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Abstract

Lowering supply temperatures in existing district heating networks facilitates the integration
of renewable energy sources and waste heat, but the higher mass flow rates required to
maintain heat delivery can introduce hydraulic constraints. This study investigates how
thermal demand-side management can create hydraulic margin for supply temperature
reduction. A mixed-integer linear programming model optimizes substation start-up shifts
within 15 min, while hydraulic simulations and energy balances assess the resulting
operating conditions. The methodology is applied to a district heating network in northern
Italy serving 146 substations. An optimized schedule for a single cold reference day reduces
the network peak mass flow rate by approximately 23% and reduces daily peaks on all
additional days assessed without further optimization. The resulting hydraulic margin
accommodates higher mass flow rates, indicating an estimated potential to reduce supply
temperatures from 120 °C to approximately 105-108 °C while preserving daily thermal-
energy delivery. Hydraulic simulations at daily network peaks show that the baseline
minimum substation differential pressure is preserved. These results demonstrate the
potential of thermal demand-side management in enabling lower-temperature operation
and enhancing the sustainability of existing district heating networks.

Keywords: load shifting; peak shaving; lowering temperatures; efficient district heating;
decarbonization

1. Introduction

Decarbonizing the heating sector is essential to the energy transition, as heat accounts
for the largest share of global final energy consumption and is still heavily reliant on
fossil fuels [1]. In Europe, residential heating accounts for a substantial share of energy
consumption [2], making the decarbonization of the building sector critical to achieving
climate targets [3]. This requires integrating renewable energy sources (RES) and waste
heat (WH) into the heat supply, and District Heating (DH) provides an ideal platform for
this integration [4,5]. District energy networks are therefore expected to expand, with their
contribution projected to reach 20% of global space heating demand by 2030 [6].

Achieving these goals requires not only developing new networks but, above all,
upgrading existing DH systems originally designed to rely on fossil fuels and cogeneration.
The European Union has established progressively stricter criteria for qualifying as an
“efficient district heating and cooling system” under Article 26 of the Energy Efficiency
Directive (EU) 2023/1791 [7]: until 2035, a share of at least 80% high-efficiency cogenerated
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heat is sufficient to meet these criteria; from 2035, compliance requires at least 80% from
high-efficiency cogeneration, RES and WH combined, including at least 35% from RES
and WH, or at least 50% from RES and WH alone. Subsequent requirements become
progressively stricter, reaching 100% RES and WH by 2050.

Research efforts are increasingly focused on developing decarbonization roadmaps to
meet these targets [8,9] by maximizing the use of local RES and WH [10,11], integrating heat
pumps (HPs) [12,13], and enabling distributed generation [14,15] and the participation of
thermal prosumers [16,17]. Potential heat sources include industrial waste heat [18], heat
recovered from data centres [19,20] and wastewater [21,22], geothermal energy [23,24],
and solar thermal energy [25,26]. Their integration depends not only on local availability
and proximity to the network, but also on the compatibility between their temperature
levels and those required by the DH system. Lowering network operating temperatures
can facilitate this integration while improving the efficiency of several heat production
technologies [27,28]. However, these benefits require assessing whether existing DH net-
works and connected heating systems can operate at lower temperatures while maintaining
adequate heat delivery. This assessment includes verifying whether building heating de-
vices can meet the same heat demand at lower temperatures [29], whether substation
heat exchangers are adequately sized for these operating conditions [30], and whether the
network can accommodate the associated increase in mass flow rates [31].

While previous studies have shown that many existing building heating systems
and thermal substations can operate at lower temperatures without significant modifica-
tions [32], excessive increases in mass flow rates can limit supply temperature reduction at
the network level, particularly in areas already operating close to their hydraulic capacity.
Thermal demand-side management (TDSM) strategies can help address this limitation by
reshaping heat demand to reduce peak mass flow rates across the network. These strategies
have previously been applied to reduce peaks in the heating demand [33,34], decrease
energy consumption [35], facilitate DH network expansion into new areas [36,37], reduce
pumping costs and enhance overall production efficiency [38,39].

