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District heating (DH) networks are becoming in the last year a crucial energy infrastructure, 

as they allow significant increase in the share of renewables either directly used or through 

conversions from a multi-energy system perspective. In this framework, network 

simulations are crucial for analyzing the effects of the modifications in DH systems and 

implement improvement or optimization strategies. Two peculiar aspects which refer to DH 

networks are related with the changes in fluid flow distribution and the thermal transients 

that occur during operation, which might have significant effects, especially in large 

systems. These occur for instance when the circulating mass flow rate changes due to peak 

demands, e.g. when the heating systems are switched on in the morning, when malfunctions 

occur or when the network is used as a thermal storage. 

DH networks can be modelled through physical approaches, which considers fluid flow and 

transient heat transfer relying on numerical methods. In case of large networks or when 

super-real time simulations or optimizations are required, equivalent topology descriptions 

can be usefully applied to reduce the required computational resources. The goal of this 

work consists in proposing a modeling approach able to reduce the computational time 

required for simulating a network, which act on the fluid flow problem and the thermal 

problem. The approach is applied to the Turin district heating network, which is the largest 

network in Italy. Results show that the computational time is reduced of three orders of 

magnitude with small deviations in the results compared with the full model. 
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1. INTRODUCTION

District heating has significantly evolved in the last years. 

The main trends are related with the concepts of fourth 

generation DH [1] (and there are already ideas for the fifth 

generation [2]) and the multi-energy systems. 4th generation 

DH involves various technical innovations, all finalized to 

increasing system efficiency, reducing CO2 emissions and 

keeping costs affordable. These innovations are mainly related 

to the reduction in supply and return temperatures [3], increase 

in renewable [4] and waste heat penetration [5], increase the 

energy storage capacity and involve the end-users. Multi-

energy systems [6], instead, are based on the idea of 

connecting the various energy networks (electric grid, gas 

network and district heating/cooling network) in order to 

convert, and somehow store, energy in different forms. In this 

perspective district heating can be used to convert excess 

electricity available from renewables into heat which can be 

delivered to the end-users or stored. This is known as the 

power-to-heat [7] and can be performed through heat pumps 

or electric boilers. District heating make it more convenient 

with respect to single houses.  

Optimal management [8-9] is of extreme importance to 

achieve ambitious targets in terms of primary energy 

consumption, CO2 emissions and economic benefits from 

selling heat and electricity. In this framework, modelling of 

DH systems allows one to analyse the effects of operational 

strategies such as thermal demand-side management [10-11], 

virtual storage, power-to-heat, waste heat recovery, but also 

the installation of thermal storage units [12-13] of the 

integration of renewable sources.  

All these strategies affect the thermal and fluid-dynamic 

behaviour of the system and their results depend on the 

network topology, especially in the case of large networks. 

This is mainly due to the thermal transients, which cause 

delays between the thermal demand and the thermal load. In 

other words, the total demand profile at the end-users is 

different than the total load profile at the plants. This means 

that the performance achieved might be significantly different 

depending on the position (and characteristics) of the energy 

sources and end-users.  

Physical models rely on the definition and solution of the 

physical problem on the entire DH network pipeline. Physical 

models require the topological description of the network and 

allows evaluating mass flows and temperature distributions in 

the network. The non-linear problem that characterize the 

DHN fluid-dynamic is solved by numerical methods that are 

often computationally expensive. 

In black box approaches, the nonlinearity is overcome using 

standard transfer functions or neural networks. In order to 

build and validate these kinds of models, a certain amount of 

experimental data, or simulation results, are necessary [14-15]. 

The main drawback of these methods is related with the fact 

that information on the topology is lost, therefore only a global 

evaluation of the system is provided. 

When extended DH networks are considered, the 

computational cost becomes a crucial characteristic of a 

simulation tool. This is due to the large number of nodes and 
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branches included in the network. Indeed the solution of the 

thermal fluid-dynamic problem may require very high 

computational resources. An alternative approach has to be 

used in these cases. Two approaches that can be combined 

together are presented in this paper: a reduction of the fluid 

dynamic problem that can be applied to loop networks and a 

reduced model of the energy equation. The first approach is 

particularly suitable for the simulation of large transport 

networks, where loops are frequently used. The second 

approach is suitable for the simulation of distribution networks 

and to take the effects of these networks into account at a larger 

scale. 

