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Abstract: 

As part of an effort towards the future smart energy system, integration of different distributed generation 
technologies is proposed in literature. These technologies include heat pumps, gas boilers, combined heat 
and power (CHP) plants, solar photo-voltaic (PV) and so on. Some of these technologies couple different 
energy carriers in which case the independent analysis of each network could lead to unrealistic results. 
Optimization of heat pumps and CHP plants in coupled electricity and heating network, for example, needs 
consideration of both networks’ parameters in order to get results that are optimal in both networks. The first 
step in such optimization process is to have a load flow model (as an equality constraint) for the two coupled 
networks. Even though many researchers tried to address optimization of energy mixes at a district level, they 
did not consider the details of network parameters. Too little has been done to investigate the effect of different 
distributed generation technologies on the operational parameters of different energy networks. This paper 
deals with a pseudo-dynamic simulation of a district energy system that consists of coupled electricity and 
heating networks. The details of transmission line and pipe parameters together with the coupling devices are 
modelled using an extended energy hub approach. A network of six energy hubs with different distributed 
generation technologies such as heat pump, gas boiler, CHP and Solar PV is considered in the simulation. 
Time series data for demands and generations at different hubs are used on hourly basis. The CHP and heat 
pumps are scheduled to operate in certain period of the year while the PV output follows the annual solar 
radiation. Annual pseudo-dynamic load flow simulation is done to see how the operational parameters and 
power losses in the network vary with hourly changes in demands, generations and loading of coupling 
technologies.  
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1. Introduction 
District energy system consists of different energy carriers such as heat, electricity, gas, water, 

hydrogen and others, which as a whole is referred to as multi-carrier energy system (MCES) [1]. As 

the demands are usually located at a different geographical place from the sources, MCES always 

consists of a network of pipes or transmission lines for each energy carrier to deliver power to the 

end users. Although the network for one energy carrier is independent from the other, there are energy 

technologies at the source or at the end user that couple different energy carriers. For example, poly-

generation technologies, such as CHP, produce both heat and electricity from different types of fuels 

(waste, biomass, gas etc.). As a result, they are used as links between electricity, heating and fuel 

networks. The coupling between different energy carriers gives additional alternatives to supply a 

given demand from different energy carriers. Such additional alternatives suggest the need for 

optimization. Energy hub concept is proposed by Geidl and Andersson [2] to optimize such 

alternatives in a given MCES. The optimization of energy hubs can be extended to the energy 

network. One of the main equality constraints in such optimization is the power balance for all energy 
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carriers, which are usually referred to as load flow equations. The load flow model for MCES 

considers the parameters of all networks involved and the coupling relationships at each hub. Such 

an integrated modelling approach is vital to realize the future smart energy system consisting of smart 

thermal network and smart grids together with distributed generations at district level [3].   

Only very few researchers have tried to address the detailed network modelling of coupled 

multicarrier energy systems. Geidl and Andersson [2]  used the energy hub approach to model the 

input/output relationships of multiple energy carriers coupled with various types of coupling 

technologies. However, case studies considered in both [2,4] consist of only electricity and gas 

networks with demands of heat, gas and electricity. The heat demands are assumed to be supplied 

locally and no heat transport is considered. Refs. [5,6], on the other hand, considered the heating 

network explicitly together with electricity network. In both papers, coupling equations specific to 

each of the coupling devices are used to formulate system of equations instead of the modular 

approach in the form of energy hubs. The hydraulic model considered in both cases is also based on 

loop equation which is inflexible for computer tools [7]. A single time step load flow simulation of 

coupled electricity and heating networks is presented in Ref. [8] using an extended energy hub 

modelling approach. 

As the load flow analysis is based on steady state models, the simulation time interval shall be short 

so that all input parameters remain unchanged. Load flow study over a longer time period is usually 

done using a pseudo-dynamic simulation. In the pseudo-dynamic (false dynamic) simulation, a given 

time period is decomposed into appropriate shorter, but long enough for the transients to die out, time 

periods. The steady state results in each interval are then plotted altogether as a function of time. S. 