Although these studies demonstrate several operational benefits of TDSM, they do not
explicitly assess its use as a means of reducing supply temperature. This study addresses
this gap by investigating how the hydraulic margin gained through load shifting can be
used to achieve greater reductions in supply temperature. Specifically, this work:

e  Develops a TDSM method based on mixed-integer linear programming (MILP) to
optimize load shifting and reduce network mass flow peaks.

e  Evaluates its effectiveness in reducing peak flows and alleviating hydraulic constraints
under current operating conditions.

e  Assesses the extent to which these improvements enable supply temperature reduction.

To assess this potential, the proposed methodology is applied to a DH network in
Italy, where building heating systems are typically switched off overnight and restarted in
the morning, producing pronounced heat demand and mass flow peaks. These operating
conditions make the network particularly suited to assessing how TDSM can reduce peak
flows and create hydraulic margin for supply temperature reduction.

2. Methodology

Assessing the combined effects of TDSM and supply temperature reduction requires
an integrated methodology that captures the resulting changes in DH system operation.
The methodology comprises three interconnected components:
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e  Section 2.1 introduces the DH network model.

e  Section 2.2 describes the TDSM optimization framework used to determine the optimal
load-shifting strategy.

e  Section 2.3 explains how the hydraulic margin obtained from TDSM is used to assess
the potential for supply temperature reduction.

2.1. DH Network Model

A detailed hydraulic model of the DH network is used to simulate water circulation
in both the supply and return lines. The DH model domain includes only the distribution
network, while production plants and substations lie outside its control volume and are
represented through boundary conditions. The model solves the mass and momentum
conservation equations to determine pressure, mass flow rate, and velocity distributions
throughout the network. Hydraulic transients evolve on much shorter timescales than
thermal disturbances, allowing a quasi-steady formulation in which the hydraulic equations
are solved at successive time steps with updated boundary conditions.

The model is one-dimensional, and the network topology is represented using graph
theory, with pipes represented as branches and junctions as nodes. Their connectivity is
described by the incidence matrix A, which has NN rows and NB columns, where NN and
NB denote the numbers of nodes and branches, respectively. Each element Aij equals 1 if
node i is the inlet of branch j, —1 if it is the outlet, and 0 otherwise. The one-dimensional
conservation equations are integrated over each pipe using the finite volume method and
assembled through this graph representation, yielding the matrix formulation presented in
Equation (1).

AG+G,; =0

ATP = R(G)G (1)

The unknowns are the vector G, of dimension NB x 1, containing the mass flow rates
in all branches, and the vector P, of dimension NN x 1, containing the pressures at all nodes.
The matrix R(G) represents the hydraulic resistance of the network pipes. Its dependence
on mass flow rate makes the momentum equations nonlinear. Boundary conditions are
specified through the vector G,,;, of dimension NN x 1, containing the mass flow rates
injected into or extracted from the network nodes, together with a prescribed reference
pressure. Production plants inject water into the supply network and withdraw it from the
return network, while substations withdraw water from the supply network and inject it into
the return network. The resulting system of equations is solved at each time step for both the
supply and return networks. For tree-shaped networks, the solution is sequential, with mass
flow rates determined from the mass conservation equations before calculating pressures,
while looped networks require an iterative approach, such as the SIMPLE algorithm [40]
adapted to DH networks by Guelpa et al. [41].

The hydraulic solution provides pressure and mass flow rate distributions throughout
the network, from which velocities, pressure drops per unit length, and differential pressures
available at substations are calculated. These quantities are used to assess whether the
proposed operating strategies remain within hydraulic limits.

