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Abstract 

To decarbonize and increase the flexibility in the heating and electricity sectors, large heat pumps, combined heat 

and power plants, renewables and storage technologies are increasingly being installed. This results in a tighter 

coupling between the electricity and heat distribution networks. Hence, the two networks need to be operated in 

an integrated way so that their synergies can be exploited. The main challenge in that regard is the lack of suitable 

tools that can capture the detailed operating parameters of both networks simultaneously. This paper proposes a 

population-based optimal power flow model for integrated heat and electricity distribution networks. An extended 

energy hub approach is used to model the components of the integrated energy system in a modular form. Active 

and reactive power balances, heat power balance and optimal management of storage technologies in the presence 

of intermittent renewables and variable tariffs are considered. The proposed method is then tested using a case 

study of highly coupled electricity and heat distribution networks consisting of a heat pump, a gas boiler, a 

combined heat and power plant, a wind turbine and a thermal storage together with a variable electricity tariff. It 

is found that above 97% of the surplus production from the wind power plant is effectively used in the system and 

10.35% of the heat demand is effectively shifted from the peak hours to the cheap-electricity hours. The results 

show that the proposed method can be used as a decision support tool that can be used for the optimal integration 

of heat and electricity distribution networks. It also maximizes the synergy that can be captured from the multi-

energy systems in general and from the heat and electricity distribution networks in particular.   

Keywords: An extended energy hub; Coupled electricity and heating networks; Integrated load flow model; Multi-

carrier optimal power flow; Multi-energy system; Optimal heat and electric power flows.  
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Nomenclature 

Abbreviations and acronyms 

AC Alternating current 

CHP Combined heat and power  

COP Coefficient of performance of a heat pump 

DC Direct current 

DHN District heating network 

EEH Extended energy hub 

HP Heat pump (compression type) 

MES Multi-energy system 

MPC Model predictive control 

PSO Particle swarm optimisation 

pu Per-unit 

Latin symbols 

𝐴𝑐 Cross-section area of a thermal storage water tank [m2] 

𝐴𝑠1, 𝐴𝑠2, 𝐴𝑠3 Lateral surface areas of layer 1, layer 2 and layer 3 of a stratified thermal storage [m2] 

𝐶𝛿(𝛾) An element in a coupling matrix showing how much of the input power of type 𝛾 is converted 

into the local demand type of 𝛿 

𝐶𝑙𝑜𝑐   A fraction to take the local pressure losses due to valves and junctions into account 

𝐶𝑝 Specific heat capacity of water [J.kg-1.K-1] 

𝐶𝑃𝑒𝑙𝑔 Cost of electricity solely generated [€/h] 

𝐶𝑃𝑒𝑙(1) Cost of imported/exported electricity through the slack hub [€/h] 

𝐶𝑃𝑓𝑔 Cost of fuel used in the system [€/h] 

𝐶𝑃ℎ𝑔 Cost of heat solely generated [€/h] 

𝐶𝑃ℎ(1) Cost of imported/exported heat through the slack hub [€/h] 

𝐸̇ℎ A rate of change of stored thermal energy in a hot water storage tank [W] 

ℱ Objective function of an optimization 

𝑔 Gravitational acceleration [m.s-2] 

𝐻 Hydraulic head [m] 

𝐼 Current flow [A] 

𝐼𝑚𝑎𝑥 Ampacity of a transmission line [A] 

𝑘𝑖𝑗 Pressure resistance coefficient for the pipe flow connecting nodes 𝑖 and 𝑗 [m.s2.kg-2] 

𝐾𝑠 Heat loss factor of the thermal storage water tank [W.m-2.K-1] 

𝑘𝑤 Thermal conductivity of water [W.m-1.K-1] 

𝐿 Length of a branch (transmission line or pipe) [m] 

𝐿𝑒𝑝 Active electric power demand [W] 

𝐿𝑒𝑝
𝐻𝑃 Active electric power consumed by a heat pump [W] 

𝐿𝑒𝑞  Reactive electric power demand [var] 

𝐿𝑒𝑞
𝐻𝑃 Reactive electric power consumed by a heat pump [var] 

𝐿ℎ Heat power demand [W] 

𝑚̇ Mass flow rate from a hub to a node [kg.s-1] 

|𝑚̇𝑐𝑜𝑛| Magnitude of mass flow rate on the primary side of the substation [kg.s-1] 

𝑚̇𝑖𝑗 Pipe mass flow rate from node 𝑖 to 𝑗 [kg.s-1] 
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𝑚̇𝑚𝑎𝑥 Maximum acceptable pipe flows [kg.s-1] 

𝑚1, 𝑚2, 𝑚3 Mass of water in layers 1, 2 and 3 of a stratified thermal storage [kg] 

𝑃𝑒𝑙(𝑝𝑢𝑚𝑝𝑖𝑛𝑔) Active electricity consumed by a circulation pump [W] 

𝑃𝑒𝑝 Electrical active power injected into the network [W] 

𝑃𝑒𝑝
𝐶𝐻𝑃 Electrical active power produced by a combined heat and power plant [W] 

𝑃𝑒𝑝_𝑖𝑛 Electrical active power flowing into the coupling system of an energy hub [W] 

𝑃𝑒𝑝𝑔 Electrical active power solely generated [W] 

𝑃𝑒𝑝𝑔(𝑤𝑖𝑛𝑑) Electrical active power generated from the wind turbine [W] 

𝑃𝑒𝑞  Electrical reactive power injected into the network [var] 

𝑃𝑒𝑞
𝐶𝐻𝑃 Electrical reactive power produced by a combined heat and power plant [var] 

𝑃𝑒𝑞_𝑖𝑛 Electrical reactive power flowing into the coupling system of an energy hub [var] 

𝑃𝑒𝑞𝑔 Electrical reactive power solely generated [var] 

𝑝𝑓 Power factor 

𝑃𝑓_𝑖𝑛 Fuel power flowing into the coupling system of an energy hub [W] 

𝑃𝑓𝑔 Fuel power generated [W] 

𝑃ℎ Heat power injected into the network [W] 

𝑃ℎ
𝐵𝑜𝑖𝑙𝑒𝑟  Heat power produced by a boiler [W] 

𝑃ℎ
𝐶𝐻𝑃 Heat power produced by a combined heat and power plant [W] 

𝑃ℎ
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑑

 Heat power discharged from a thermal storage [W] 

𝑃ℎ
𝐻𝑃 Heat power produced by a heat pump [W] 

𝑃ℎ
𝑠𝑡𝑜𝑟𝑎𝑔𝑒

 Heat power flowing to/from a thermal storage [W] 

𝑃ℎ
𝑠𝑡𝑜𝑟𝑒𝑑  Heat power flowing into a thermal storage [W] 

𝑃ℎ_𝑖𝑛 Heat power flowing into the coupling system of an energy hub [W] 

𝑃ℎ𝑔 Heat power solely generated [W] 

𝑅𝑜 Outer radius of an outer jacket of a pipe in a district heating network [m] 

𝑅𝑠𝑡𝑜𝑟𝑎𝑔𝑒  Radius of a cylindrical thermal storage water tank [m] 

𝑡 Time [s] 

𝑇 Temperature [K] 

𝑇𝑎(𝑡) Ambient (soil) temperature at time 𝑡 [K]  

𝑇𝑟(𝑚𝑎𝑥) Maximum return temperature limits at heat-sink hubs [K] 

𝑇𝑟(𝑚𝑖𝑛) Minimum return temperature limits at heat-sink hubs [K] 

𝑇𝑠(𝑚𝑎𝑥) Maximum supply temperature limits at heat-source hubs [K] 

𝑇𝑠(𝑚𝑖𝑛) Minimum supply temperature limits at heat-source hubs [K] 

𝑇𝑖(𝑝) Inlet water temperature of pipe 𝑝 [K] 

𝑇𝑗(𝑝) Outlet water temperature pipe 𝑝 [K] 

𝑇1(𝑡−∆𝑡) Temperatures of layer 1 of a stratified thermal storage at time 𝑡 − Δ𝑡 [K] 

𝑇1(𝑡) Temperatures of layer 1 of a stratified thermal storage at time 𝑡 [K] 

𝑇2(𝑡−∆𝑡) Temperatures of layer 2 of a stratified thermal storage at time 𝑡 − Δ𝑡 [K] 

𝑇2(𝑡) Temperatures of layer 2 of a stratified thermal storage at time 𝑡 [K] 