Mohammadi et al. presented a modified pseudo-dynamic model of DHN using finite element method 

[9]. The paper tried to simulate the temperature dynamics throughout the network based on steady 

state pressure and mass flows. The temperature dynamics useful to determine the time delay in the 

thermal network which is important for short term planning and operation of DHN. Even though the 

transport time delay in the heating networks is much longer than the time delay in the electricity 

network, the transient in the thermal network settles down in the first few minutes for small to medium 

size district networks. Hence, the details of dynamic simulation becomes less important for long term 

planning and optimizations. On the other hand, a continuous integration of heat loss equations are 

used in [5,6,8,10] to derive a temperature drop equation that relates the steady state inlet and outlet 

water temperature of a pipe with the mass flow rate and soil temperature.  

This paper is an extension of the previous work (Ref. [8]) with a pseudo-dynamic simulation of a 

district energy system consisting of a boiler, a CHP and heat pumps as coupling technologies. 

Electricity generation from solar PV is also considered as a distributed generation. Time series data 

for demands at different hubs are used together with time series output of a solar PV to analyse the 

pseudo-dynamic network parameters in the heating and electricity networks.  

2. Methodology 
In this paper, pseudo-dynamic models are used to study variation of network parameters, such as 

temperature, mass flow rate, hydraulic pressure, voltage and current throughout a year in a coupled 

electricity and heating networks. A simulation interval of one hour is used which is long enough for 

all transients to settle down. The steady state values of each hour in a year are then plotted together 

to show the annual variations.  

The load flow model is based on an extended energy hub approach. In an extended energy hub 

approach, the hub bidirectional which enables it to act as a consumer or producer depending on the 

demand and local productions. In addition, the interface between the energy hub and the energy 

network is  treated separately which is crucial in the analysis of thermal networks [8]. Fig. 1 shows 

the different sections of a general extended energy hub representation.  Coupling matrices, as shown 

in (1), are used to relate the demands, generations and net injections of different energy carriers at a 

given energy hub.  Different hubs are then interconnected through transmission networks to form an 

MCES. 



 

Fig. 1. An extended representation of a general energy hub [8] 
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  (1) 

where 𝐿𝛿 is the local demand of type 𝛿; 𝑃𝛾𝑔 is the locally generated power of type 𝛾; 𝑃𝛾 is the power 

injected into the network of type 𝛾; �̇�𝛾 is the time rate of change of an energy type 𝛾 in its 

corresponding storage unit; 𝐶𝛿𝛾 is an element of coupling matrix showing how much part of the input 

power to the coupling system of type 𝛾 is converted into the local demand of type 𝛿; 𝑍𝜕𝛾 shows  how 

much part of the power (rate of change of stored energy) from a storage type 𝛾 is contributing to meet 

the local demand of type 𝛿; 𝛿 ranges from a to m while 𝛾 ranges from a to n. 
Two energy hub examples are shown in Fig. 2 which are considered in the case study. Fig. 2a shows 

how heat pump and gas boiler can be integrated while Fig. 2b shows the integration of heat pump and 

CHP inside the coupling system. In both figures: HP represents the heat pump; Pfg, Phg, Pepg and 

Peqg are local generations of fuel, heat, active electric and reactive electric power respectively; Ph, 

Pep and Peq represent the heat, active electric and reactive electric power injections into the network 

respectively; Ph-in, Pf-in, Pep-in and Peq-in are the heat, fuel, active electric and reactive electric 

power inputs into the coupling system respectively; Lh, Lep and Leq are the heat, active electric and 

reactive electric demands respectively; Ph-CHP, Pep-CHP and Peq-CHP are the heat, active electric 

and reactive electric power outputs of a CHP plant; Ph-boiler and Ph-HP represent the heat power 

outputs from the gas boiler and HP respectively; Pep-HP and Peq-HP represent the active and 

reactive electric power consumptions of the HP. 

2.1. An energy hub with HP and gas boiler 

Figure 2(a) shows the integration of HP and gas boiler. The HP uses electric power to transfer heat 

from the colder region to the hotter region. Its performance is expressed in terms of coefficient of 

performance (COP) which is given by the ratio of heat power transported to the amount active electric 

power consumed. If the power factor of the heat pump, 𝑝𝑓𝐻𝑃, is  lagging, it also needs reactive power. 