The model was previously validated against operational measurements from a large-
scale district heating network at a temporal resolution of 10 min [42], while a finer resolution
of 5 min is adopted here to better resolve demand variations and peak-flow conditions. In
this work, it is first used to simulate current operation at the existing supply temperature,
establishing the baseline hydraulic conditions adopted as reference limits. Operation with
TDSM is then simulated at the same temperature, using the load-shifting settings obtained
from the optimization framework presented in Section 2.2, to quantify the resulting hydraulic
margin. Finally, following the procedure described in Section 2.3, the supply temperature is
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progressively reduced with TDSM applied to determine the maximum reduction achievable
while maintaining hydraulic conditions within the baseline limits. This approach provides
a conservative estimate of the achievable temperature reduction, as additional hydraulic
capacity beyond these reference limits may be available to support further reductions.

2.2. TDSM Through Load Shifting

Active consumer participation through demand-side management can improve energy
system operation by aligning demand with available production and network capacity.
Widely used in electricity systems, this approach is also increasingly applied to thermal
demand in DH through strategies such as changes in heating schedules or control methods.
Among these strategies, this study adopts load shifting, which consists of advancing or
delaying building heating start-up times after the overnight shutdown. These schedule
changes are represented by shifting substation mass flow rate profiles in time while preserv-
ing their shape. Although building thermal dynamics may alter these profiles, peak mass
flow is primarily constrained by substation operating limits, supporting this simplification
for the purposes of the present analysis. The analysis focuses on a network-level perspec-
tive, where coincident demand peaks increase aggregate mass flow and pressure losses,
potentially creating hydraulic bottlenecks and reducing the differential pressure available
at consumer substations. The model therefore assesses how changes in peak timing can
alleviate these conditions without explicitly modelling building thermal dynamics. Shifts
are applied with a discrete granularity of 5 min (e.g., 5, 10, or 15 min), up to a maximum
advance or delay of 15 min. This limit is intended to minimize disturbances to normal
heating schedules. Although the present application focuses on load shifting, the overall
methodology can be extended to evaluate the effects of other TDSM strategies on network
hydraulics and their potential to enable supply temperature reduction.

An optimization model is formulated to select the time shift for each substation that
minimizes the daily peak mass flow rate at the plant. The problem is formulated as a MILP
by representing the admissible shifts through predefined matrices and introducing binary
selection variables and a continuous auxiliary variable for the peak mass flow rate.

For each substation, candidate mass flow rate profiles are generated by applying
predefined shift matrices D* to the original time-discretized profile G,,; , where s indexes
the admissible options, including advances, delays, and no shift. For example, D~! applies a
5-min advance, D2 a 10-min advance, and D3 a 15-min advance, and matrices D!, D2, D3
apply the corresponding delays. D? is the identity matrix and leaves the profile unchanged.
Each candidate profile can therefore be expressed as D°G,,; . An example is provided in
Figure 1.

A binary variable x; ; is then associated with each candidate profile and equals 1 if
option s is selected for substation k and 0 otherwise. The constraint ) x;,; = 1ensures
that exactly one candidate profile is selected for each substation. The resulting profile is
therefore given by GZ;(L?, M — Y« Xk,s D°Ggy i, and the plant mass flow rate is obtained by
summing these profiles across all substations at each time step. The selected shifts are
collected in the vector d, with d; = }_s x; ;. Each component represents the shift in 5-min
intervals, with negative values indicating advances and positive values indicating delays.

Finally, to minimize the daily peak, a continuous auxiliary variable G,,,,, representing
the daily peak mass flow rate at the plant, is introduced and constrained to be greater than
or equal to the plant mass flow rate at every time step. Minimizing G,,,, therefore selects
the combination of shifts yielding the lowest daily peak.
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Figure 1. Example of the load shifting strategy.

