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Abstract
District heating networks are key components of efficient heat supply systems for municipal and industrial con-
sumers. The purpose of the research presented in this article was to analyze the thermo-hydraulic parameters 
of the operation of a transmission main in a district heating network to improve the heat transfer efficiency. 
Based on a literature review of existing studies, the basic issues of the heat supply process were discussed, and 
selected methods and tools for simulating district heating networks were characterized. A detailed mathematical 
description of the phenomena occurring during heat transport in a district heating network pipeline was also 
presented. Then, analytical calculations and simulations were carried out for the selected district heating system 
using Termis software. Operational parameters collected in the actual district heating system were used as out-
put data for analytical modeling. Pressure drops, power losses, and heat transfer efficiencies in the main buses 
at different outdoor temperatures during the heating season were determined. Selected results of the study were 
included, and possibilities for improving the efficiency of heat transfer in the studied district heating network 
were indicated.

Introduction

Heat energy meets the needs of both society and 
industrial consumers and is an important part of any 
national economy. In many EU countries, especial-
ly in Eastern Europe and Nordic countries, heat is 
supplied to urban areas through centralized district 
heating systems. The fundamental idea of district 
heating is “to use local fuel or heat resources that 
would otherwise be wasted, in order to satisfy local 
customer demands for heating, by using a heat dis-
tribution network of pipes as a local marketplace” 
(Werner, 2017).

From the point of view of national energy secu-
rity, district heating systems (DH systems, DHS) are 
part of critical infrastructure and should guarantee 

the reliability of heat supply to consumers while 
limiting environmental impacts. Energy security in 
district heating systems is affected primarily by tech-
nical conditions, such as (Wrzalik, 2019):
• balancing the demand side (current, independent 

from weather conditions and perspective);
• technical condition of heating infrastructure and 

its reliability;
• possibility of effective management of district 

heating infrastructure.
DH systems should be operated in a technical-

ly and economically reasonable manner, with high 
energy efficiency, by reducing energy consumption 
and minimizing transmission losses (Rak, 2017).

Climate and energy policies, which have been 
implemented for several years, determine the process 
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of decarbonization and gradual transformation of 
DH systems into sustainable, efficient systems with 
limited negative impact on the environment. Inno-
vative developments in non-fossil energy generation 
technologies have led to the conceptualization of 4th 
generation district heating (4GDH) as part of sus-
tainable energy systems. These are low-temperature 
district heating systems that use renewable energy 
sources, waste heat, and heat storage technologies 
(Lund et al., 2021). 4GDH systems provide heat sup-
ply to low-energy buildings from heating systems 
with low network losses (Werner, 2017). The advan-
tages of low-temperature heat networks (LTDH) are 
their efficiency (reduced heat losses), increased use 
of stored heat, and the ability to flexibly connect 
and integrate multiple renewable heat sources into 
smart energy systems (Werner, 2017; Lund et al.,  
2021).

The development of district heating (DH) tech-
nologies is closely related to the improvement of 
design and management techniques (Ancona et al., 
2019). To effectively design and implement 4GDH 
systems with a high share of variable renewable 
energy sources, dynamic numerical models and tools 
are needed to simulate and optimize the configura-
tion of existing or planned district heating networks 
(Schweiger et al., 2017; Simonsson et al., 2021). 
Although the dynamic thermo-hydraulic optimiza-
tion of large district heating systems is very complex 
and numerically difficult, advanced software exists 
for the detailed modeling of such district-level ener-
gy systems (Allegrini et al., 2015).

Basic issues in the control and simulation 
of district heating networks

In general, district heating systems consist of 
a heat source, a network of users, and a distribu-
tion network. Based on the mass flow of the heating 
medium (water) from the heat source to the consum-
ers via the distribution network and using the capac-
ity as heat quantity per time unit, the power balance 
of a district heating system can be presented in the 
following simplified form:

    drsp PPTTcG loss  
 

 (1)

where G (kg/s) is the mass flow rate, cp (kJ/kg K) is 
the specific heat of water, Ts (K) is the temperature 
of water at the source outlet to the network, Tr (K) is 
the temperature of return water to the source, ΔPloss 
(kW) is the heat transmission losses, and ΣPd (kW) 
is the total heat power demand of consumers.