 

 

2. FULL PHYSICAL MODEL FOR DH NETWORKS 

 

Physical models of DH networks are based on a one-

dimensional description of the network. Mathematical 

description of its topology is obtained using graph theory [16]. 

Each pipe is considered as a branch bounded by two nodes and 

with a conventional verse. In this way the conventional inlet 

node and outlet node can be defined. The mass flow rate is 

then positive when it flows in the same verse as the 

conventional verse and negative when it flows in the opposite 

verse. The incidence matrix (A) with as many rows as the 

number of nodes and as many columns as the number of 

branches describes the connection between the various 

branches. A general element Aij is equal to 1 or -1 if the branch 

j enters or exits the node i and 0 otherwise. 

The thermal fluid-dynamic model adopted in this work 

considers the mass and momentum equations in steady state 

and the energy conservation equation in transient conditions. 

The mass balance equation applied to all nodes is written as: 

 

0=+ extGGA                                                       (1) 

 

where, G is the vector containing the mass flow rates in the 

branches (to be determined) and Gext is the vector of the mass 

flow rates exchanged with the extern, i.e. the thermal plants 

and the buildings (or group of buildings, depending on the 

representation) when an open network is considered (only the 

supply network or the return network). The momentum 

equation is written for each branch:  

 

pumps

T

pYPAYG +=   
                                     (2) 

 

Eq. (2) is written considering the hypothesis of 

incompressible fluid. The vector P contains the total pressures 

in the nodes (to be determined), Δppumps is the vector of 

pressure rises which terms are different than zero in the 

branches where active pumps are located, the matrix Y is a 

diagonal matrix; each term is the fluid dynamic conductance 

of the corresponding branch: 
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where, S is the pipe cross section, f the friction factor, L the 

pipe length, D the pipe diameter, ρ the fluid density, and β a 

coefficient accounting for local pressure losses occurring in 

special components such as flow splitters, mixers, etc.  

The fact that the terms in Y depend on the mass flow rates 

makes the equations non-linear. A proper algorithm for 

solving the equation set is thus necessary.  

The energy equation is written for each node, as: 

 

𝑀�̇� + 𝐾𝑇 = 𝑔
                                                                     (4) 

 

where, T is the vector containing the temperatures in the nodes 

(to be determined), M and K are the mass matrix and the 

stiffness matrix, while g is the vector containing the known 

terms.  

When considering DH operation, three different issues, 

which cause an increase in the computational time, might arise:  

1) Equations (1) and (2) are coupled by means of the vector 

G. In the case of three-shape networks (without loops), the 

mass flow rates are obtained from direct solution of the mass 

conservation equations. Using this result, pressures in the 

nodes (if needed) are obtained from the momentum equation, 

which is a linear equation. Coupling becomes strong in the 

case the network presents loops. In this case, the momentum 

equation depends in a non-linear form from the mass flow 

rates, which are unknown. The two matrix equations must be 

solved together using a proper iterative algorithm. In the case 

of the solution method presented in this paper, the SIMPLE 

algorithm [17] is used.  

2) Thermal transients might last various hours, especially in 

large networks. In these cases, simulations require multiple 

iterations of the energy equation. 

3) When optimizations are performed or multiple scenarios 

are investigated, the issues 1) and 2) are further strengthened. 

In this work, two different approaches aiming at solving the 

aforementioned issues are presented. These are two model 

reduction techniques aiming at considering the effects of 

network topology, but with reduced computational costs. An 

application to the Turin district heating network is proposed. 

 

 

3. COMPACT APPROACH FOR DH NETWORK 

MODELLING 

 

The approach presented in this paper is finalized to reduce 

the computational cost for modeling large district heating 

networks. As already discussed, information on the mass flow 

rates and temperature distributions is generally necessary to 

properly examine design or operational improvements. 

Reductions in computational costs should be therefore 

obtained both on the fluid dynamic problem and thermal 

problem. Figure 1 shows a schematic of the approach 

presented in this paper, which acts in parallel on the two 

problems.  The full approach is described in the following 

sections. 