 𝑇3(𝑡−∆𝑡) Temperatures of layer 3 of a stratified thermal storage at time 𝑡 − Δ𝑡 [K] 

𝑇3(𝑡) Temperatures of layer 3 of a stratified thermal storage at time 𝑡 [K] 

𝑈 Overall heat transfer coefficient [W.m-2.K-1] 

𝑉 Voltage [V] 

|𝑉| Voltage magnitudes [per unit] 

𝑉𝑚𝑖𝑛, 𝑉𝑚𝑎𝑥 Minimum and maximum nodal voltage magnitude limits [per unit] 

𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒  Volume of a thermal storage [m3] 
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𝑋 Reactance of a transmission line [Ω] 

𝑌𝑖𝑗  An element in the admittance matrix of the electricity network 

𝑍ℎ(ℎ) Charging/discharging efficiency of a thermal storage 

𝑍1, 𝑍2, 𝑍3 Heights of layer 1, layer 2 and layer 3 of a stratified thermal storage tank [m] 

  

Greek symbols 

∆𝐻  Hydraulic head difference [m] 

Δ𝑡 Time step [s] 

𝜂 Efficiency 

𝜃 Voltage angle [rad] 

Subscripts 

𝑎 Ambient 

𝑏 Boiler 

𝑐 Consumer 

CHP Combined heat and power 

𝑒𝑙 Electrical 

𝑒𝑝 Active power 

𝑒𝑞 Reactive power 

𝑓 Fuel power 

𝑔 Locally generated 

ℎ Heat power 

HP Heat pump 

𝑖, 𝑗, 𝑘 Numbers identifying hubs, nodes, buses 

𝑝 Pipe 

𝑟 Return pipe of a DHN 

𝑠 Supply pipe of a DHN 

𝑡ℎ Thermal 
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1 Introduction 

A multi-energy system (MES) provides a new approach to meet energy demands in an optimized way by exploiting 

the synergy from multiple energy sectors, such as electricity, heating, cooling and transport [1]. Such synergies 

are indispensable to succeed in the energy transition, which could be otherwise impossible within the limits of the 

individual sectors. Heat and electricity sectors that are coupled using either of the heat pumps (HPs), combined 

heat and power (CHP) plants or thermal storages are examples of MESs. The CHP converts any fuel into electricity 

and heat while the HP (compression type) converts electricity into heat. Such coupling is getting wider acceptance 

in Europe as a means of decarbonizing the heating and cooling sectors [2]. Countries with large shares of HPs and 

CHPs in their heating market, such as Sweden [3], Finland [4] and Denmark [5] have the most sustainable heating 

sectors in Europe [6].  

Smart electric grid and 4th generation district heating network, for instance, can be integrated using electric vehicles 

and hot water tanks as energy storage mechanisms resulting in up to 32% energy saving [7]. Integration of multi-

energy storage like electric vehicles, heat storage and cold storage can be used to achieve an energy saving of 

53.5% in a nearly zero energy community [8].  

Thermal storages, CHPs and HPs can also be used to increase the flexibility in the electricity and heating systems 

so that intermittent renewables, such as wind generations, can be effectively used [9]. Cogeneration systems 

consisting of energy storage technologies can also be used to exploit the cheap electricity during off-peak hours 

[10]. As electrical storage devices are more expensive (50 to 100 times) than thermal storage tanks [11], the latter 

can be used to store any surplus of electricity in the form of heat. A comparative study of solar-based energy 

system for net-zero buildings shows that a HP combined with heat/cold storage is more economical than a HP with 

electrical battery setup [12]. Though the use of thermal storage may increase distribution losses in the district 

heating network (DHN), the reduction in the installed capacity (peak shaving potential) and the increase in the 

penetration level of intermittent renewable sources weigh more [13]. It means that more renewables can be 

integrated in the electricity system without any curtailment; the peak heat demands can be effectively shifted; and, 

consequently, a more efficient, flexible and sustainable energy system can be established. Feasibility studies based 

on simplified models using simulation tools like EnergyPlan [14], RETScreen [15] and HOMER [16], also support 

these ideal premises.  

However, the HPs and the thermal storages are exclusively managed by the DHN operators without considering 

the electricity distribution network from where the HPs are getting the electricity. This leads to a suboptimal 
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operation of the electricity system. The electricity distribution company, for example, estimates the electricity 

demand based on its own data considering the HPs usually as fixed loads. A DHN operator, on the other hand, 

considers the heat demand profile and all the heat sources (including the HPs), and decides on the most economical 

operational strategy of the HPs. As the two distribution system operators act independently, any possible difference 

between the assumed and the actual operational strategy of the HPs may compromise the efficiency of the overall 

system [17]. Moreover, the installation of large HPs has paused a security issue as it is increasingly overloading 

the low voltage electricity distribution grid [18]. Besides that, an optimal placement and economical dispatch of 

coupling technologies, like CHPs, made exclusively from the heating network perspective, could lead to 

suboptimal solutions in the electricity network.  

In order to have optimal overall system, operating parameters of both the electricity and heat distribution networks 

need to be considered in the management of coupling technologies. Such analyses are rare in literature. The 

simplified MES simulation tools, like HOMER [19] and EnergyPlan [14], lacks that capacity as they do not 

consider the distribution networks’ physical and operating parameters. Neither do the conventional single-energy-

carrier simulation tools capture the operating parameters of the multi-carrier distribution grids [20]. The following 

section highlights the state of the art in tackling these challenges. The proposed methods are then discussed in 

Section 3. Section 4 presents a case study selected for testing the proposed methods. The results and discussions 

follow in Section 5. The main concluding remarks are then summarised in Section 6. 

2 Literature review on multi-carrier optimal power flow models 

In the study of multi-carrier optimal power flow, the multi-carrier load flow model is the main equality constraint. 

As the constituent equations of such a model are complex and highly nonlinear, it is difficult to optimise the multi-

carrier power flows using the deterministic and analytical approaches. Heuristic/metaheuristic optimisation 

techniques are more suitable to handle such highly nonlinear and nonconvex optimization problems. The 

advancement in the computational power of computers significantly contributed for the increasing acceptance of 

such techniques. Genetic Algorithm [21], Teaching Learning Based Algorithms [22], Honey Bee Mating 

Algorithms [23] and Particle Swarm Optimisation (PSO) [24] are some of them that are widely applied in the 

energy fields. To use such techniques in the study of multi-carrier optimal power flows, the load flow model of 

the corresponding MES needs to be formulated first. Unfortunately, there are no well-developed off-the-shelf 

modelling and simulation tools that can take the MES distribution networks’ physical parameters into account 

[25]. At research level, on the other hand, two approaches of multi-carrier power flow simulations and 
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optimizations are reported in literature.  The first approach is based on the existing single-energy-carrier models 

running in a co-simulation environment while the second is based on tailor-made models.  

Widl et al. [20] used DIgSILENT for electricity and Modelica for DHNs, both software running in a co-simulation 

environment called FUMOLA. An electric boiler is the only coupling device used. Arnaudo et al., [18] used Panda 

Power, Modelica and python-based models running in co-simulation platform called ZerOBNL to study the 

flexibility that can be gained from distributed HPs. The electricity distribution network is simulated using Panda 

Power and the residential buildings are modelled on Modelica. HPs, thermal storage and controllers are 

implemented on python. A similar study that includes DHN model is presented in [26]. In the above three papers, 

a sequential coupling is implemented by first running the thermo-hydraulic model of the DHN followed by the 

steady state simulation of the electricity distribution network. The steps are repeated until both simulations 

converge. The use of a well-established simulation tools, like DIgSILENT and Modelica, in a co-simulation 

environment enables to capture all the relevant information including the dynamics of components at very small 

simulation time-steps. However, the sequential iteration approach, which is efficient for load flow studies and 

scenario based comparative studies, has limitations in handling optimisation problems that involve coupling 

technologies. A CHP is a good example for this. The optimal dispatch of a CHP found by simulating the DHN 

will rarely be in agreement with what would be found from running the electricity distribution network 

optimisation. This could result into oscillating solutions without any convergence. 