To properly operate a system, it is necessary to 
draw-up a control chart to determine the optimal 
mass and parameters of the heating medium. Classic 
control of heat networks covers four issues (Vander-
meulen, van der Heijde & Helsen, 2018):
• differential pressure control ensures that the pres-

sure difference between the supply and return pipe 
is sufficient to ensure adequate mass flow in the 
periphery of the network;

• heat demand control ensures that the comfort 
demands of the customers are met (in buildings) – 
the space heating and DHW demand;

• flow control ensures that the mass flow rate is suf-
ficiently large to deliver the demanded heat;

• supply temperature control ensures that the sup-
ply temperature in the network is sufficiently high 
by injecting the correct amount of heat.
The differential pressure (disposable pressure) is 

controlled by circulating pumps in the heat network, 
as shown in Figure 1 (Rak, 2017).
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Figure 1. Pressure distribution in a district heating network

The network supply temperature is determined 
by curves that describe the relationship between the 
outdoor temperature and the heating medium tem-
perature from the heat source. This set point tem-
perature, in combination with the mass flow and 
return temperature of the network, identifies the heat 
that should be introduced into the network (Vander-
meulen, van der Heijde & Helsen, 2018).

Matching the heat supply to demand is import-
ant for properly operating a district heating system. 
It requires adequate capacity installed in the heat 
source and a flexible response to changes in demand 
resulting from weather conditions. Based on the 
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power balance and outdoor temperature variations, 
annual heat demand charts can be prepared, which 
usually include two types of graphs:
• an annual graph of thermal power demand versus 

average daily outdoor air temperature,
• an ordered annual chart of heat load as a func-

tion of frequency (duration) of a specific outdoor 
temperature.
These charts for the selected district heating net-

work are shown in Figure 2.
Classic control has a very clear advantage: it is 

robust. Advanced control introduces a fifth type of 
control, namely load control. Unlike heat demand 
control, which focuses on meeting customer comfort 
requirements, load control aims to vary the heat load 
of the supply to improve the efficiency of the thermal 
network by utilizing a thermal energy storage (TES) 
installed in the system. As a result of controlling 
the mass flow and supply temperature, the TES is 
charged/discharged as required. Advanced control 
can improve the performance of district heating sys-
tems by (Vandermeulen, van der Heijde & Helsen, 
2018):
• Minimizing peaks and filling thermal valleys,
• Optimizing the operation of district heating  

plants,
• Enabling the operation of low-energy districts,
• Enabling low supply temperatures in a network,
• Supporting the transition to a 100% RES-based 

energy system.

The development of advanced control systems in 
thermal networks faces significant obstacles, includ-
ing the size of the heating network, the uncertain-
ty of the predictions, and the complex dynamics of 
phenomena. Nowadays, the most widely used is the 
central control of a district heating system with oper-
ational optimization using mixed nonlinear prob-
lems (MINLP). One step further is model predictive 
control (MPC), in which the result of operational 
optimization is applied to control the heat network 
(Vandermeulen, van der Heijde & Helsen, 2018). 
Realizing operational optimization and predictive 
control issues requires using an aggregated thermal 
network model using information about network 
parameters and the network’s state (Allegrini et al., 
2015; Schweiger et al., 2017; Vandermeulen, van der 
Heijde & Helsen, 2018; Simonsson et al., 2021).