Since the shift matrices and original mass flow rate profiles are fixed input data, the
constraints are linear in the selection variables. Together with the linear objective function
and binary selection variables, this yields the MILP formulation presented in Equation (2).
The objective is to minimize G,,,,,. The first constraint requires G,,,,, to be no smaller
than the sum of the substation mass flow rates at every time step; minimizing it therefore
identifies the maximum of the aggregate profile. The second constraint constructs each
substation’s operating profile by selecting among the admissible time-shifted profiles. The
third constraint ensures that exactly one shift, including the option of no shift, is assigned
to each substation. Finally, the binary constraint restricts each selection variable to either 0
or 1, preventing combinations of multiple candidate profiles for the same substation.

min G,y
x’ Gmax

S.t. Gpax = % GQTE:S,{M(t), Vi
Gexir' = X, %D’ Gexir VK (2)
Yox. =1, vk
xj(,S e {0,1}, Vk,s

The model is implemented in Julia [43] and solved using Gurobi [44].

The optimized substation mass flow rate profiles are then used as boundary conditions
in the DH network model described in Section 2.1 to assess their effects on operating
conditions and quantify the hydraulic margin available for supply temperature reduction.

2.3. Assessment of Potential Supply Temperature Reduction

The load-shifting strategy described in Section 2.2 reduces the aggregate peak at a
network level, thus creating a margin that can be used to accommodate higher circulating
mass flow rates. This section investigates how that margin can support supply temperature
reduction. At unchanged return temperature, lowering the supply temperature reduces the
supply-return temperature difference, requiring higher flow rates to maintain the same ther-
mal power delivery. The assessment therefore combines an energy balance with verification
of network hydraulic conditions and individual substation flow limits.
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In this analysis, the return temperature is assumed to remain unchanged between the
current and reduced-supply-temperature scenarios. This assumption is supported by the
detailed substation analyses presented in [32,45]. These studies showed that, at a given
outdoor temperature and with unchanged secondary-side conditions, the primary return
temperature is more strongly influenced by the building-side return temperature than by
the primary supply temperature. Consequently, reducing the supply temperature produces
only limited changes in the return temperature under the same thermal load conditions.

The potential increase in mass flow rate is quantified by the scaling factor B, defined in
Equation (3) as the ratio between the peak network mass flow rate under current operation
and that obtained with TDSM on the reference day. Multiplying the TDSM profiles by p
restores the aggregate reference-day peak to a flow rate already sustained by the network

under current operation.
maxcplﬂnt,curmnt ( t)

p= (3)

maxGya, rosm ()

Assuming unchanged return temperature and constant specific heat capacity, the
thermal power balance in Equation (4) determines the corresponding reduced supply
temperature. This provides an estimate without explicitly modelling the detailed substation
response. A detailed assessment of substation thermal performance and the associated
changes in return temperature is reserved for future work.

GTDSM Cp (Ts,current - Tr) = ;B GTDSM Cp (Ts,new - Tr) (4)

A larger scaling factor allows a greater supply temperature reduction. The increased
flow profiles are then imposed as boundary conditions in the hydraulic model described in
Section 2.1, maintaining the same differential pressure at the plant. The model verifies local
operating conditions throughout the day, accounting for the modified temporal and spatial
distribution of flows. This verification is necessary because restoring the aggregate peak to
its original value does not necessarily reproduce the original pressure distribution.

The increased mass flow rate profiles are also checked against individual substation
limits. For each substation, the maximum flow recorded during the available heating season
is adopted as a conservative upper operating limit, since its actual capacity may exceed the
highest observed value. If the flow required for reduced-temperature operation exceeds
this substation limit, the profile is capped. The resulting reduction in thermal power is
compensated by extending heating operation through an earlier start-up, while retaining the
scheduled shutdown time. The extension is determined by requiring the integrated thermal
power over the day to equal the energy delivered under current operation. Although
these adjustments modify the profiles obtained from the initial optimization, they are
applied subsequently in this work, without re-optimizing the schedule, retaining the MILP
formulation based on predefined profile shifts.