To overcome such challenges, varieties of tailor-made models are reported in literature. Bracco et al. [27] studied 

a MES consisting of CHPs, solar photovoltaics, solar thermal, absorption chillers, electrical and thermal storages 

to supply residential demands and electric vehicles. The demands and the energy technologies are interconnected 

using an electricity distribution network modelled using direct current (DC) power flow approximation. The heat 

distribution network is ignored totally. Similarly, renewable integration planning in urban multi-carrier energy 

distribution grids is discussed in [28]. The heat and electricity distribution networks are modelled using power 

flow balances with approximate loss functions. The approximations in both papers are acceptable only if the 

distribution network is small or if the reactive power flow in the system is not significant. Electrification of DHN 

using solar photovoltaic and HPs is studied in [29] with the focus on identification of lossy branches. The electricity 

demands were not taken into account, however. 

Li et al. [30] studied the electricity and heating networks that are coupled using a HP. Alternating current (AC) 

power flow model is applied for electricity network while mass balance and temperature drops are used to model 



 

8 

 

the heating network. However, the possibility of meshed DHN topologies is not considered. The method is 

improved by Awad et al. [31] and Liu et al. [32] using node-loop equations together with pseudo-dynamic 

temperature drop equations to model the heating network consisting of meshed loops. The node-loop equations 

used in the hydraulic model of the heating network, however, need pseudo-loop paths (the number of which 

depends on the network topology) in addition to the physical loops in order to have equal number of equations as 

the number of unknowns. As identification of pseudo-loops is not straight forward, it is difficult to develop a 

general algorithm for the models that are based on node-loop equations [33].  

Liu and Mancarella [34] and Shabanpour-Haghighi and Seifi [35] extended the load flow model presented in [32] 

into an energy system consisting of gas, electricity and DHN. The application of such models to study network 

congestion and uncertainties are presented in [36] and [37], respectively. Both active and reactive power flows are 

considered in their case studies. However, lack of generality on the hydraulic models remained unsolved due to 

the use of the node-loop equations.  

M. Geidl and G. Andersson [38] described a multi-carrier energy system as an interconnection of modular energy 

hubs. In their work, electricity, heat and gas energy carriers are considered. AC power flow equations are used to 

model the electricity network while hydraulic equations are assumed to represent any isothermal pipe flow 

networks. A similar approach that includes a thermal storage is discussed in [39]. Both papers assume 

unidirectional power flows into the hubs, which implicitly limits the energy hubs to act as consumers all the time. 

This is not always true as there could be more production of a given energy carrier inside a hub than is required 

by the hub itself. The hub shall have a flexibility to inject the excess power back to the network. In addition, it is 

not clearly defined how local generation, including renewables, are connected to the network. Furthermore, heating 

networks are not considered in their analysis and all the thermal demands are assumed to be met locally at each 

hub. 

A general and flexible framework that can be used to model multi-carrier energy distribution networks using an 

extended-energy-hub (EEH) approach is discussed in [40]. The details of the integrated load flow model consisting 

of electricity and heating networks that are coupled by CHPs are discussed in particular. The methodology is 

further expanded to handle a pseudo-dynamic simulation in the presence of HPs and solar photovoltaics, as 

presented in [41]. Optimal placement of HPs and thermo-economic optimisation of coupled electricity and district 

heating networks are discussed in [17] and [42], respectively. Though these papers show the capacity of the EEH 

approach in capturing the operational parameters of coupled electricity and heating networks, their scopes are 
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limited either to single-hour load flow studies and optimizations or to merit-based multiple-hour simulations. 

Energy storage technologies and their management strategy are not covered. 

Use of heat distribution network and building thermal inertia as a storage in the presence of intermittent wind 

generation is discussed in [43]. However, only the heating network is considered in these studies. Demand side 

management using buildings’ inertia and additional hot water tank as thermal storages while taking the constraints 

in the electrical distribution grid is presented in [18]. The paper shows that demand side management allows the 

installation of larger HPs without overloading the electricity distribution network. However, onsite heat supply for 

each building is assumed, and the heat distribution network is not considered. Furthermore, the possibility of 

variable electricity tariff together with intermittent renewables is not addressed in both papers.  

The flexibility that can be unlocked by combining variable electricity prices, demand side management and thermal 

storage in the presence of intermittent solar and wind power plants is studied in [44]. The results show that HPs 

and electric boilers together with the thermal storage can increase the capacity of renewables that can be installed 

in urban energy system. However, the losses and constraints of both distribution networks are neglected which 

might lead to inadmissible voltage and/or temperature deviations. Moreover, an ideal thermal storage operating at 

constant return and supply temperatures is assumed, which is far from the reality. 

The above literature survey shows the importance of thermal storages in a coupled electricity and heating networks 

consisting of HPs, CHPs, intermittent renewables and variable electricity tariff. These combined features, however, 

are not well studied in literature due to lack of suitable modelling tools. The distribution networks’ parameters 

together with the dynamics of the thermal storage are not considered either. In addressing these scientific gaps, 

this paper has the following methodological contributions: 

 It shows how optimal heat and electricity flows in a coupled heat and electricity distribution networks 

can be conducted considering the detailed parameters of the respective distribution networks. 

 It illustrates how a detailed thermal storage model can be incorporated in the extended energy hub 

configuration 

 It demonstrates how intermittent renewables and variations in tariffs can be captured using a thermo-

economic optimization so that the renewable curtailments can be reduced while increasing the flexibility 

in the energy system. 
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3 Mathematical models 

This paper proposes an optimization algorithm that minimizes the operating cost of highly coupled electricity and 

heat distribution networks while considering the detail models of the respective distribution networks. It exploits 

the synergy from the two networks in the presence of variable tariffs and intermittent renewables. To achieve this, 

a population-based optimization algorithm is incorporated with the integrated load flow model of the electricity 

and heat distribution networks.  

 Integrated load flow model of electricity and heat distribution networks 

The EEH approach is used to model the integrated load flow problem of coupled heat and electricity networks in 

modular form. In this approach, a MES is modelled as an interconnection of energy hubs. The interactions between 

different energy carriers at each energy hub is expressed using coupling matrix, which is then linked with the 

power flow equations that govern each distribution network [40].  The coupling equations at all hubs together with 

the power flow equations give the integrated load flow model. 

 Coupling equations 

These coupling equations, relate the inputs into the coupling system with the local demands (see examples of EEH 

in Fig. 1). The input power into the coupling system for a given energy carrier is the difference of the locally 

generated power and the power injected into the network. The general coupling equation at each energy hub with 

a thermal storage where fuel, electricity and heat interact is expressed using equation (1). The demands and 

generations are all expressed in a common per-unit (pu) system, the details of which can be referred from [40]. 

[

𝐿𝑒𝑝

𝐿𝑒𝑞

𝐿ℎ

] = [

𝐶𝑒𝑝(𝑒𝑝) 𝐶𝑒𝑝(𝑒𝑞) 𝐶𝑒𝑝(ℎ) 𝐶𝑒𝑝(𝑓) 0

𝐶𝑒𝑞(𝑒𝑝) 𝐶𝑒𝑞(𝑒𝑞) 𝐶𝑒𝑞(ℎ) 𝐶𝑒𝑞(𝑓) 0

𝐶ℎ(𝑒𝑝) 𝐶ℎ(𝑒𝑞) 𝐶ℎ(ℎ) 𝐶ℎ(𝑓) 𝑍ℎ(ℎ)

]

[
 
 
 
 
 
𝑃𝑒𝑝𝑔 − 𝑃𝑒𝑝

𝑃𝑒𝑞𝑔 − 𝑃𝑒𝑞

𝑃ℎ𝑔 − 𝑃ℎ

𝑃𝑓𝑔

𝐸̇ℎ ]
 
 
 
 
 

 (1) 

where 𝐶𝛿(𝛾) represents a coupling coefficient relating generation type 𝛾 with load type 𝛿; 𝑃𝑒𝑝𝑔, 𝑃𝑒𝑞𝑔, 𝑃ℎ𝑔, and 𝑃𝑓𝑔 

are local generations of active electric, reactive electric, heat and fuel powers, respectively while 𝑃𝑒𝑝, 𝑃𝑒𝑞 , and 𝑃ℎ 

represent the active electric, reactive electric and heat power injections into the network, respectively. The term 

𝑍ℎ(ℎ) refers to the charging/discharging efficiency of the thermal storage and 𝐸̇ℎ is the rate of change of stored 

heat, which is equal to the net charging power going into the thermal storage. 
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3.1.1.1 Coupling equations for energy hubs with different technologies 

Fig. 1 shows examples of EEH configurations for energy hubs with a gas boiler (Fig. 1(a)), a CHP (Fig. 1(b)), a 

HP (Fig. 1(c)), and a thermal storage (Fig. 1(d)). The CHP in Fig. 1(a) couples the fuel, heat and electricity energy 

carriers while the HP in Fig. 1(b) couples only heat and electricity. A gas boiler, on the other hand, couples fuel 

(gas) and heat energy carriers as shown in Fig. 1(c), while the thermal storage acts as a buffer for the heat energy 

carrier.  
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(c)                                                         (d) 

Fig. 1. Examples of energy hubs and their EEH representations showing the interactions between heat, electricity 

and fuel energy carriers. (a) a hub with a gas boiler, (b) a hub with a CHP, (c) a hub with a HP, (d) a hub 

with a thermal storage.  