The approach to creating a district heating net-
work model is governed by the assumptions made, 
the problem to be analyzed, and the expected speed 
and accuracy of the calculations. In the general case, 
a physical model of a DH network should consid-
er three laws: conservation of mass (mass flows), 
conservation of momentum (applies to pressure dis-
tribution), and conservation of energy (heat trans-
port). If the variables (mass flow, heating medium 
temperature) are not functions of time, static models 
are built, which can be described by algebraic equa-
tions (Babiarz & Kut, 2018; Guelpa & Verda, 2019; 
Simonsson et al., 2021). A simple one-dimensional 
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Figure 2. Ordered (cumulative) annual heat demand curves for the selected city’s district heating system
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fluid-dynamic thermal model describing a DH net-
work consisting of N nodes and M branches (pipes) 
contains the equations of conservation of mass (2a) 
applied to all nodes and the equations of conservation 
of momentum (2b) and energy (2c) to all branches 
(Ancona et al., 2019; Guelpa & Verda, 2019; Zim-
merman, Kyprianidis & Lindberg, 2019):
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where ΣGin and ΣGout are the sum of the mass flow 
rates entering or leaving the i-th node, respectively, 
Gext is the mass flow rate outward from the node (for 
open networks only), pin and pout (Pa) are the pres-
sures at the inlet and outlet of the j-th pipe, respec-
tively, fD is the Darcy friction factor, di (m) is the 
inner diameter of the pipe, L (m) is the length of the 
pipe, ρ (kg/m3) is the density of the fluid in the pipe, 
S (m2) is the cross-sectional area of the pipe, Σζk is 
the sum of the local pressure loss coefficients, Δppump 
(Pa) is the pressure rise provided by the pumping sta-
tions located along the network, V (m3) is the volume 
of the pipe, Tin and Tout (K) are the fluid temperatures 
at the inlet and outlet of the j-th pipe, respectively, 
u (kW·m–1·K–1) is the overall heat transfer coefficient 
governing the radial heat transport from the fluid to 
the environment, and Ta is the ambient temperature 
(ground or air).

The mass balance equation (2a) in matrix form 
allows us to calculate the mass flow rate in each 
branch of the network. In this matrix, the number of 
rows equals the number of nodes (N), and the num-
ber of columns equals the number of branches (M). 
The overall element of the matrix, Aij, is equal to 1 
if the mass flow in branch j flows into node i or –1 
if it flows out of it, and 0 if pipe j has no connection 
to that node (Babiarz & Kut, 2018; Guelpa & Verda,  
2019). The left side of equation (2c) represents the 
rate of energy stored in the water in the segment 
(pipe) as the product of the fluid mass V·ρ, the spe-
cific heat capacity cp, and the temperature derivative 
Tout over time (dTout/dt). On the right side, the first 
component accounts for the net enthalpy flow associ-
ated with the fluid mass flow rate G, while the second 
component corresponds to the heat conduction to the 

environment through the metal wall and the insula-
tion material of the pipe (Ancona et al., 2019).

The system of equations (2) was formulated 
assuming typical simplifications (van der Heijde, 
Aertgeerts & Helsen, 2017; Guelpa & Verda, 2019):
• water is incompressible,
• the specific heat of water is constant,
• velocity changes within a single pipeline are 

neglected,
• heat conduction along pipelines is neglected,
• fluid temperature is uniform across the pipe 

cross-section,
• the gravitational component of static pressure has 

been neglected,
• temperature change of pipe material is neglected.

In new DH technologies, the increasing use of 
renewable energy sources, along with the need to 
improve the efficiency of heat delivery, were deter-
minants for the development of DH system man-
agement methods (e.g., optimization, predictive 
control), taking into account the dynamic models of 
these systems (Schweiger et al., 2017; Zimmerman, 
Kyprianidis & Lindberg, 2019). The development of 
dynamic DHN models makes it possible to observe 
the transient behavior of heat propagating through 
the network without physically interfering with its 
structure. Accounting for temporal variations in tem-
perature, pressure, and heating medium flow in net-
work modeling is important for effectively managing 
DH systems because practice and research indicate 
that (Schweiger et al., 2017; Wang et al., 2017; Guel-
pa & Verda, 2019; Simonsson et al., 2021):
• both the temporal and spatial behaviour of the 

network must be considered in the transition to 
renewable energy sources and lower-temperature 
DH networks;

• mass flow distributions vary significantly depend-
ing on heat demand, pumping strategy, and net-
work topology;

• time delays in a network affect the amount of 
heat lost to the surroundings and must be tak-
en into account in intelligent DH management 
algorithms;

• thermal losses can significantly affect the tem-
perature distribution in a network, especially in 
large DHNs during low thermal loads (hot water 
supply).
One of the tools used in research to create 

dynamic models of DHN is the MATLAB®/Sim-
ulink® environment (Wang et al., 2017; Ancona et 
al., 2019). The physical model created in this pro-
gram takes into account both thermal dynamics 
and heat transfer fluid dynamics of the distribution 
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pipe. MATLAB®/Simulink® can simulate the ther-
modynamic behavior of simple systems under both 
steady-state and transient conditions, but its use is 
limited to causal modeling (Simonsson et al., 2021).