Thus, HP can be considered as additional load for electricity network. The gas boiler, on the other 

hand, is expressed by its thermal efficiency, 𝜂𝑏. The coupling matrix for an energy hub with heat 

pump and gas boiler is derived as shown in equation (2). 



HP

𝐿𝑒𝑞  
𝐿ℎ  

𝐿𝑒𝑝  

𝑃ℎ𝑔  
 

𝑃𝑒𝑞𝑔  
 

𝑃𝑒𝑝𝑔  
 

𝑃 𝑒
𝑝
−

𝑖𝑛
 

𝑃 𝑒
𝑞
−

𝑖𝑛
 

𝑃 𝑒
𝑝

 

𝑃 𝑒
𝑞

 

𝑃 ℎ
 

𝑃 ℎ
−

𝑖𝑛
 

𝑃 𝑒
𝑝
−

𝐻
𝑃

 

𝑃 ℎ
−

𝐻
𝑃

 

𝑃 𝑒
𝑞
−

𝐻
𝑃

 

𝑃ℎ−𝑏𝑜𝑖𝑙𝑒𝑟  

B
oi

le
r

𝑃 𝑓
−

𝑖𝑛
 

𝑃𝑓𝑔  

               

HP

𝐿𝑒𝑞  

𝐿ℎ  

𝐿𝑒𝑝  CHP

𝑃ℎ𝑔  
 

𝑃𝑒𝑞𝑔  
 

𝑃𝑒𝑝𝑔  
 

𝑃𝑓𝑔   
 

𝑃 𝑒
𝑝
−

𝑖𝑛
 

𝑃 𝑒
𝑞
−

𝑖𝑛
 

𝑃 𝑒
𝑝

 

𝑃 𝑒
𝑞

 

𝑃 ℎ
 

𝑃 ℎ
−

𝑖𝑛
 

𝑃 𝑓
−

𝑖𝑛
 

𝑃 𝑒
𝑝
−

𝐻
𝑃

 

𝑃 ℎ
−

𝐻
𝑃

 

𝑃 𝑒
𝑞
−

𝐻
𝑃

 

𝑃𝑒𝑝−𝐶𝐻𝑃  
𝑃𝑒𝑞−𝐶𝐻𝑃  

𝑃ℎ−𝐶𝐻𝑃  

 

 (a)                                                         (b) 

Fig. 2. Interaction between different energy carriers at an energy hub: a) with HP and gas boiler b) 

with HP and CHP. 
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2.2. An energy hub with HP and CHP 

A CHP and heat pump can be interconnected as shown in figure 2(b). The CHP produces both active 

electric power and heat from fuel input. It is expressed by its electrical and thermal efficiencies, 𝜂𝑒𝑙 

and 𝜂𝑡ℎ respectively. Depending on whether it is running at lagging or leading power factor (𝑝𝑓𝐶𝐻𝑃), 

the CHP either consumes or produces reactive power. The coupling matrix for an energy hub 

consisting of HP and CHP is derived as shown in equation (3). 
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In both equations (2) and (3), power factor is considered to be positive if it is lagging and negative 

otherwise.  

2.3. Constituent equations for load flow modelling 

The power mismatches at each hub consisting of electricity and heat energy carriers are generally 

expressed in terms of coupling matrices as shown in equation (4a) [8].  
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where 𝐶𝛿(𝛾) represent a coupling coefficient at a given hub relating generation type 𝛾 with load type 

𝛿;The Pepg, Peqg, Phg, and Pfg indicate active electric, reactive electric, heat and fuel powers 

generations, respectively while Pep, Peq, Ph, and Pf represent the corresponding power injections 



into the network; 𝑑𝑃𝑒𝑝, 𝑑𝑃𝑒𝑞 and 𝑑𝑃ℎ  are the active electric, reactive electric and heat power 

mismatches, respectively.  