 

 
 

Figure 1. Schematic of the compact modelling approach 

CREATION OF A THREE SHAPED 

EQUIVALENT NETWORK

SOLUTION OF THE MASS 

CONSERVATION EQUATION

EVALUATION OF THE EXTRA 

BOUNDARY CONDITIONS 

TOPOLOGICAL NETWORK

DESCRIPTION

MASS FLOW RATES
IN ALL THE NETWORK 

PIPELINES

CLUSTERING APPROACH TO 

FIND THE CLUSTER ELEMENT

SOLUTION OF ENERGY 

CONSERVATION EQUATION

TEMPERATURES
IN ALL THE NETWORK 

PIPELINES

COMPACT FLUID-DYNAMIC 
MODEL

COMPACT THERMAL 
MODEL

EVALUATION OF THE 

EQUIVALENT NETWORK

398



 

3.1 Compact fluid dynamic model 

 

The fact that a network presents one or more loops causes 

the needs of an iterative algorithm for the solution. A possible 

approach for significantly reduce the computational time 

consists in transforming a loop network into a tree-shape 

network. This result can be achieved by using a black box 

model, which evaluates the water flow rate in a loop branch. 

That branch can be then eliminated and the corresponding 

mass flow rate assigned as a boundary condition in the inlet 

and outlet nodes. In particular, the same value as the mass flow 

rate should be assigned to the vector Gext in the row 

corresponding to the inlet node (either positive or negative), 

while the value with opposite sign should be assigned to the 

row corresponding to the outlet node. As an example, Figure 

2a shows a network with 3 loops. The equivalent tree-shape 

network is obtained by eliminating a branch in each loop, as 

shown in Figure 2b, where the equivalent mass flow rates in 

the nodes are indicated. 

In the present work, a linear model is considered to evaluate 

the mass flow rates in the loop branches. The flow circulation 

mainly depends on the thermal load and the way it is shared 

between the various thermal plants. For this reason, the mass 

flow rates exiting the various thermal plants are taken as the 

independent variables in the linear model. This procedure 

allows significant reduction in the computational resources 

necessary for solving the fluid dynamic problem, but it does 

not provide the pressure distribution along the network. Such 

result can be obtained by applying the momentum equation, 

which is solved as a linear equation set as the mass flow rates 

are fully known. 

 

  
 

Figure 2. Procedure for the simplification of looped network  

 

3.2 Compact thermal model 

 

The computational time requested to solve the thermal 

model can be significantly reduced by grouping together the 

demand of all buildings served by a single distribution network, 

while the transport network is fully represented. In the 

application to the Turin district heating network, the approach 

presented below allows one reducing the number of nodes 

from about 60000 to about 2000, which means that the 

computational time is reduced of a factor 900. 

A schematic of the modeling reduction approach is 

presented in figure 3. For each distribution network, the energy 

equation is applied to a limited number of branches. These are 

not directly associated with physical portions of the pipeline, 

but are “equivalent branches” that allow to obtain the same 

evolution of the thermal demands as the real network. 

Each branch is characterized by a specific value of the mass 

term and the stiffness term appearing in equation 4. This 

means that the model has a number of parameters equal to 

twice the number of equivalent branches. Once the number of 

branches is selected, the various buildings are assigned to the 

equivalent branches using a clustering approach. A k-mean 

algorithm is used with the aim of determining the best 

clustering creation, once the number of cluster is defined. The 

mass and the stiffness terms of each cluster are determined on 

the basis of two parameters: 1) the equivalent distance of the 

building from the point connecting the distribution network to 

the transport network; 2) the equivalent pipe diameter. 

 

 
 

Figure 3. Procedure for the thermal simplification of district 

heating networks  

 

 

4. CASE STUDY 

 

 
 

Figure 4. Thermal load profile in a typical winter day and 

annual duration curve of the Turin DH 
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make it the largest network in Italy and one of the largest in 

Europe. The maximum load is over 1.4 GW and the annual 

energy request is about 2160 GWh. This is mainly covered by 

three combined cycles operating in cogeneration mode, able to 

supply up to about 760 MW. The remaining load is covered by 

thermal various storage units with a total capacity of 15000 m3 

and four heat-only plants with a total capacity of 1000 MW. 