The terms, 𝑃𝑓𝑔, 𝑃ℎ𝑔, 𝑃𝑒𝑝𝑔 and 𝑃𝑒𝑞𝑔 indicate the local generations of fuel, heat, active and reactive powers, 

respectively. The terms 𝑃ℎ, 𝑃𝑒𝑝 and 𝑃𝑒𝑞  represent the heat, active and reactive power injections into the 

network, respectively. 𝑃ℎ_𝑖𝑛, 𝑃𝑓_𝑖𝑛, 𝑃𝑒𝑝_𝑖𝑛 and 𝑃𝑒𝑞_𝑖𝑛 are the heat, fuel, active and reactive power inputs into 

the coupling system, respectively. 𝐿ℎ, 𝐿𝑒𝑝, and 𝐿𝑒𝑞 , denote the heat, active and reactive power demands of 

the energy hub. 𝑃ℎ
𝐵𝑜𝑖𝑙𝑒𝑟 , 𝑃ℎ

𝐻𝑃 and 𝑃ℎ
𝐶𝐻𝑃 represent the heat power outputs from the gas boiler, the HP and the 

CHP, respectively. The terms 𝐿𝑒𝑝
𝐻𝑃 and 𝐿𝑒𝑞

𝐻𝑃 represent the active and reactive electric power consumptions 

of the HP while 𝑃𝑒𝑝
𝐶𝐻𝑃 and 𝑃𝑒𝑞

𝐶𝐻𝑃 designate the active and reactive power generations from the CHP, 

respectively. 𝑃ℎ
𝑠𝑡𝑜𝑟𝑎𝑔𝑒

 refers to the charging (negative for discharging) power flow into the thermal storage. 
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The coupling equations for the energy hubs shown in Fig. 1(a) – Fig. 1(d) can be derived as shown in equations 

(2) – (5), respectively. In the same way, the coupling equation governing an energy hub without any coupling 

technology is given by equation (6). 

[

𝐿𝑒𝑝

𝐿𝑒𝑞

𝐿ℎ

] = [
1 0 0 0
0 1 0 0
0 0 1 𝜂𝑏

]

[
 
 
 
 
𝑃𝑒𝑝𝑔 − 𝑃𝑒𝑝

𝑃𝑒𝑞𝑔 − 𝑃𝑒𝑞

𝑃ℎ𝑔 − 𝑃ℎ

𝑃𝑓𝑔 ]
 
 
 
 

 (2) 

[

𝐿𝑒𝑝

𝐿𝑒𝑞

𝐿ℎ

] =

[
 
 
 
 
1 0 0 𝜂𝑒𝑙

0 1 0 −𝜂𝑒𝑙

√1 − 𝑝𝑓𝐶𝐻𝑃
2

𝑝𝑓𝐶𝐻𝑃

0 0 1 𝜂𝑡ℎ ]
 
 
 
 

[
 
 
 
 
𝑃𝑒𝑝𝑔 − 𝑃𝑒𝑝

𝑃𝑒𝑞𝑔 − 𝑃𝑒𝑞

𝑃ℎ𝑔 − 𝑃ℎ

𝑃𝑓𝑔 ]
 
 
 
 

 (3) 

 

[
 
 
 
 

𝐿𝑒𝑝 + 𝐿𝑒𝑝
𝐻𝑃

𝐿𝑒𝑞 + 𝐿𝑒𝑝
𝐻𝑃  

√1−𝑝𝑓𝐻𝑃
2

𝑝𝑓𝐻𝑃

𝐿ℎ − 𝐿𝑒𝑝
𝐻𝑃 ∗ 𝐶𝑂𝑃 ]

 
 
 
 

= [
1 0 0
0 1 0
0 0 1

] [

𝑃𝑒𝑝𝑔 − 𝑃𝑒𝑝

𝑃𝑒𝑞𝑔 − 𝑃𝑒𝑞

𝑃ℎ𝑔 − 𝑃ℎ

] (4) 

[

𝐿𝑒𝑝

𝐿𝑒𝑞

𝐿ℎ

] = [

1 0 0 0
0 1 0 0
0 0 1 𝑍ℎ(ℎ)

]

[
 
 
 
 
𝑃𝑒𝑝𝑔 − 𝑃𝑒𝑝

𝑃𝑒𝑞𝑔 − 𝑃𝑒𝑞

𝑃ℎ𝑔 − 𝑃ℎ

𝐸̇ℎ ]
 
 
 
 

 (5) 

[

𝐿𝑒𝑝

𝐿𝑒𝑞

𝐿ℎ

] = [
1 0 0
0 1 0
0 0 1

] [

𝑃𝑒𝑝𝑔 − 𝑃𝑒𝑝

𝑃𝑒𝑞𝑔 − 𝑃𝑒𝑞

𝑃ℎ𝑔 − 𝑃ℎ

] (6) 

where 𝜂𝑏 is the thermal efficiency of the gas boiler; 𝜂𝑒𝑙 and 𝜂𝑡ℎ are the electrical and thermal efficiencies of the 

CHP plant, respectively; 𝑝𝑓𝐶𝐻𝑃 is the power factor the CHP; COP is the coefficient of performance of the HP while 

𝑝𝑓𝐻𝑃 is its power factor; The power factors of the HP and the CHP are taken to be positive if they are lagging and 

negative if they are leading. 

In equation (5), the product of charging/discharging efficiency (𝑍ℎ(ℎ)) and the rate of change of stored heat in the 

thermal storage (𝐸̇ℎ) gives the heat power going into the storage, i.e. 𝑃ℎ
𝑠𝑡𝑜𝑟𝑎𝑔𝑒

= 𝑍ℎ(ℎ)𝐸̇ℎ . However, the charging 

and discharging performance of the thermal storage is variable. It highly depends on the temperature level of the 

water, its mass flow rate and the temperature difference with its surrounding. In addition, a surplus heat can only 

be stored if its temperature is higher than the temperature in the storage. Hence, the use of equation (5) with a 

constant charging and discharging efficiency could lead to unrealistic solutions. In order to overcome that 

challenge, the dynamics of the thermal storage is incorporated into the integrated load flow model. 
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3.1.1.2 Equations governing the dynamics of a stratified thermal storage 

Comparison of capacity (fully mixed) and stratified (with a layer that separates the cold and hot water) storage 

water tanks are presented in [45]. It is indicated that the use of stratified model gives better accuracy. Stratified 

thermal storage has also additional advantage over the fully mixed storage. As the layers of a stratified storage 

tank are kept at different temperature levels, it is possible to discharge the storage at higher temperatures whenever 

required. This is not possible in the fully mixed storage. 

The water flow during charging and discharging process in a three-layer model of a stratified thermal storage tank 

is shown in Fig. 2. The middle layer serves as a buffer between the hot (top layer) and cold (bottom layer) water 

in the tank. Discharging takes place always from the top (hot) layer, as depicted in Fig. 2(b). During the charging 

process (see Fig. 2(a)), the incoming water temperature is first compared with the average temperature of each 

layer to determine where it should be stored. Accordingly, even if the incoming water is colder than the water in 

the top layer, it will still have a chance to be stored either in the middle or bottom layer of the storage. Such features 

are not possible using a fully mixed storage. The parameters that are used to model a three layer stratified thermal 

storage water tank are shown in Table 1.  

𝑍1 

𝑍2 

𝑍3 

(𝑇𝑠 , 𝑚̇) 

(𝑇𝑟 , 𝑚̇) 

(𝑇1 , 𝑚1) 

(𝑇2, 𝑚2) 

(𝑇3, 𝑚3) 

                 

𝑍1 

𝑍2 

𝑍3 

(𝑇𝑠 , 𝑚̇) 

(𝑇𝑟 , 𝑚̇) 

(𝑇1 , 𝑚1) 

(𝑇2, 𝑚2) 

(𝑇3, 𝑚3) 

 
(a)                                                (b) 

Fig. 2. Three layer stratified model of a thermal storage: (a) charging and (b) discharging. 

