH enhance the integration of renewable and waste energy b) low
temperature DH delivered good comfort to the costumers c) often the
existing building heating devices are suitable to be operated with lower
supply temperature d) further research is required to implement low
temperature DH schemes in the various real cases, especially existing.
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7. Conclusion and future perspectives

The overall conclusion of the review work is that, according to the
available scientific literature, there is a large potential for adopting low-
temperature DH in existing systems. If space for manoeuvres can be
lower in some cases, various options are available to overcome limita-
tions that can occur in the network, substations, and buildings. The main
conclusions of the work are:

e The economic and environmental benefits of reducing supply tem-
perature are undisputed. The main are losses reduction and exploi-
tation of low exergy sources like renewable and waste heat.
However, the current benefits can be low in case of fossil fuel driven
system. The main benefits are the new supply options enabled by the
temperature reduction. For this reason, a change of perspective is
required to focus on the chances created by the modifications and the
significant reduction of the future costs, in order to win the initial
resistances. Therefore, the adoption of a long-term planning and an
open vision are required to successfully reach the goals.
In case no modifications are implemented, it is still possible to
exploit the fact that some of the components usually result as over-
sized (often significantly) and the temperature reduction can be
implemented at least for a significant fraction of the heating season,
and often it can be implemented in the entire network with a
reduction of at least 5-10 °C.
e There are several approaches that can be adopted to overcome the
limitations met in the reduction. Most of them have been testes
through real tests or numerical analysis for the aim of temperature
reduction or other aims. A proper combination of them could provide
significant results. An action plan is proposed, that can be followed to
cost-effectively face the problem.
Involvement of both companies, and municipalities/policy makers is
probable the best way to activate the transition, by adoption of
proper incentivation policies, including regulatory constraints
related on new installations and end-user incentives depending on
the heat quality and the return temperature level.
The transition should be done, if possible, in a framework of
collaboration between the company and the academics to exploit the
knowledge already existing in the DH community. Indeed, several
attempts have been done in the literature to: a) improve the heating
control systems by adopting new methods to assure low return
temperature b) the development of fault/fouling/inefficiency
detection tools in substations and building heating systems which, if
corrected, can leave large room for manoeuvres in the supply tem-
perature reduction. These attempts should be reported in existing
network considering the specific constraint of the considered case.

e It is important that when buildings connected to high/medium
temperature DH, energy renovation are done using proper design
criteria to enable future connection with low temperature DH.

e The necessity for the company of keeping the focused on the supply
temperature reduction in all the decisions, since every action done on
the network/substation/building can represent a constraint or
differently an opportunity for the future.

The transition rapidity will be dependent on the fuel cost evolution.
If, after the strong variation of the last months, costs will abruptly rise,
various consequences will occur. The first is that impact of network
losses and plant inefficiencies will be more valuable than today. At the
same time the adoption of renewable energy technologies will be more
convenient. The consequences will probably act as driving forces on the
DH companies to fasten the transition.To enhance the transition of the
existing network towards low temperature DH, future investigation
should include:

1) creation of specific methodology to efficiently estimate which are the
constraints that mainly limit the temperature reduction in DH.
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2) develop approaches and models to estimate the best set of actions to
be implemented for each type of existing systems, along with the cost
required for the action implementation, for enabling supply tem-
perature reduction in a cost-effective manner.

Furthermore, it is important that academic make themselves con-
veyors of new insights and perspective, showing that benefits of the
transition are significant and that there are several cost-effective ways to
practically overcome the existing limitations.
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