3. Case Study

This study analyses a DH network located in northern Italy, comprising over 9 km of
pipes (supply and return). The network supplies space heating to 146 substations during
the heating season, from 15 October to 15 April. It operates at a supply temperature of
120 °C and a return temperature of approximately 65 °C. Operational data are available for
one heating season, during which total heat demand was approximately 30 GWh, with a
peak of 27.9 MW. Figure 2 presents the heat load duration curve for this period.
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Figure 2. Heat load duration curve for the analysed heating season, expressed as a percentage of
operating time.

The network exhibits pronounced morning peaks associated with the restart of build-
ing heating systems after the overnight shutdown. Figure 3 shows the daily mass flow
rate profiles of three representative substations (left) and the aggregate profile of all
146 substations (right). The coincidence of individual peaks produces a marked network
peak, making TDSM particularly relevant for reducing peak flows and smoothing the
aggregate mass flow rate profile.
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Time
Figure 3. Daily mass flow rate profiles for three representative substations, distinguished by color
(left) and the aggregate of all 146 substations at network level (right), illustrating the morning peaks
associated with heating system start-up.

Although TDSM is applied throughout the heating season, the optimal load-shifting
schedule is determined only once by applying the MILP model described in Section 2.2
to a selected operating day. This day has a peak heat demand of approximately 25.7 MW,
a value exceeded during less than 0.15% of the seasonal operating time and by the daily
peak on only 10% of operating days. It therefore provides a demanding reference condition
for assessing the supply temperature reduction enabled by TDSM, which is subsequently
evaluated across the entire heating season.
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4. Results and Discussion

This section presents and discusses the results of the analysis, which is divided into
two parts:

e  Section 4.1 analyses the results of TDSM applied to the end users with the aim of
reducing the peak flow at the supply node of the network.

e  Section 4.2 examines how peak reduction enables lower supply temperatures while
accommodating the associated increase in circulating mass flow rates. Substation
constraints are also assessed, and heating schedules are adjusted where necessary to
ensure that the same amount of thermal energy is delivered to each user.

4.1. Peak Mass Flow Reduction Through TDSM

The MILP model is applied to a cold reference day (3 January) to determine
the substation load-shifting schedule that minimizes the peak network mass flow rate.
The resulting schedule is then applied unchanged to all other operating days in the
heating season.

Figure 4 compares the aggregate mass flow rate profiles for the reference day under
current operation (blue) and with TDSM (red). The network peak decreases from 111.7 to
86.4 kg/s, corresponding to a reduction of 22.6%.

120

—without TDSM
—optimized TDSM

100

80

60

Giot [kg/s]

40

20

0
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
Time 03 Jan

Figure 4. Aggregate mass flow rate profiles under current operation and with TDSM on the reference
day, 3 January.

Table 1 reports the distribution of substation start-up shifts, including advances and
delays of 5, 10, and 15 min, obtained from MILP optimization for the reference day. The
115 min range was selected to limit changes to normal heating schedules and their po-
tential impact on occupant thermal comfort. Most substations are assigned the maximum
permitted shift of 15 min, indicating that the optimization makes extensive use of the avail-
able scheduling flexibility to reduce the network peak. The predicted reduction therefore
depends on the assumed flexibility window: a narrower range could limit the achievable
reduction, whereas a wider range could provide additional benefits but would require
further evaluation of operational feasibility and thermal comfort.

Table 1. Optimized substation start-up shifts for the reference day. Negative values indicate advances
and positive values indicate delays.

Shift [min|
Substations [-]

-5 —-10 —15 +5 +10 +15
4 8 67 9 3 47
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The effectiveness of the reference-day schedule is assessed across days with different
heat demands. Since transferring a schedule does not guarantee peak reduction on every
day, this is verified a posteriori. To assess the benefit of day-specific schedule optimization,
Figure 5 compares two TDSM schedules across four representative days: the improved
TDSM schedule (red), obtained by applying the schedule derived from the reference day
to the new day, and the optimized TDSM schedule (green), obtained by optimizing the
schedule specifically for the day under analysis.
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Figure 5. Comparison of current operation, the reference-day TDSM schedule, and four day-specific
optimized schedules for 28 October (a), 3 December (b), 3 February (c¢) and 12 April (d).