Figure 4 shows the daily profile of the thermal load in a typical 

winter day and the annual duration curve. About 96 % of the 

energy is below the cogeneration capacity. The remaining 

portion is covered by storage units (which are charged using 

the cogeneration systems) and boilers. Despite these 

performances, it is desirable to reduce the thermal peak load 

and make the profile more flexible. This allows one to further 

increase the percentage of heat supplied through cogeneration 

and increase the ability of combined cycles to compete on the 

electricity market. 

The pipeline has a total length of over 550 km. The working 

fluid is super-heated water, which is supply at the nominal 

temperature of 120 °C. The return temperature varies between 

70 °C in typical winter days to about 40 °C in middle seasons, 

depending on the thermal demand. Load is adjusted by acting 

on the mass flow rate circulating the network. This is achieved 

through pumping stations located in the plants and booster 

pumps located in various points of the network [18], where 

pumps with variable speed are installed. 

The district heating network is represented as composed of 

two parts: the transport network and the distribution networks. 

The transport network connects the thermal plants with the 

various areas of the town and is composed by the pipes with 

diameters larger than 200 mm. The transport network is about 

70 km long and includes 9 loops. These are used to reduce the 

effects of possible failures allow a more effective management. 

A schematic of the transport network is shown in figure 5. The 

distribution networks connect the transport network with the 

various buildings located in each area. In the Turin network 

there are 182 distribution networks. The representation of the 

entire network requires more than 60000 nodes. 

 

 
 

Figure 5. Schematic of the Turin transport network 

 

 

5. RESULTS 

 

5.1 Compact fluid-dynamic model 

 

In order to test the method, the two models (full model and 

compact model) are applied to the transport network of the 

Turin district heating. The 9 mass flow rates in the loop 

branches are determined using the linear model trained using 

the results of previous simulations performed by means of the 

full model and considering various different thermal load 

levels with different plant configurations. Figure 6 shows the 

mass flow rates in the loop branches in two operating 

conditions, corresponding to 30 % and 90 % of the design 

thermal load. Results show that the compact model is able to 

predict the mass flow rates with a maximum error always 

lower than 4 %. The impact on the mass flow rates circulating 

the network is quite limited, in fact the average deviations 

range from 0.1 % to 0.3 %, depending on the thermal load. The 

impact on load prediction is always lower than 1.5 %, which 

is a good result. In the specific application, the network is 

represented by means of 968 nodes. With this size, the 

computational time using the reduced model is three order of 

magnitude smaller than that required using the full model. 

 

 
 

Figure 6. Comparison of the mass flow rates in the loop 

branches obtained using the full model and the reduced 

model 
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5.2 Compact thermal model 

 

A medium size distribution network is considered in this 

analysis. This is represented in figure 7. 

The buildings connected to the network are represented as 

squares, which are grouped into 5 clusters. Colors in the figure 

identify the clusters. The equivalent network is shown in 

Figure 8. 

 
 

Figure 7. Topology of a medium size distribution network 

and building distribution between 5 clusters 

 

 
 

Figure 8. Equivalent network 

 

 
 

Figure 9. Comparison of the load profile for the distribution 

network calculated using the thermal model applied to the 

full network and to the equivalent network 

 

Figure 9 shows the evolutions of the thermal load for the 

entire distribution network calculated considering the entire 

pipeline and the equivalent network. The evolutions are 

similar, with deviations lower than 4%. In particular, the 

reduced model tends to overestimate the thermal losses in the 

network. Further improvements in this regard can be achieved 

by adopting a different clustering approach, which optimize 

the distribution of buildings within the clustering while 

minimizing the deviation between the profiles calculated with 

the full representation and with the reduced model. Various 

profiles corresponding with different external temperatures 

can be also considered in order to make the model more 

suitable for extrapolations. 

 

 

6. APPLICATIONS 

 

Design and management solutions for district heating 

systems are often examined using black box models, without 

considering the effects of network topology. These effects 

might be not negligible. As an example, when heat pumps are 

installed in district heating systems for power-to-heat purposes, 

the overall performance depends on the selected location, due 

to the different temperature distribution. 