Although existing district heating networks are 
complex networks of pipes with different diame-
ters and lengths, and the dynamic thermo-hydraulic 
optimization of large-scale district heating systems 
is very complex and numerically difficult, there are 
currently a number of advanced programs on the 
market for detailed DH modeling and optimization. 
Tools such as Termis, TRNSYS, PSS SINCAL, and 
Netsim are widely used for DH network simulation 
(Allegrini et al., 2015, Simonsson et al., 2021). Ter-
mis is a powerful simulation platform for improving 
the design and operation of district heating systems. 
An important feature of Termis software is its abil-
ity to calculate heat losses in distribution networks 
based on pipe parameters and data concerning the 
temperature and pressure of water in the network. 
This makes it possible to identify heating lines that 
require modernization – insulation or the replace-
ment of pipes with pre-insulated ones.

Physical model of district heating pipeline

Pipes are the main components of district heating 
systems. The pipe model, as part of a network, must 
take into account the thermo-hydraulic phenomena 
related to the flow of the heating medium, i.e., mass 
flow-dependent transport delays, pressure losses, and 
heat losses (Schweiger et al., 2017).

Due to the extent of district heating networks, 
hydraulic simulations are based on simple equations 
(2b) describing linear pressure losses and local loss-
es. Based on such equations and the mass balance at 
each node, it is possible to determine the pressure and 
water flow at each point in the network under given 
boundary conditions, i.e., the supply pressure. In the 
general case, the total pressure change Δp in a pipe-
line segment is the sum of distributed pressure loss-
es due to friction, pressure drops due to gravity, and 
local pressure losses (the presence of orifices, valves, 
elbows, etc.). The pressure changes Δp in a pipe 
according to the algorithm adopted in Termis is given 
by the following formula (Schneider Electric, 2012):
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where v (m/s) is the fluid velocity, g (m/s2) is the 
acceleration due to gravity, Zd (m) is the pipe outlet 
elevation, and Zu (m) is the pipe inlet elevation.

The fluid velocity v is defined by relation (4):
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The friction factor fD is calculated from the Cole-
brook-White formula (5):
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where k (m) is the pipe wall roughness, and Re is the 
Reynolds number determined from relation (6):
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In equation (6), the quantity µ (Pa·s) is the 
dynamic viscosity of the fluid. Because determin-
ing the friction factor fD by the Colebrook-White 
formula requires iterative calculations, one can 
use Churchill’s formula (7) to give a direct result  
(Hermansson et al., 2018; Zimmerman, Kyprianidis 
& Lindberg, 2019):

 
 

12/1

5.1
21

12 188






















Re
fD  

 

 (7)

where

 

169.0

1 27.07ln457.2































id
k

Re
  

 and

 
16

2
37530









Re
  

 

.

The essence of the phenomena occurring during 
heat transport in a DHS pipeline according to the 
conservation of energy equation (2c), i.e., excluding 
hydraulic effects, is shown in Figure 3 (Wang et al., 
2017).

The individual quantities in Figure 3 represent: q1 
is the heat carried into the element, q2 is the heat car-
ried out from it, qloss is the heat lost to the surround-
ings, x is the spatial coordinate along the length of 
the pipe, T is the temperature along the x-coordinate, 
and t is time.

Based on the principle of heat balance, the fol-
lowing equation can be derived to describe changes 
in the temperature of a fluid moving through a pipe 
(Wang et al., 2017):
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Assuming positive flow and a linear dependence 
of heat loss on T(x) – Ta, the temperature at the outlet 
of the pipe is (Schweiger et al., 2017; Wang et al., 
2017):

     


 pcS
u

aa eTtTTtT


 inout  
 

 (9)

where τ = L/v is the time interval for the mass flow 
from the pipe inlet to the pipe outlet.