Table 1: Parameters describing a stratified thermal storage model 

Symbols Definition 

𝐾𝑠 Heat loss factor of the tank (W.m-2.K-1) 

𝑘𝑤 Thermal conductivity of water (W.m-1.K-1) 

𝑍1, 𝑍2 and 𝑍3 Heights of layer 1, layer 2 and layer 3 (m) 

Rstorage Radius (m) 

𝐴𝑐 Cross-section area of the storage (m2) 

𝐴𝑠1, 𝐴𝑠2 and 𝐴𝑠3 Lateral surface areas of layer 1, layer 2 and layer 3 (m2) 

𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒 Volume (m3) 

𝑡 Time (s) 

Δ𝑡 Time step (s) 

𝑇1(𝑡−∆𝑡), 𝑇2(𝑡−∆𝑡) and  𝑇3(𝑡−∆𝑡) Temperatures (K) of water in layer 1, layer 2 and layer 3 at 𝑡 − Δ𝑡  

𝑇1(𝑡), 𝑇2(𝑡) and 𝑇3(𝑡) Temperatures (K) of water in layer 1, layer 2 and layer 3 at time 𝑡  

𝑇𝑎(𝑡) Ambient (soil) temperature (K) at time 𝑡 

𝑚1,𝑚2 and 𝑚3 Mass (kg) of water in layer 1, layer 2 and layer 3 

𝑚̇ Mass flow rate (kg/s) going into or leaving from the tank 
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Assuming an underground cylindrical water tank and a uniform soil temperature distribution around its surface, 

the optimal radius of a given storage volume (𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒) that minimizes the surface heat loss can be calculated using 

equation (7).  

𝑅𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = √𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒
2𝜋

⁄
3

 (7) 

The state of charge of the thermal storage can be expressed in terms of the water temperature in the three layers. 

During the charging process, the flow inside the storage is downward from top to bottom (Fig. 2(a)). The ‘new’ 

hot water inflows at the top layer (if 𝑇𝑠 is higher than 𝑇1) while the ‘older’ cold water leaves from the bottom layer. 

The water flowing from layer 2 to layer 3, for example, is ‘new’ for layer 3, but old (from previous time) for layer 

2. The governing equations are derived accordingly using the energy balance that considers the mixing of water at 

different temperatures and the losses to the surrounding. Coefficients and approximation models are adapted are 

adapted from a TRNSYS® [46] models.  Equations (8) – (10) are used to update the temperatures at the three layers 

during charging phase.  

𝑇3(𝑡) = 
1

𝐶𝑝𝑚3

{𝐶𝑝𝑚̇∆𝑡 (𝑇2(𝑡−∆𝑡) − 𝑇3(𝑡−∆𝑡)) +
𝐴𝑐𝑘𝑤(𝑇2(𝑡−∆𝑡) − 𝑇3(𝑡−∆𝑡))∆𝑡

0.5(𝑍2 + 𝑍3)

− 𝐴𝑠3𝐾𝑠(𝑇3(𝑡−∆𝑡) − 𝑇𝑎(𝑡))∆𝑡 + 𝐶𝑝𝑚3𝑇3(𝑡−∆𝑡)} 

(8) 

𝑇2(𝑡) = 
1

𝐶𝑝𝑚2

{𝐶𝑝𝑚̇∆𝑡 (𝑇1(𝑡−∆𝑡) − 𝑇2(𝑡−∆𝑡)) +
𝐴𝑐𝑘𝑤(𝑇1(𝑡−∆𝑡) − 𝑇2(𝑡−∆𝑡))∆𝑡

0.5(𝑍1 + 𝑍2)

−
𝐴𝑐𝑘𝑤(𝑇2(𝑡−∆𝑡) − 𝑇3(𝑡−∆𝑡))∆𝑡

0.5(𝑍2 + 𝑍3)
− 𝐴𝑠2𝐾𝑠(𝑇2(𝑡−∆𝑡) − 𝑇𝑎(𝑡))∆𝑡

+ 𝐶𝑝𝑚2𝑇2(𝑡−∆𝑡)} 

(9) 

𝑇1(𝑡) = 
1

𝐶𝑝𝑚1

{𝐶𝑝 𝑚̇∆𝑡(𝑇𝑠 − 𝑇1(𝑡−∆𝑡)) −
𝐴𝑐𝑘𝑤(𝑇1(𝑡−∆𝑡) − 𝑇2(𝑡−∆𝑡))∆𝑡

0.5(𝑍1 + 𝑍2)
− 𝐴𝑠1𝐾𝑠(𝑇1(𝑡−∆𝑡)

− 𝑇𝑎(𝑡))∆𝑡 +  𝐶𝑝𝑚1𝑇1(𝑡−∆𝑡) } 

(10) 

For 𝑇2 < 𝑇𝑠 ≤ 𝑇1 is the incoming flow bypasses layer 1 and flows directly into layer 2. In that case, the 𝑚̇ term in 

equation (10) is replaced by zero and the term 𝐶𝑝𝑚̇∆𝑡 (𝑇1(𝑡−∆𝑡) − 𝑇2(𝑡−∆𝑡)) in the equation (9) becomes 

𝐶𝑝𝑚̇∆𝑡 (𝑇𝑠 − 𝑇2(𝑡−∆𝑡)). Similarly if 𝑇3 < 𝑇𝑠 ≤ 𝑇2, the inflow will directly get into layer 3. Hence, the 𝑚̇ terms in 

equations (9) and (10) are replaced with zeros and the term 𝐶𝑝𝑚̇∆𝑡 (𝑇2(𝑡−∆𝑡) − 𝑇3(𝑡−∆𝑡)) in equation (8) is changed 

into 𝐶𝑝𝑚̇∆𝑡 (𝑇𝑠 − 𝑇3(𝑡−∆𝑡)). 
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The temperatures at the three layers of the storage during the discharging phase are updated using equations (11)– 

(13). 

𝑇1(𝑡) = 
1

𝐶𝑝𝑚1

 {𝐶𝑝𝑚̇∆𝑡(𝑇2(𝑡−∆𝑡) − 𝑇1(𝑡−∆𝑡)) −
𝐴𝑐𝑘𝑤(𝑇1(𝑡−∆𝑡) − 𝑇2(𝑡−∆𝑡))∆𝑡

0.5(𝑍1 + 𝑍2)
− 𝐴𝑠1𝐾𝑠(𝑇1(𝑡−∆𝑡)

− 𝑇𝑎(𝑡))∆𝑡 +  𝐶𝑝𝑚1𝑇1(𝑡−∆𝑡)} 

(11) 

𝑇2(𝑡) = 
1

𝐶𝑝𝑚2

{𝐶𝑝𝑚̇∆𝑡(𝑇3(𝑡−∆𝑡) − 𝑇2(𝑡−∆𝑡)) +
𝐴𝑐𝑘𝑤(𝑇1(𝑡−∆𝑡) − 𝑇2(𝑡−∆𝑡))∆𝑡

0.5(𝑍1 + 𝑍2)

−
𝐴𝑐𝑘(𝑇2(𝑡−∆𝑡) − 𝑇3(𝑡−∆𝑡))∆𝑡

0.5(𝑍2 + 𝑍3)
− 𝐴𝑠2𝐾𝑠(𝑇2(𝑡−∆𝑡) − 𝑇𝑎(𝑡))∆𝑡

+ 𝐶𝑝𝑚2𝑇2(𝑡−∆𝑡)} 

(12) 

𝑇3(𝑡) = 
1

𝐶𝑝𝑚3

{𝐶𝑝𝑚̇∆𝑡(𝑇𝑟 − 𝑇3(𝑡−∆𝑡)) +
𝐴𝑐𝑘𝑤(𝑇2(𝑡−∆𝑡) − 𝑇3(𝑡−∆𝑡))∆𝑡

0.5(𝑍2 + 𝑍3)

− 𝐴𝑠3𝐾𝑠(𝑇3(𝑡−∆𝑡) − 𝑇𝑎(𝑡))∆𝑡 + 𝐶𝑝𝑚3𝑇3(𝑡−∆𝑡)} 

(13) 

The integrated load flow simulation is conducted on an hourly basis (i.e. ∆t = 1 hour). Hence, the temperature of 

water leaving the storage is required not to vary during each hour. This constraint is handled by limiting the total 

hot (cold) water-mass leaving the storage in each hour to be less or equal to the water-mass in each layer. In 

addition, after following a natural stratified heat flow during each hour, the water in each layer is fully mixed at 

the end of each hour. 