For an N bus electricity network, the per unit active and reactive power injections at any bus k are 

given by equations (4b) and (4c), respectively [8]. 

𝑃𝑒𝑝(𝑘) = ∑ |𝑉𝑘|
𝑁
𝑗=1 |𝑉𝑗|(𝐺𝑘𝑗𝑐𝑜𝑠𝜃𝑘𝑗 + 𝐵𝑘𝑗𝑠𝑖𝑛𝜃𝑘𝑗),    (4b) 

𝑃𝑒𝑞(𝑘) = ∑ |𝑉𝑘|
𝑁
𝑗=1 |𝑉𝑗|(𝐺𝑘𝑗𝑠𝑖𝑛𝜃𝑘𝑗 − 𝐵𝑘𝑗𝑐𝑜𝑠𝜃𝑘𝑗),    (4c)  

where 𝐺𝑖𝑗 + 𝑗𝐵𝑖𝑗 = 𝑌𝑖𝑗 is an element of the network admittance matrix of size N by N. 

The heat power injection into the network from hub k can be given by equation (4d).  

𝑃ℎ(𝑘) = 𝐶𝑝�̇�𝑘(𝑇𝑠𝑘 − 𝑇𝑟𝑘) ,     (4d)  

where 𝑃ℎ(𝑘) is heat power injected (positive for source and negative for consumer), �̇�𝑘 is mass flow 

rate flowing from the hub into the supply pipe network of the DHN (positive for source and negative 

for consumer), 𝑇𝑠𝑘 and 𝑇𝑟𝑘 are supply and return temperatures at node k respectively. 

In addition to these coupled equations (as shown in equation (4a)), there are additional mismatch 

equations for the hydraulic head and temperature variables as shown in equations (5) to (7). The 

details of additional equations that are used to solve the temperature and pressure drops in the pipe 

network together with hub type definitions can be found in Ref. [8].  

𝑑𝐻𝑖𝑗 = 0 = (𝐻𝑗 − 𝐻𝑖 − 𝐾𝑖𝑗�̇�𝑗𝑖|�̇�𝑗𝑖|)      (5) 

𝑑𝑇𝑠𝑖 = 0 = (∑ 𝑇𝑠−𝑗𝑖�̇�𝑗𝑖𝑗∈𝑖𝑛 −    𝑇𝑠𝑖(𝑜) ∑ �̇�𝑗𝑖𝑗∈𝑖𝑛 )    (6) 

𝑑𝑇𝑟𝑘 = 0 = (∑ 𝑇𝑟−𝑗𝑘�̇�𝑗𝑘𝑗∈𝑖𝑛 −    𝑇𝑟𝑘(𝑜) ∑ �̇�𝑗𝑘𝑗∈𝑖𝑛 )    (7)  

where 𝑑𝐻𝑖𝑗 is the hydraulic head mismatch corresponding to pipe connecting hub i (with pressure 

head 𝐻𝑖) and hub j (with hydraulic head 𝐻𝑗); 𝐾𝑖𝑗 is the  pressure resistance coefficient of a pipe 

connecting hubs i and j;  𝑑𝑇𝑠𝑖 is the supply temperature mismatch at temp-return hub i; 𝑑𝑇𝑟𝑘 is the 

return temperature mismatch at temp-supply hub k; �̇�𝑗𝑖 and �̇�𝑗𝑘 are mass flow rates flowing from 

node j to node i and from node j to node k, respectively (they include mass flows from hubs i and k 

as well if the flows are from the hub into the corresponding nodes); s and r indicate the supply and 

return pipe networks of the DHN;  𝑇𝑠−𝑗𝑖 is the temperature of the water flowing from node j to node 

i as measured at node i on the supply pipe network; 𝑇𝑟−𝑗𝑘 is the temperature of water flowing from 

node j to node k, as measured at node k on the return pipe network; 𝑇𝑠𝑖(𝑜) and 𝑇𝑟𝑘(𝑜) are the outgoing 

supply temperature at node i and outgoing return temperature at node k, respectively. 