Energy transport through the pipeline and asso-
ciated heat losses to the environment, considering 
hydraulic phenomena, result from the combination 
of the energy equation. The continuity equation with 
the internal energy of the heating medium as a func-
tion of the axial position in the pipe x and time t is 
(van der Heijde, Aertgeerts & Helsen, 2017):
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where p (Pa) is the absolute pressure, C (m) is the 
pipe circumference, λw (kW·m–1·K–1) is the thermal 
conductivity of the fluid in the pipe, and ∂p/∂x is the 
pressure gradient.

The algorithm used in Termis for calculating the 
temperature distribution in a district heating network 
is based on equation (10) and neglects axial heat dif-
fusion. Analyses reported in the literature (van der 
Heijde, Aertgeerts & Helsen, 2017) show that heat 
diffusion can be neglected over virtually the entire 
operating range of heat network pipes (i.e., a high 
Péclet number due to existing pipeline lengths and 
flow velocities). The vast majority of studies have 

also ignored the effects of pressure loss and wall 
friction (Schweiger et al., 2017; Wang et al., 2017; 
Ancona et al., 2019). However, in the Termis pro-
gram, the temperature Tout at the outlet of the pipe is 
determined according to equation (Schneider Elec-
tric, 2012):
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In further studies, according to equation (11), 
it was assumed that changes in temperature of the 
heating medium between the inlet and outlet of the 
pipeline depended on its initial temperature, resi-
dence time in the pipe, pressure drop, and heat due 
to friction of the fluid against pipe walls.

Experimental results

The purpose of this study was to analyze the ther-
mal-hydraulic conditions and heat transfer efficiency 
of the main overhead pipelines of the city’s district 
heating network. The parameters of these pipelines 
are given in Table 1.

Table 1. Parameters of the main lines of the district heating 
network

Direction L  
(m)

di  
(m)

u (W·m–1·K–1) k  
(m·10–3)supply return

North 2190 0.7 1.7 2.5 1.5
South 1300 0.5 2.6 3.8 0.5

This study used historical process data on the oper-
ation of the district heating system in a medium-sized 

0 x x + dx L

v

Tin Tout

q1 = ρcpTSv q2 = ρcp(T +       dx)Sv∂T
∂x

T T +      dx∂T
∂x

qloss = u(T – Ta)dx

Figure 3. Heat transport in a district heating system pipeline
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city (approx. 200 thousand inhabitants) for a period of 
one year (heating season from September 17 to May 
7 following year and summer period from May 8 to 
September 16) obtained from the heating company. 
These were average daily data on heating medium 
parameters at the heat source level, i.e., supply tem-
perature and pressure Ts and ps, return temperature 
and pressure Tr and pr, outdoor air temperature Tout, 
mass flux G, and heat QDHS delivered to the network.

Changes in heat demand QDHS and supply and 
return temperatures as a function of outdoor tem-
perature Tout during the heating season are shown in 
Figures 2 and 4.

The district heating system included two areas 
fed from a single source by two main lines: one in 
the North direction and the other in the South direc-
tion (Table 1). Knowing the proportions of the mass 
flow distribution from the source in both directions, 
the flow velocities in the DH mains were determined 
according to equation (4), taking into account the 
dependence of water’s density on its temperature. 
The results of calculations for the heating season as 
a function of ambient temperature are shown in Fig-
ure 5, along with the pressure ps at the supply. It was 
found that the velocities increased as the ambient 
temperature decreased, reaching a maximum con-
stant value resulting from the capacity of the circula-
tion pumps at a maximum pressure of 0.94 MPa. This 
is the result of the qualitative-quantitative regulation 
of the amount of heat transferred to the network 
depending on weather conditions (positive tempera-
tures – flow rate G, negative temperatures – supply 
temperature Ts).