 Network power flow equations 

Each energy hub, as shown in Fig. 1, interact with the multicarrier distribution network so that any surplus is 

injected into the network and any shortage is compensated by importing from the network. The power injected 

into the network is further expressed in terms of distribution network’s physical and operating parameters that 

govern the power flows in the respective distribution networks. In that way, a given energy hub interacts with all 

other hubs and allows bidirectional power flows. 

3.1.2.1 Electricity flow model 

The electricity flow model defines the pu active and reactive power injections from a given bus 𝑘 as a function of 

all nodal voltages and line parameters, as shown in equations (14) and (15) respectively [47]. 

𝑃𝑒𝑝(𝑘) = ∑|𝑉𝑘|

𝑁

𝑗=1

|𝑉𝑗|(𝐺𝑘𝑗𝑐𝑜𝑠𝜃𝑘𝑗 + 𝐵𝑘𝑗𝑠𝑖𝑛𝜃𝑘𝑗) (14) 
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𝑃𝑒𝑞(𝑘) = ∑|𝑉𝑘|

𝑁

𝑗=1

|𝑉𝑗|(𝐺𝑘𝑗𝑠𝑖𝑛𝜃𝑘𝑗 − 𝐵𝑘𝑗𝑐𝑜𝑠𝜃𝑘𝑗) (15) 

where 𝜃𝑘𝑗  is the voltage angle difference between bus k and bus j; 𝐺𝑘𝑗 + 𝑗𝐵𝑘𝑗 = 𝑌𝑘𝑗 is an element of the network 

admittance matrix, |𝑉𝑘| is the voltage magnitude at bus 𝑘 and 𝑁 is the total number of buses. 

3.1.2.2 Thermo-hydraulic model 

The thermo-hydraulic model describes the conservation of mass and energy in the heating network. The hydraulic 

model is expressed using pipe equations. This model consists of nodal mass conservation and pipe pressure drop 

equations, which are given by equations (16) and (17), respectively [33]. 

∑(𝑎𝑙𝑙 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤𝑠 𝑖𝑛𝑡𝑜 𝑡ℎ𝑒 𝑛𝑜𝑑𝑒) = ∑(𝑎𝑙𝑙 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤𝑠 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑡ℎ𝑒 𝑛𝑜𝑑𝑒) (16) 

𝐻𝑗 − 𝐻𝑖 = (𝑠𝑖𝑔𝑛)𝑘𝑖𝑗|𝑚̇𝑗𝑖|
2

= 𝑘𝑖𝑗𝑚̇𝑗𝑖|𝑚̇𝑗𝑖| (17) 

where 𝐻𝑗 and 𝐻𝑖  are the hydraulic heads at nodes 𝑗 and 𝑖 respectively while 𝑚̇𝑗𝑖 is the mass flow rate flowing from 

node j to node 𝑖; 𝑘𝑖𝑗 is the pressure resistance coefficient of the corresponding pipe. 

The thermal model, on the other hand, is defined by nodal heat power injections, nodal conservation of energy and 

temperature drop across each pipe. The nodal heat power injected from hub 𝑖 is the amount of heat supplied from 

a given hub 𝑖 into the network, which is given by equation (18). 

𝑃ℎ(𝑖) = 𝐶𝑝𝑚̇(𝑖)(𝑇𝑠(𝑖) − 𝑇𝑟(𝑖)) (18) 

where 𝑚̇(𝑖) is the mass flow rate of water injected from hub 𝑖 into the network (on the supply side) while 𝑇𝑠(𝑖) and 

𝑇𝑟(𝑖) are its temperatures on the supply and return sides, respectively. 𝐶𝑝 is the specific heat capacity of water. 

The conservation of energy at each node 𝑗 (assuming complete mixing of water flows) is given by equation (19). 

∑ 𝑇𝑗(𝑝)𝑚̇𝑝

𝑝 𝜖 𝑝𝑖𝑝𝑒 𝑓𝑙𝑜𝑤𝑠 
 𝑔𝑜𝑖𝑛𝑔 𝑖𝑛𝑡𝑜 𝑛𝑜𝑑𝑒 𝑗

= 𝑇𝑗(𝑜𝑢𝑡) ∑ 𝑚̇𝑝

𝑝 𝜖 𝑝𝑖𝑝𝑒 𝑓𝑙𝑜𝑤𝑠
 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑛𝑜𝑑𝑒 𝑗

 

 
(19) 

where 𝑇𝑗(𝑝) is the temperature of water in pipe 𝑝 going into node 𝑗 while 𝑇𝑗(𝑜𝑢𝑡) is the temperature of outgoing 

flows from node 𝑗. The 𝑚̇𝑝 term stands for the flow rate in pipe 𝑝. 

The inlet and outlet temperatures of water for each pipe 𝑝 are related using equation (20). 
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𝑇𝑗(𝑝) = 𝑇𝑎 + (𝑇𝑖(𝑝) − 𝑇𝑎)𝑒𝑥𝑝 (−
𝑈2𝜋𝑅𝑜𝐿

𝐶𝑝𝑚̇𝑝(𝑖𝑗)

)  (20) 

where 𝑇𝑖(𝑝) and 𝑇𝑗(𝑝)  are the inlet and outlet water temperatures of pipe 𝑝 connecting nodes 𝑖 and 𝑗, respectively, 

while 𝑇𝑎 is the soil temperature at the surface of the pipe. 𝑚̇𝑝(𝑖𝑗) is the flow rate in the pipe in the direction of 𝑖 to 

𝑗. 𝑈 is the overall heat transfer coefficient between the water in the pipe and the surrounding soil. 𝑅𝑜 is the outer 

radius of the pipe jacket and 𝐿 is the length of the pipe.  

All of the thermo-hydraulic quantities are expressed in a common pu system so that they can be solved 

simultaneously with the electricity flow and coupling equations. The derivation of the common pu system can be 

referred from [40].  

 Population-based optimization 

The objective of the optimization is to lower the operating cost of the overall system by optimally scheduling the 

charging and discharging of the thermal storage in the presence of intermittent renewable energy source and 

variable electricity price signal together with the full consideration of the electricity and heat distribution networks’ 

parameters. As the problem is highly nonlinear and nonconvex, a metaheuristic optimization algorithm is proposed 

in this paper. 

 Objective function 

The objective function of the integrated optimal power flow is minimization of the daily operating cost of the 

MES, which is defined using equation (21). The operating cost is the sum of all costs of local generations and 

imports of heat, electricity and fuel (equation (22)).  

ℱ = 𝑚𝑖𝑛 { ∑ (𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡)ℎ𝑜𝑢𝑟

24

ℎ𝑜𝑢𝑟=1

} (21) 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 = ∑ 𝐶𝑃ℎ𝑔

ℎ𝑢𝑏𝑠

+ ∑ 𝐶𝑃𝑒𝑙𝑔

ℎ𝑢𝑏𝑠

+ ∑ 𝐶𝑃𝑓𝑔

ℎ𝑢𝑏𝑠

± 𝐶𝑃ℎ(1) ± 𝐶𝑃𝑒𝑙(1) (22) 

where 𝐶𝑃ℎ𝑔 and 𝐶𝑃𝑒𝑙𝑔 are the costs of locally generated heat and electricity, respectively, while 𝐶𝑃𝑓𝑔 refers to the 

fuel consumed by the coupling technologies at different hubs. The terms, ±𝐶𝑃ℎ(1) and ±𝐶𝑃𝑒𝑙(1) refers to the cost 

of heat and electricity imported (positive) or exported (negative) at the slack hub, respectively.  

In literature, the total electricity consumption of the circulation pumps is very small when compared to the total 

electrical demand in the system [17]. Hence, their impact on the operational parameters of the electricity network 
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can be neglected. However, in a thermo-economic optimisation, when supply temperatures are reduced to 

minimize the heat distribution loss, the mass flow rate circulating in the network rises. Consequently, the increase 

in the electricity consumption of the circulation pumps may cost-wise compete with the decrease in the heat loss. 

Hence, the pumping cost is considered as part of the imported electricity at the slack hub. 