On October 28 and April 12 (the days with lower flow rates), the day-specific optimiza-
tion achieves a peak reduction of 46%, whereas applying the reference-day schedule yields
reductions of 35% and 31%, respectively. Similarly, for both December 3 and February 3
(the days with higher flow rates), the day-specific optimization leads to a 24% reduction,
compared to the 20% decrease achieved by the reference schedule. These findings demon-
strate that although transferring the reference schedule does not yield the optimal result
for every day, it captures most of the achievable peak reduction without requiring further
day-by-day optimization.

Moreover, to assess the effectiveness of the improved TDSM schedule on the entire
period under analysis, Figure 6 compares daily peak mass flow rates under current operation
and with improved TDSM. All points lie below the line of equality, confirming a reduction
on every day assessed. Reductions are generally around 15% on days with higher peaks
and approach 40% on some lower-demand days. Across all days assessed, the highest peak
decreases from approximately 110 kg/s under current operation to approximately 90 kg/s
with TDSM. The green markers show the results of optimized TDSM for the four selected
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days discussed above, obtained by optimizing the schedule separately for each day. These
points lie within or close to the cloud associated with improved TDSM, although daily
optimization provides additional peak reduction on the corresponding days. Overall, the
results demonstrate the effectiveness of the reference-day schedule across different demand
conditions without daily re-optimization.

120
---15%
. - --40%
0100 - improved TDSM
2 - optimized TDSM
= 80
n
o
= 60
= " g
2 Sl
' 40 P >
O) o i
é . ’:, ?:.’(3.
E 20 / /.//.’ -

0O 20 40 60 80 100 120
maxG - Current Operation [kg/s]

Figure 6. Daily peak mass flow rates for 165 days in the heating season under current operation and
with TDSM using the schedule optimized for the reference day. Green markers show the results
obtained by re-optimizing the schedule separately for four selected days. The solid line indicates
equality, and the dashed lines indicate peak-flow reductions of 15% and 40%.

The hydraulic analysis is extended to all days considered, comparing current operation
with TDSM using the schedule optimized for the single reference day. In both cases, the
differential pressure imposed at the plant is kept unchanged. Beyond the reduction in mass
flow peaks discussed above, this analysis evaluates the resulting changes in the differential
pressure available at each substation.

To assess how the peak flow reduction affects local hydraulic conditions, Figure 7
compares the minimum substation differential pressure at the daily network mass flow
peak under current operation (blue) and with TDSM (red), keeping the plant differential
pressure unchanged. In both scenarios, the results follow an approximately quadratic trend,
with scatter reflecting differences in the spatial distribution of substation flows. Although
TDSM reduces the aggregate network peak, the minimum differential pressure remains
comparable to that under current operation. This reflects the nature of load shifting: it
reduces the coincidence of substation peaks without reducing their individual magnitudes.
Pressure losses along the paths supplying the hydraulically critical substations can therefore
remain significant even when the total network flow decreases.
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Figure 7. Substation differential pressures at the daily network mass flow peak under current operation
((left), blue) and with TDSM ((right), red), with the same differential pressure imposed at the plant.

4.2. Supply Temperature Reduction Enabled by TDSM

For the reference day, the peak reduction achieved through TDSM allows mass flow
rates to increase by approximately 29% before the network peak reaches its original value.
This additional flow compensates for the smaller temperature difference between supply
and return, enabling lower supply temperatures while maintaining the same thermal power.
Assuming that the return temperature remains unchanged, values between 55 and 65 °C
yield supply temperatures of approximately 105-108 °C. This corresponds to a reduction of
up to approximately 15 °C relative to the current supply temperature of 120 °C. This range
represents an estimated hydraulic potential rather than a demonstrated operational set
point. Since the reference day represents one of the most demanding operating conditions,
this temperature reduction is expected to be feasible on most other days of the heating
season. This expectation is subsequently verified by evaluating the differential pressures
available at the substations under reduced-temperature operation.