Once all the equations are formulated in per unit system (the details can be referred from Ref. [10]), 

the overall load flow problem is then solved as a single problem using the Newton-Raphson iteration 

method. The values of all parameters during each simulation hour are used as initial values for the 

next hour simulation. By doing so, the pseudo dynamic variation of different network variables are 

analysed. The variables of interest in the load flow solution are voltage magnitude, voltage angle, 

supply temperature, return temperature, hydraulic heads at each node, nodal mass flow rates and pipe 

mass flow rates.  At a given hub, some of the variables might be known while the others are unknown. 

The objective of the load flow study is to solve for the unknown variables using the known variables. 

3. Case Study 
A six hub case study (as shown in Fig. 3) is considered for the pseudo dynamic simulation. The solid 

line without arrow (black) represents the electricity network. The solid line with arrow (red), on the 

other hand, represents the supply pipe network of heating network while the dotted line with arrow 

(blue) represents the return pipe network of the heating network. Each hexagon represents an energy 

hub consisting of energy conversion devices, demands and local production of heat, electricity and/or 

fuel. Hub 1 is considered as a slack hub from which the deficit in each carrier power balance is 



compensated from the neighbourhood or bigger network. It also acts as a point of export to the 

neighbourhood should the district network have excess power than the required. The slack hub is 

indicated by dotted hexagon. Hub 2 is a consumer hub with residential demands of both electricity 

and heat demands. Hub 3 consists of a CHP and heat pump technologies together with fuel source. 

Automatic voltage regulator is assumed to keep the magnitude of voltage at this hub at unity. There 

is a residential demand of both electricity and heat at Hub 4. Heat pump and gas boiler are considered 

at this hub. Hub 5, on the other hand, has a 200kW peak solar PV generation plant. Hub 6 is associated 

with commercial load profile (small hotel). It should be noted that even though Hubs 1, 3 and 5 do 

not have connected consumers, there is still electricity demand at Hub3 due to the CHP and HP 

technologies. Demand profiles for both electricity and heating networks are taken for a residential 

and commercial building in Idaho, USA from the source [11]. These profiles are taken only for 

illustration purpose to demonstrate the capacity of the tool proposed in handling pseudo dynamic 

simulation of a network consisting of different energy technologies. Similarly, all heating demands 

are assumed to be supplied through the DHN. This means that the DHN is assumed to run throughout 

the year. Table 1 summarises annual demand profile for each carrier and for overall network.  

The details of the network parameters are included in Appendix A. Standardized transmission line 

parameters (ACSR Ostrich type) and typical values of distribution transformers parameters (4.16kV, 

1MVA) are taken from a reference [12]. Similarly, standardized parameters of district heating pipes 

(DN 50 with series II insulation layer) are taken from isoplus® [13]. The peak rating of the CHP is 

87.5kWe and 100kWth with efficiency of 35% and 40%, respectively. The CHP runs at a lagging 

power factor of 0.86. The gas boiler has a thermal efficiency of 85% with rated thermal output of 

42.5kW. The rated electrical power of the heat pump at Hub 3 is 25kW with a COP of 3.5 at 0.9 

lagging power factor. The heat pump at Hub4, on the other hand, is rated at 35kW electrical power 

with a COP of 4.0 at 0.85 lagging power factor. 
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Fig. 3.  The layout of the heating and electricity network considered as a case study. 

Table 1: Summary of the demand profile considered in the case study 

Hub Electricity Heating Remark 

Active Reactive Total (MWh) Peak 

(kW) Total (MWh) Peak (kW) Peak (kvar) 

2 203.559 69.61 43.16 352.73 168.22 Residential 

3 164.955 25 59.61 0 0 Heat pump and CHP 

4 713.719 174.23 67.64 704.49 318.41 Residential & heat pump 

5 0 0 0 0 0 Solar PV plant 

6 963.263 203.81 97.83 231.59 122.21 Small hotel 

All 2,045.5 426.41 227.97 1,288.8 595.81 Whole network 

 

 



       

Fig. 4. Heat demand profile                                 Fig. 5. Active electricity demand  

 

       

Fig. 6. Reactive electric power demand                    Fig. 7. Heat lost in the network       