The circulation pumps serve two purposes. The first is to overcome the frictional and local pressure losses in the 

heating network while the second is to guarantee the minimum pressure difference required between the supply 

and the return pipes on the primary side of a remote consumer substation. The corresponding electricity 

consumptions are calculated using equation (23) (first and second terms on the right hand side, respectively).  

𝑃𝑒𝑙(𝑝𝑢𝑚𝑝𝑖𝑛𝑔) = (1 + 𝐶𝑙𝑜𝑐) ∗ ∑
𝑔 ∗ |∆𝐻𝑝 ∗ 𝑚̇𝑝|

𝜂
𝑝 ∈ 𝑎𝑙𝑙 𝑝𝑖𝑝𝑒𝑠

+ ∑ (
𝑔 ∗ ∆𝐻𝑐

𝜂
|𝑚̇𝑐|)

𝑐 ∈ 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟𝑠

 (23) 

where 𝑃𝑒𝑙(𝑝𝑢𝑚𝑝𝑖𝑛𝑔) is the active electric power consumed by circulation pumps; 𝑔 is the gravitational acceleration; 

∆𝐻𝑝 is the frictional head loss on a pipe 𝑝 (assuming straight pipe); |𝑚̇𝑝| is the magnitude of the mass flowrate in 

the pipe; 𝜂 is efficiency of the circulation pump (it is assumed to be 80%); 𝐶𝑙𝑜𝑐  is a fraction to take the local 

pressure losses due to valves and junctions into account; ∆𝐻𝑐 is the hydraulic head difference at the consumer 

substation in meter while |𝑚̇𝑐| is the magnitude of mass flow rate on the primary side of the substation. In this 

paper, the values of 𝐶𝑙𝑜𝑐  and ∆𝐻𝑐  are assumed to be 0.3 and 5.1 m (≈ 50 𝑘𝑃𝑎), respectively [48].  

 Equality and inequality constraints 

The integrated load flow model that governs the heat and electricity distribution networks is used as a main equality 

constraint in the optimisation. Hence, equations (1) – (20) serve as equality constraints for the optimization 

problem. In addition, the following inequality constraints are considered: the voltage limit at each bus (equation 

(24)), the limit on line current (equation (25)), maximum allowed mass flow in each pipe (equation (26)), the limit 

on the supply temperatures of heat-source hubs (equation (27)) and the limit on the return temperatures of heat 

consuming hubs (equation (28)).  

𝑉𝑚𝑖𝑛 ≤ |𝑉𝑘| ≤ 𝑉𝑚𝑎𝑥  (24) 

0 ≤ |𝐼𝑖𝑗(𝑟𝑚𝑠)| ≤ 𝐼𝑚𝑎𝑥  (25) 

0 ≤ |𝑚̇𝑖𝑗| ≤ 𝑚̇𝑚𝑎𝑥  (26) 

𝑇𝑠(𝑚𝑖𝑛) ≤ 𝑇𝑠(𝑘) ≤ 𝑇𝑠(𝑚𝑎𝑥), for net-heat-source hubs (27) 
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𝑇𝑟(𝑚𝑖𝑛) ≤ 𝑇𝑟(𝑘) ≤ 𝑇𝑟(𝑚𝑎𝑥), for net-heat-consuming hubs (28) 

 Optimization algorithm 

Thermal storages can be operated using rule-based strategies [18]. The rules are usually defined based on the 

conditions at a given instant of time. As a result, they are not able to capture any forthcoming opportunity. The 

opportunity can be due to variable tariffs and/or surplus production from renewables. In order to exploit such 

opportunities, the rules themselves need to be optimized considering a given time horizon. These kinds of problems 

are usually tackled using model predictive control (MPC) algorithms [49]. The time horizon should be short 

enough to reduce the computational cost, but also long enough to capture all possible opportunities.  

Hot water thermal storage tanks are usually designed for shaving the heat demand and capturing the cheap 

electricity prices that occur during the day [50]. In that regard, a time horizon of 24 hours is considered to 

demonstrate how the synergy of heat and electricity distribution networks can be exploited. Hence, a population-

based optimisation technique is implemented in the form of MPC algorithm with a fixed window. Optimisation 

over a longer period with the consideration of uncertainties in generation and demand forecast can be implemented 

by easily adapting the proposed method with a sliding window, which is beyond the scope of this paper.  

The proposed population-based optimisation algorithm is illustrated in Fig. 3. It start by taking input data that 

describes the topology and parameters of both the heating and electricity distribution networks. Based on the input 

data, the integrated load flow problem is formulated and the decision variables are identified. This is followed by 

a structure definition of the population-based optimisation algorithm. Each of the 𝑁 candidates in the population 

contain the hourly decision variables cascaded over the 24-hours horizon. To evaluate the fitness of each candidate, 

the values of the decision variables for each hour are extracted. Then, the integrated load flow model (discussed 

in Section 3.1) is simulated on an hourly-basis. This includes simulation of the thermal storage at each hour. Hourly 

operating costs are then calculated. Penalty factors are taken into account for any violation of the constraints. The 

sum of the operating cost over the 24 hours gives the fitness of the candidate. Once all the candidates have gone 

through such similar steps, the global best candidate and the global best fitness value are updated by comparing 

the best fitness of all the candidates with the previous global best fitness value. Then the candidates update their 

position in the search space using their personal best and global best positions as input. That is followed by fitness 

evaluation and then updating the global best fitness value. The iteration continues until the optimality condition is 

satisfied or the maximum iteration is reached. In this paper a particle swarm optimization (PSO) technique, which 

was introduced in [51], is used to implement the proposed population-based algorithm. 
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Determine the number of decision variables 

(Nvar) for each hour
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Input data about network topology, 

coupling technologies, demand and 

renewable generation forecasts

Extract the decision variables for hour h

Run the integrated load flow for hour h

Candidate i fitness = sum (hourly operating costs); 

update candidate s  best fitness value

Update global best fitness value

Is iter < Max 

?

h = h+1

Update the 

candidates 

Optimal solution is found for the 24 hours

No

Yes

i = i + 1

Yes

For each candidate i, set hour h = 1

Randomly initialize all the candidates; set iteration iter  = 1

Calculate the hourly operating cost including 

penalties for constraint violations 

Define a population of N candidates each having 24*Nvar 

decision variables; Define maximum iteration (Max)

Is h < 24 ?

No

Is i < N ?

No

For each iteration start with the first candidate: set i  = 1

iter = iter + 1

Simulate the thermal storage model

 
Fig. 3. A population-based operational optimisation of coupled electricity and heat distribution networks with a 

thermal storage. 
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4 Case study 

A hypothetical energy system consisting of 13-hubs, as shown in Fig. 4, is considered to test the proposed models 

and methods. A thermal storage is installed at hub 1, a HP at hub 2, a wind power plant at hub 5, a gas boiler at 

hub 6 and a CHP at hub 10. Hub 1 is also used as a slack hub where interaction with the electricity grid takes place. 

The analysis is repeated by removing the thermal storage. 
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Fig. 4. Layout of a 13-hubs combined heat and electricity distribution network. 

 Input parameters and assumptions 

Although the selected case study has a hypothetical topology, realistic input data and parameters are used wherever 

they are available. The rest are assumed within the range of typical values. 

 All the heating network pipes are assumed to be DN-50 type with standard insulation, data taken from 

[52]. To avoid noise and wearing in the pipes, the water speed inside the pipes should not exceed 3.5 m/s 

[48]. This implies an upper bound flowrate limit of 7.85 kg/s for all DN-50 pipes. The water in the heating 

network pipes is assumed to be incompressible with constant density (982.6 kg/m3), specific heat capacity 

(4.185 kJ/kgK), viscosity (485 µNS/m2) and conductivity (0.6516 W/mk). 

 The electricity network is a balanced 4.16 kV three-phase system. All transmission lines are ACSR 

Waxwing type with resistance, reactance, susceptance and ampacity values of 0.262 Ω/km, 0.386 Ω/km, 

4.31 µS/km and 480 A, respectively [53]. The allowed nodal voltage range is between 0.95 and 1.05 per 

unit.  
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 The CHP plant has a gas intake capacity of 538 kW, and its thermal and electrical efficiencies are 49 % 

and 37 %, respectively [54]. It runs at unity power factor.  

 The gas boiler can take a maximum of 300 kW of gas with a thermal efficiency of 90 %.  

 The HP is rated at 200 kWe with a 0.9 lagging power factor. Its COP is taken to be 4.0.  

 A wind power plant of type Winflow (500 kW) running at unity power factor is considered. Its output is 

forecasted using HOMER [19]. The operating cost of the wind power plant is neglected. 