Figure 8 compares the mass flow rate profiles under current operation (blue), with
TDSM at the current supply temperature (red), and with TDSM at reduced supply tem-
perature (green). In the latter case, flow rates are increased until the peak matches that
observed under current operation.

120 :
—without TDSM
—optimized TDSM
100 —TDSM + temperature reduction
— 80
%)
S~
2
— 60
]
o
40
20

S oV~ NN YWY N\

0 ;
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
Time 03 Jan

Figure 8. Reference-day mass flow rate profiles under current operation (blue), with TDSM (red),
and with TDSM at reduced supply temperature (green), restoring the peak to its original value.
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The hydraulic implications of reduced-temperature operation are assessed by evalu-
ating the minimum substation differential pressure at the daily network mass flow peak
for each day considered. Figure 9 presents these values in green in the left panel, while
the right panel compares them with current operation (blue) and TDSM at the original
supply temperature (red), keeping the plant differential pressure unchanged. The increased
flow rates required at lower supply temperatures lead to higher pressure losses and lower
minimum substation differential pressures, particularly on days with high network peaks.
Although TDSM creates room for additional circulation by reducing the aggregate peak,
restoring this peak to its original value does not necessarily restore the original pressure
distribution, because the allocation of flows among substations also affects local hydraulic
conditions. Nevertheless, the available differential pressures remain above 1.2 bar and are
sufficient to sustain the required substation flow rates, supporting the hydraulic feasibility of
the assessed supply temperature reduction despite the increased pressure losses. It should
be noted that reducing the supply temperature requires higher flow rates and consequently
greater pumping power. By reducing pressure losses, the TDSM strategy adopted here
also aims to mitigate the associated increase in pumping costs, which will be quantified in
future work.
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Figure 9. Substation differential pressures at daily network mass flow peaks: reduced supply tem-
perature with TDSM (left) and comparison of current operation ((right), blue), current supply
temperature with TDSM ((right), red), and reduced supply temperature with TDSM ((right), green).

The assessment is then extended to individual substations, since compliance with
network hydraulic constraints does not necessarily imply that every substation can accom-
modate a 29% increase in mass flow rate throughout the day. Substation flow constraints are
assessed using operational data: the maximum mass flow rate recorded at each substation
during the available heating season is adopted as its upper operating limit. This provides a
conservative threshold, as the actual capacity may exceed the highest observed value. A
detailed evaluation of substation thermal performance using a model such as that presented
in [16] is reserved for future work.

During the relatively steady afternoon operating period, the increased mass flow
rates remain below these individual limits. During peak operation, however, the reduced-
temperature profiles exceed the adopted thresholds at 12 substations on the analysed
reference day. For these substations, the mass flow rate is capped, and heating operation
is extended by advancing start-up to compensate for the reduction in thermal power and
maintain the same total energy delivery. Unlike the load shifting described in Section 2.2,
which translates the operating profile in time, this adjustment extends the duration of
heating operation.
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Figure 10 illustrates four of the 12 affected substations. The blue curves represent
the original mass flow rate profiles, the green curves show the profiles increased by 29%
for reduced temperature operation, and the orange curves represent the capped profiles
with extended operation. This adjustment preserves the total thermal energy delivered
under current operation while respecting the adopted substation flow limits. For the
four substations shown, heating starts at approximately 06:45, around 40 min before the
scheduled start-up time.
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Figure 10. Mass flow rate profiles for four substations: current operation (blue), reduced-temperature
operation with a 29% flow increase (green), and capped flows with extended heating operation to
preserve total energy delivery (orange).