Figures 4 to 6 shows the demand profiles. The heat pump at Hub4, the boiler at Hub4 and the CHP at 

Hub3 are scheduled following the heat demand profile. The boiler runs during the peak-heat-demand 

periods (i.e. from Jan 1st to Mar 15th and the last two weeks of December). The heat pump at Hub4 is 

assumed to be operated year round (covering the base heating load) while the heat pump at Hub3 is 

assumed to be turned off from mid of June to mid of September. Similarly, the CHP plant at Hub3 is 

scheduled to be turned off between mid of May and the end of October. The effect of scheduling 

these technologies on the electric demand profile can be seen in Figs 5 and 6. Supply temperature of 

hubs acting as heat source is taken to be 85oC while the return temperature from hubs that consumes 

heat is assumed to be 35oC.                                    

4. Results and Discussion 

4.1. Analysis for the overall network  

The analysis covered in this paper is limited to the demonstration of the capability of the tool in 

handling pseudo dynamic simulations. The load profiles, network topologies and the scheduling of 

different energy technologies considered in the case study are all inputs to the tool. In the real energy 

networks, these inputs and additional operating parameters (such as source supply temperature) are 

decision variables for optimization. However, such decisions are taken for electricity and heating 

networks independently, which may result into non-optimal solution for the overall system. This 

paper presents the first step to be taken in optimizing such coupled networks together by showing the 

pseudo dynamic simulation (which is an equality constraint in the optimization process). The next 



step is size optimization of energy technologies and network parameters together with demand side 

management, which are outside the scope of this paper.  

Figure 7 shows the total heat power demand and the heat power lost in the network. It can be seen 

that the peak demand occurs in February. The annual heat power energy lost in the network is 

1,624.1MWh which corresponds to 126% of the demand. This shows that there is significant amount 

of heat loss in the network. As a percentage of heat demand, the heat loss in the network is higher in 

summer than winter. This could be due to lower mass flow rate of water (nearly zero) flowing in the 

network during summer. Similarly, the active electric power lost in the electricity network is plotted 

in Fig. 8. The total active electric energy lost is 434.58MWh, which corresponds to 21.25% of the 

demand. Figure 9, on the other hand, shows the reactive power consumed in the network. It can be 

seen that the magnitude of reactive power consumed in the network remains more or less the same 

even though the reactive power demand at Hub 3 is changing when the CHP plant is switched off. 

This is because of the consideration of Hub3 as a voltage controlled hub where there is sufficient 

reactive power generation capacity. To keep the voltage magnitude at this hub constant, the net 

injected reactive power should remain the same. Hence, any reactive load at Hub3 is supplied mainly 

from the reactive power generated at the same hub. Because of this, the reactive power flow in the 

network and the corresponding loss remains unaffected by the change of reactive power demand at 

Hub3. 

 

       

        Fig. 8. Active electricity lost in the network        Fig. 9.  Reactive electricity lost in the network 

 

      

                 Fig. 10. Heat power generated                            Fig. 11. Active electric power generated     



The amount of generated and imported heat power is plotted in Fig. 10. The imported heat is 

sometimes negative which means that the network is exporting the excess heat energy to the 

neighbourhood. The total amount of imported heat energy is 640.74MWh (with a peak value of 

535.64kW) while the total amount of exported heat energy is 103.24MWh (with peak value of 

156.71kW). Installing heat storage units may help to reduce the imported heat energy by storing the 

excess heat produced. The heat energy produced at Hub4 is 1,318.2MWh (91.48MWh from the gas 

boiler and 1,226.4MWh from the heat pump). On the other hand, 1,057.2MWh heat energy is 

produced at Hub3 (479.9MWh from the CHP and 577.34MWh from heat pump). The boiler 

consumed 108.05MWh of fuel while the CHP consumed 1,199.75MWh gas. 

The generated active electricity power and the imported quantity is shown in Fig. 11. A total of 

765.58MWh (419.91MWh from the CHP and 345.67MWh from solar PV) is produced in the network 

while 1,722.2MWh is imported from the neighbourhood. This shows that the sizes of distributed 

generation technologies considered in the case study are insufficient from the electrical demand point 

of view.  