Then, using relations (3) to (7), pressure drops in 
the main pipelines and differential pressures at their 

ends were determined. Determining the value of the 
Reynolds number Re, the variation of density ρ, and 
dynamic viscosity µ of water from its temperature 
was taken into account. The calculated pressures 
during the annual period (heating and summer sea-
sons) as a function of flow rate are shown in Figure 
6, in which the pressure drops at the same flow rates 
were higher in the northern main, which is caused 
by a greater roughness of the pipes in service (about 
50 years). As a result, the differential pressure at the 
end of the northern main dropped below 0.4 MPa in 
winter.
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Figure 4. Changes in supply and return temperatures in the studied district heating network as a function of ambient temperature
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Based on knowledge of hydraulic conditions, the 
temperatures Tout at the ends of the mains and the 
temperature drops ΔT in the pipelines were deter-
mined according to equation (11). The results of 
calculations as a function of flow rate for pipelines 
feeding the DHN are shown in Figure 7.
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Figure 7. Temperature drops in district heating mains during 
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The temperature drop of the heating medium 
increased as the flow rate decreased (longer flow 
time through the pipeline). Especially large tem-
perature drops occurred in the northern main, which 
operates in the summer (hot water supply). In con-
trast, during the heating season, larger temperature 
drops were observed in the southern main (worse 
insulation).

The final stage of the research involved deter-
mining the thermal power losses in the district 
heating mains according to the relationship ΔPHM =  
u·L·(Tin − Ta) from equation (2c) and the heat trans-
fer efficiency ηHM defined as the power losses in the 
district heating main to the power PHM transferred 
through the main. The calculated results are shown 
in Figures 8 and 9.
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During the heating season, the amount of power 
losses ΔPHM increased as the ambient temperature 
decreased. Comparing the values of losses in the two 
heating mains for the same temperature shows that 
they were almost equal because the southern main, 
although shorter, has worse thermal insulation. 
On the other hand, the heat transfer efficiency in this 
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line was much lower, as it carried almost three times 
less thermal power with comparable losses. There-
fore, it should be thermally upgraded. A compari-
son of the waveforms in Figures 2 (power demand) 
and 8 shows that the transfer efficiency decreased 
as the thermal load on the heating main decreased. 
This can be seen in Figure 9 for the transport of hot 
water through the northern main in summer. Given 
the high level of distributive heat losses and pres-
sure drops caused by the great roughness of the pipe 
walls (compared in Table 1), this mainline should 
also be replaced with a new one made with pre-insu-
lated technology.

Summary and conclusion

The case study presented in this article deals with 
issues that determine the heat transmission efficien-
cy in a district heating system. The purpose of the 
study was to analyze the thermal-hydraulic param-
eters of the main transmission lines in a selected 
urban district heating system and to identify activi-
ties necessary to improve the heat delivery efficien-
cy. A detailed literature review was carried out on the 
mathematical description of hydraulic phenomena 
and heat transport in pipelines, taking into account 
modern tools for modeling district heating systems. 
It was decided to use a non-standard approach to 
account for hydraulic phenomena during the trans-
port of the heating medium in the pipe, i.e., pressure 
drops along the pipeline and heat resulting from fric-
tion of the fluid against the pipe walls. Operational 
data collected in a real district heating system cover-
ing a period of one year (heating season and summer 
period) and geometric and thermal parameters of 
the studied pipelines were the outputs of analytical 
calculations.

Appropriate mathematical calculations were car-
ried out, and the pressure drops, temperature drops, 
power losses, and heat transfer efficiencies in the 
mains were determined. Then, the dependencies on 
ambient temperature and flow rate were indicated. 
The dependence of the temperature distribution in 
the studied DHN and heat losses on the network 
load, i.e., on the power demanded by consumers, 
was confirmed.

During the evaluation of the calculation errors, 
it was found that pressure drops were most affected 
by the pipe roughness k and local resistances, e.g., 
a 20% change in roughness resulted in a 5.6% change 
in pressure drop. Temperature drops and power loss-
es depended mainly on the heat transfer coefficient 
to the environment – a 10% increase in u resulted 

in a 5.5% increase in losses and a 24% increase in 
temperature drops. However, neglecting hydraulic 
phenomena results, for high flow velocities v, in an 
error in the determination of the temperature drop 
exceeding 100% (point A in Figure 7).

The analyses indicated the factors influencing the 
amount of heat and pressure losses and made it pos-
sible to conclude that the main heating mains of the 
network under study require thermal modernization 
or replacement with new ones made with pre-insula-
tion technology.

The developed methodology can also be applied 
to other DH systems, as long as data on heat trans-
fer parameters (pressure, medium temperature, mass 
flow rates) are available, as well as the quantities 
characterizing the pipeline given in Table 1.
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