These adjustments are applied after optimization, without re-optimizing the schedule,
and therefore do not alter the +15 min constraint in the MILP, although the final operating
profiles include these subsequent modifications. To verify that the additional advances
have a limited impact on the aggregate mass-flow profile and that the modified schedules
remain feasible, Figure 11 shows the total flow rate at the main node for the reference day
after the start-up profiles of the affected substations were modified. The blue curve is the
original flow rate profile, the green curve is the profile required to compensate for the
reduced supply temperature, in which the flow rate is increased in inverse proportion to
the temperature decrease, and the orange curve is the profile obtained after the start-up
modifications. The orange curve never exceeds the maximum flow rate imposed at the main
node and further reduces the aggregate peak flow by 1.15% relative to the profile before the
additional advances.

The modifications therefore do not cause hydraulic problems in the network, and the
modified schedules remain practically feasible. Moreover, the areas under the green and
orange curves are identical. Since these areas represent the thermal energy delivered to the
substations, which was constrained to remain unchanged, the procedure preserves the daily
thermal energy delivery while respecting both the substation flow limits and the hydraulic
limit of the network.
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Figure 11. Mass flow rate profiles for the main node: current operation (blue), reduced-temperature
operation with a 29% flow increase (green), and capped flows with extended heating operation to
preserve total energy delivery (orange).

In general, only a small proportion of substations require extended heating operation,
with the share remaining below approximately 13% on all days considered and generally
decreasing as outdoor temperature rises (Figure 12, left). Moreover, the colder conditions
associated with more frequent adjustments occur relatively rarely: outdoor temperatures
below 6 °C account for less than 15% of the operating period (Figure 12, right).
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Figure 12. Percentage of substations requiring extended heating operation as a function of outdoor
temperature (left) and percentage of operating time during which each outdoor temperature is equal
to or greater than a certain threshold (right).

These adjustments may further reduce the aggregate network peak relative to the
uncapped profiles used in the preceding analysis. The resulting pressure losses could
therefore be lower, leaving greater differential pressure available at the substations than
previously estimated.

5. Conclusions

This study investigated how TDSM can enable sustainable supply temperature reduc-
tion in existing DH networks by creating hydraulic margin through peak flow reduction.
The proposed methodology combines MILP optimization of substation start-up schedules,
hydraulic simulations of the DH network, and a preliminary assessment of operation at
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reduced temperatures. Its application to a network serving 146 substations in northern Italy
provides the following findings:

e  Start-up shifts within 15 min reduced the reference-day peak mass flow rate by 22.6%,
from 111.7 to 86.4 kg/s. Applying the same schedule without further optimization also
reduced daily peaks on all additional days assessed, demonstrating its effectiveness
beyond the day used for optimization.

e  This peak reduction allows an approximately 29% increase in mass flow rates relative to
the TDSM profiles before the aggregate network peak returns to its original value. As-
suming unchanged return temperatures between 55 and 65 °C, the estimated hydraulic
potential corresponds to a supply temperature of about 105-108 °C, representing a
reduction of up to approximately 12-15 °C. Across the days assessed, differential pres-
sures evaluated at daily network peaks remained at or above the baseline minimum.

e  Adopting historical maximum flows as conservative substation limits identified only
12 substations requiring adjustments on the reference cold day. Capping their flows and
extending heating operation preserved total thermal energy delivery. Across all days
considered, the proportion requiring such adjustments remained below approximately
13% and generally decreased with increasing outdoor temperature.

These results demonstrate a pathway for improving the sustainability of existing
DH networks without requiring immediate large-scale infrastructure replacement. By
reducing coincident start-up peaks, TDSM creates hydraulic capacity that can be used to
lower supply temperatures while preserving daily thermal-energy delivery and baseline
hydraulic performance. This operating change can increase the compatibility of existing
networks with renewable and recovered heat sources that are available at lower temperature
levels, thereby supporting their progressive integration into the heat supply. The proposed
approach therefore identifies demand-side flexibility as an operational measure that can
help existing high-temperature DH systems transition towards lower-temperature and more
resource-efficient operation.
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