In summary, 1,307.8MWh of fuel, 640.74MWh of imported heat, 1,722.2MWh imported active 

electricity and 345.67MWh active electricity from solar PV are used to supply the demands of 

2,045.5MWh of active electricity and 1,288.8MWh of heat. 

4.2. Analysis at hub level 

The analysis on different hub parameters can also be done based on the pseudo dynamic simulation. 

Figure 12, for example, shows the variation of temperature and mass flow rate throughout the year 

for Hub1. The supply temperature variation is depicted in Fig. 12(a) while the return temperature 

variation is shown in Fig. 12(b). It can be observed that both of the supply and return temperatures 

remain above or equal to the soil temperature, but never below 1oC to avoid freezing of water inside 

network pipes. The soil temperature is taken 10cm below the surface of the earth. The temperature 

approaches to the soil temperature when the mass flow rate is close to zero. It is assumed that there 

is a backup heat source (locally or from the neighbourhood) which can be used during shortage time 

to supply heat at 85oC. These shortage times are indicated by positive mass flows (same as the 

direction assumed in Fig. 3). During excess heat production, however, the mass flow rate changes 

direction and, hence the supply temperature at Hub1 will be determined by the network while the 

return temperature can be assumed to be equal to the soil temperature, but greater than or equal to 1 

oC (see Fig. 12). Hub based analysis can also be done for electrical parameters such as voltage 

magnitude and voltage angle. Fig. 13 shows these parameters at Hub5 where there is solar PV. Even 

though the variation in voltage magnitude is very small, it looks that the pattern follows the output of 

the solar PV. The voltage angle, on the other hand, seems to be affected by the CHP plant scheduling 

as it can be seen by lower values between the mid of May and the end of October. 

    

(a)                                                                         (b) 

Fig. 12. Temperature and mass flow profile at Hub1 (a) supply side; (b) return side of DHN 



  

Fig. 13. Voltage magnitude and angle at Hub5      Fig. 14.  End point water temperature at pipe 3-4 

4.3. Analysis at branch level 

Additional analysis can be done for each branch of the electricity and heating networks. As an 

example, the variation of water temperature on the pipe connecting Hub3 and Hub4 is shown in Fig. 

14. When the mass flow rate is positive, the supply temperature at the end of the pipe near to Hub3 

(Ts(3)) is greater than the other end (Ts(4)). Whenever the mass flow rate becomes negative, the supply 

temperature at the end point located near to Hub4 becomes greater than the end point located near to 

Hub3.  The same is true for the return pipe, but opposite to the supply pipe as the water flows in 

opposite direction. It can also be noted that the temperature drop is function of the water temperature 

and, hence, there is less temperature drop in the return pipe as compared to the supply pipe network. 

5. Conclusions 
In this paper, a load flow model based on an extended energy hub approach is used to do a pseudo-

dynamic simulation on coupled electricity and heating networks. Distributed generations such as 

CHP, solar PV, gas boilers and heat pumps are considered in the simulation. It has been observed that 

the way CHP and heat pumps are operating affects both networks. It is also found out that sizing the 

generation capacities of coupling technologies based on one type of demand profile could lead to 

undersized or oversized generation capacity for the other network. The losses in the heating networks 

should also be given due attention as they may become more than the actual demand in some 

situations.  

The thermal parameters at Hub1 can be further developed together with the peak power and total 

energy imported and exported in order to design underground thermal storage system as there is no 

nationwide heating network to where the excess heat can be exported. In addition, as the tool shows 

all network parameter variations throughout the year, it can be further used as part of optimization 

tools to determine the economical size of different energy technologies. In the case of DHN, for 

instance, source temperatures, operational periods and the sizes of CHPs and HPs together with the 

possibility of load shaving can be considered as decision variables in the optimization process. The 

details of the voltage, temperature, mass flow rate and hydraulic head profiles at different parts of the 

network can also be further analysed for operational and control strategies.  
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Nomenclature 

Letter symbols 

b shunt susceptance of a 

transmission line (S) 