 

 
 

Figure 10. Temperature distribution on the return network 

when a 12 MW heat pump is installed close to the Torino 

Nord plant 

 

Figures 10 and 11 show two different installations of a 12 

MW heat pump on the return network of the Turin district 

heating. A spring day is considered in the simulation, therefore 

the undisturbed (without heat pump) temperature is about 

50 °C. In order to evaluate the optimal installation, various 

effects should be considered to perform proper evaluations:  

 

(1) The heat pump pre-heats water, which thus reaches the 

plant at a higher temperature. This temperature affects the heat 

transfer in the cogeneration plants, which becomes less 

effective as the temperature increases. An installation far from 

the plant should be thus preferred from this point of view.  

(2) A higher temperature involves larger thermal losses on 

the network, which make an installation close to the plants 

preferable. 

(3) When the heat pump is installed in large pipes, where a 

large mass flow rate flows, the temperature variation is smaller, 

therefore the COP of the heat pumps is larger. 
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(4) The effect of a heat pump in terms of primary energy 

savings, depends on the primary energy factor of the plant 

which is substituted. In the case the heat pump allows reducing 

the operation of heat-only boilers, the impact is higher than in 

the case of cogeneration systems. 

(5) As thermal load changes during the day and along the 

heating season, the use of a portion of pipeline might 

significantly change. As an example, a pipeline directed to a 

plant equipped with heat-only boiler is rarely used (as shown 

in figure 1). In this case, the use of a heat pump would be 

limited being constrained by the use of the plant.  

In the scenarios shown in figures 8 and 9, the thermal plant 

located in the north side of the network is supplying the largest 

portion of thermal load. The heat pump is here used in order 

to allow the cogeneration plant reducing the thermal 

generation and increase the electricity production. Water 

temperature reaching the plant is about 48 °C in the first case 

and 47.8 °C in the second case. This means that the impact on 

the heat exchange effectiveness is lower in the second case. 

Concerning thermal losses on the return network, these are 

about 4.27 MW and 4.35 MW respectively. These impacts are 

quite small due to the limited size of the heat pump, which 

covers in this case less than 2% of the nominal thermal load; 

when larger power-to-heat systems are considered, deviations 

become significant. 

Similar effects can be observed in other applications, such 

as the installation/operation of thermal storage units or when 

operating strategies involving actions on multiple plants or 

pumping systems should be examined. In these cases, the 

proposed approach can be used as a reliable tool for the 

optimization of the different options thanks to the significant 

reduction in computational time (which increases with the 

network size) and the reduced deviations in the results. 

 

 
 

Figure 11. Temperature distribution on the return network 

when a 12 MW heat pump is installed in the vicinity of 

Politecnico plant 

 

 

7. CONCLUSIONS 

 

In this paper, a modeling approach for fast simulation of 

large district heating networks is proposed. The model is 

composed by two reductions techniques which are combined 

together: 1) fluid flow model reduction and 2) thermal model 

reduction. The technique applied to the fluid flow model 

consists in transforming loop networks into three-shape 

networks. This is particularly useful for transport networks, 

where loops are frequent. The main idea consists in removing 

to a loop branch and substituting proper boundary conditions 

in the inlet and outlet nodes of this branch. These conditions 

are obtained using a black box model which is trained using 

full simulations corresponding to different operating 

conditions. 

The technique applied to the thermal model is suitable for 

the application to distribution networks. As a result, the full 

network is represented as composed by the full model of the 

transport network and a reduced model of the various 

distribution networks. Reduction is obtained by applying a 

clustering technique to the buildings connected to each 

distribution network, so that the network is treated as a limited 

number of parallel branches, each connecting a cluster of 

buildings to the transport network. 

The approach is tested considering the Turin district heating 

network. Results show that the average deviations on the mass 

flow rates are lower than 0.3%, while the deviations on the 

temperatures are lower than 4%. The latter can be further 

reduced by optimizing the clustering approach. In both cases 

reductions in computational time are of three orders of 

magnitude. The proposed approach is thus shown to represent 

and effective approach for DH optimizations both at a design 

and operation level able to take the effects of network topology 

into account. 
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