 C  coupling coefficient  

Cp  specific heat capacity of water 

(J/Kk) 

 CHP combined heat and power 

 COP coefficient of performance 

 D,D1 internal diameter of a pipe (m) 

 D3  internal diameter of a pipe (m) 

 DHN district heating network 

e  internal surface roughness of a 

pipe (m) 

 H  hydraulic head (m) 

 HP heat pump 

K  pressure resistance coefficient 

(m.s2/kg2) 

 L  length(m) 

Lep electricity active power demand 

(W) 

 Leq electricity reactive power 

demand (var) 

 Lh  heat power demand (W) 

 �̇�  mass flow rate from a hub (kg/s) 

�̇�𝑖𝑗 mass flow rate from node i to j 

(kg/s) 

MCES multicarrier energy system 

Pep electricity active power injection 

(W) 

Pepg electricity active power 

generation (W) 

Peq electricity reactive power 

injection (var) 

Peqg electricity reactive power 

generation (var) 

Pf  fuel power injection (W) 

Pfg  fuel power generation/used (W) 

𝑝𝑓𝐶𝐻𝑃 power factor of a CHP plant 

𝑝𝑓𝐶𝐻𝑃 power factor of an HP 

Ph  heat power injection (W) 

Phg heat power generation (W) 

R  resistance of a transmission line 

(Ω) 

T  temperature (K) 

t1  thickness of carrier pipe  (m) 

t3  thickness of outer jacket (m) 

V  voltage magnitude (V) 

X  reactance of a transmission line 

(Ω) 

Xs  leakage reactance of a 

transformer (Ω) 

Y  bus admittance matrix 

Z  depth measured from earth’s 

surface to centre of pipe (m)

Greek symbols 

∆  change 𝜃  voltage angle (degree) 

Subscripts 

i,j,k hub numbers 

r return pipe of a DHN 

s supply pipe of a DHN 
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Appendix A  

Table A-1:  Transmission line and transformer parameters for the electricity networks 

From hub To hub Transmission line parameters Transformer parameters 

R (Ω/mi) X(Ω/mi) b(S/mi) L (mi)  Rs (pu) Xs (pu) Tap (pu) 

1 2 0.307 0.458 9.46E-06 1.99 0 0 1 

2 4 0.307 0.458 9.46E-06 1.55 0 0 1 

3 2 0.307 0.458 9.46E-06 0.81 0 0 1 

3 4 0.307 0.458 9.46E-06 1.12 0 0 1 

1 5 0.307 0.458 9.46E-06 2.36 0 0 1 

4 5 0.307 0.458 9.46E-06 1.24 0 0 1 

3 6 0.307 0.458 9.46E-06 1.36 0.0035 0.035 1.1 

4 6 0.307 0.458 9.46E-06 1.14 0.004 0.04 0.9 

Table A-2:  Carrier pipe, insulation and soil parameters for the heating networks  

Hubs L  

(m) 

Carrier Pipe Parameters Insulation  Outer Jacket Soil 

fro

m 

t

o 

D1 + t1 

(mm) 

t1 

(mm) 

k2 

(W/mK) 

e 

(mm) 

k3 

(W/mK) 

D3 

(mm) 

t3 

(mm) 

k4 

(W/mK) 

Z 

(m) 

Ks 

(W/mK) 

1 2 3200 60.3 3.2 40.5 0.05 0.027 140 3.0 0.40 1 1.15 

2 4 2500 60.3 3.2 35.6 0.06 0.027 140 3.0 0.40 1 1.15 

3 2 1300 60.3 3.2 45.1 0.09 0.027 140 3.0 0.40 1 1.15 

3 4 1800 60.3 3.2 42.0 0.10 0.027 140 3.0 0.40 1 1.15 

4 5 2000 60.3 3.2 40.0 0.10 0.027 140 3.0 0.40 1 1.15 

3 6 2800 60.3 3.2 39.0 0.08 0.027 140 3.0 0.40 1 1.15 

4 6 2300 60.3 3.2 37.0 0.1 0.027 140 3.0 0.40 1 1.15 

 

 