 The price of gas is 0.064 €/kWh. Two price levels are considered for grid electricity (for active power): 

0.15 €/kWh during the cheap hours (23:00 – 06:00) and 0.2 €/kWh during the expensive hours (07:00 – 

22:00), respectively. These prices are rough approximations of the French market for 2020.  

 A supply temperature ranges of 65 – 95 °C is assumed for all hubs injecting heat into the network. In [29], 

it has been shown that the lowest possible value of the return temperature at heat consuming hubs is 

always selected in the optimisation. Hence, a fixed return temperature of 35 °C is assumed at all heat 

consuming hubs, except the slack hub where the storage is installed. The temperature at any place on the 

heating network is not allowed to fall below 15 °C.  

 A 40 m3 thermal storage is considered with 1.1189 W/m2K loss factor [46]. Its initial temperature is 

assumed to be uniform and equal to 35 °C.  

 In order to investigate the full capacity of the thermal storage, the heating network is assumed to be in 

islanded mode. As a result, there are no import and export possibilities in the heating network. The 

electrical network, on the other hand, can import from the external grid. But, the incentives for feeding 

in excess production is assumed to be zero.  

 Load and wind generation profiles 

All, but hubs 1 and 5, have both electricity and heat demands. Fig. 5 shows the hourly heat and active electric 

power demands at different hubs for a typical winter day in February. The heat demand profiles are taken from 

measurement in the Nantes DHN. Then, the electricity load profiles are generated using a linear correlation 

between the heat and electricity demands of residential buildings in a similar weather, which are available online 
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at Open Energy Information database [55]. All connected electrical loads are assumed to have a 0.95 lagging power 

factor. 

        
(a)                                                                              (b) 

Fig. 5. Demand profiles at different hubs: (a) heat power and (b) active electric power. 

The soil temperature (data taken from [56]), the total demand and the wind generation for the given day are plotted 

in Fig. 6 together with the price signal of grid electricity. It can be observed from Fig. 6 that the peak heat and 

electricity demands occur at different times. The heat demand peaks (1164.7 kW) at 9:00 while the active and 

reactive power demands reach their peaks (858.55 kW and 281.6 kvar, respectively) at 21:00. The daily residential 

demands of heat, active and reactive powers are 20.228 MWh, 9.335 MWh and 3.062 Mvarh, respectively. The 

electricity demands, however, do not take the consumption of the HP into account. The additional electricity 

demands due to the operation of the HP are discussed in Section 5.2.  

Fig. 6 also shows that the active power generated from the wind generation, with zero cost, is higher than the active 

power demand during the hours 11:00 – 17:00. The surplus amounts 1.176 MWh, which accounts for 20.37 % of 

the total production (5.772 MWh) of the wind power plant. In addition, during the off-peak hours, the grid 

electricity price is relatively cheaper, as shown in Fig. 6(c). The integrated optimisation is conducted to exploit 

such opportunities by finding out the synergy of the heating and the electricity energy systems, which could be 

otherwise impossible. 
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Fig. 6. Profiles of (a) soil temperature, (b) total active, reactive and heat power demands, and wind turbine power 

generation and (c) price of electricity from the grid for a typical winter day.  

 Scenarios and decision variables 

In order to quantify the synergy obtained from thermal storage integration, two scenarios are defined as follows: 

I. In the first scenario, the system is run without a thermal storage.  

II. The thermal storage is considered in the second scenario.  

The values of six main decision variables for each hour are determined directly by the optimisation algorithm. 

Three of them are for the dispatches of the CHP, the HP and the gas boiler while the other three are for the supply 

temperatures at the corresponding hubs. In addition, there are four more decision variables that are evaluated 

indirectly from the other decision variables using the integrated load flow model. Two of them are the supply 
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temperature and the heat power going to/from the storage while the other two are the active and reactive power 

imports at the slack hub. 

5 Results and discussions 

Selected results are discussed in this section. First the energy balance and selected operating parameters of the 

DHN are discussed, followed by a discussion on the energy balance and selected operating parameters of the 

electricity distribution network. Finally, a summary of results at the system level is presented. 

 Energy balance and operating parameters of the heating network  

The heat generated from the CHP (𝑃ℎ
𝐶𝐻𝑃), the HP (𝑃ℎ

𝐻𝑃) and the gas boiler (𝑃ℎ
𝐵𝑜𝑖𝑙𝑒𝑟) in the two scenarios are shown 

in Fig. 7. The CHP is running at full capacity during all hours except between 11:00 – 18:00 in Scenario I and 

between 11:00 –17:00 in Scenario II. The hours 11:00 – 17:00 correspond to the interval when the electricity 

generation from the wind turbine is higher than the active electricity demand (see 𝐸𝑥𝑐𝑒𝑠𝑠 𝑃𝑒𝑝𝑔(𝑤𝑖𝑛𝑑) in Fig. 7) 

while hour 18:00 is when the heat demand is at it its lowest value. 

For the system without a thermal storage, as shown in Fig. 7(a), the CHP and the HP are used most of the time 

(between hours 1:00 – 7:00, 17:00 – 21:00, at 23:00 and at 24:00). Combinations of the gas boiler, the HP and the 

CHP are used between 8:00 – 13:00, at 15:00 and at 22:00. At hour 16:00, the HP is used alone while the HP and 

the gas boiler are used together at hour 14:00. 

The terms 𝑃ℎ
𝑠𝑡𝑜𝑟𝑒𝑑 and 𝑃ℎ

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑑
 in Fig. 7(b) refer to the charging and discharging heat power flows to and from 

the storage, respectively. The figure also shows that the gas boiler is completely avoided, and the peak-hour heat 

demands are effectively shifted to the hours at which there is cheap electricity. It also shows that there is higher 

discharge from the thermal storage at hour 9:00. This hour corresponds to the peak heat demand, expensive grid 

electricity and no surplus from the wind turbine. Hence, the CHP generates heat and electricity at its full capacity. 

Part of the electricity is used to supply the electricity demand and the remaining is used to run the HP. Any deficit 

is then covered by discharging the thermal storage. 

The HP runs at/near to its full capacity during hours 14:00 and 16:00 in Scenario I (Fig. 7 (a)). This is due to the 

higher surplus of electricity from the wind turbine at these hours (200.4 kW and 225.6 kW, respectively). As a 

result, the HP runs at its maximum capacity consuming 200 kW of the excess production. The left overs, 0.4 kW 

and 25.6 kW of active powers, are used by the circulation pumps (which require 1.9 kW and 1.04 kW respectively). 
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Accordingly, there will be 24.56 kW of net surplus electricity at hour 16:00. The heat produced from the HP at 

hour 16:00 is sufficient to cover the demand and the loss. However, additional heat is required at 14:00 to 

compensate the distribution loss (nearly 80 kW as shown in Fig. 8). As the electricity demand is already met, the 

gas boiler is opted over the CHP for its higher thermal efficiency to cover the heat deficit. This implies that the 

economic dispatch of the technologies at a given hour depends on the heat and electricity demands, the price of 

the different energy carriers and their availability. 

        
(a)                                                                                          (b) 

Fig. 7. Heat generation and consumption: (a) without a thermal storage (b) with a thermal storage. 

The comparison of the two scenarios in terms of heat loss is illustrated in Fig. 8. The figure shows that integration 

of a thermal storage resulted in an increase of heat loss which is in agreement with [13]. This can be further 

investigated by looking the temperature profiles of the thermal storage and the heating network.  

The charging and discharging evolution of the thermal storage is illustrated in Fig. 9. The left axis shows the stored 

energy (in blue) as a measure of the state of charge while the right axis shows the temperatures at different layers 

(in red). The stored energy is calculated by taking 35 °C as a zero reference. It can also be observed that the thermal 

storage was fully discharged twice in the 24 hours. The negative values of stored energy, at some hours after the 

storage is fully discharged, are caused by the temperature drops below 35 °C due to the heat loss to the surrounding 

soil. On the other hand, the temperature at the top layer is always below the maximum of 95 °C (maximum 

temperature in the system). This shows that the storage did not yet reach its full capacity.  

The temperature profiles of selected hubs are shown in Fig. 10. Hubs 1, 2, 6 and 10 correspond to the location of 

the thermal storage, the HP, the gas boiler and the CHP, respectively. It can be seen from Fig. 10(a) that the supply 

temperatures are close to 65 °C most of the time. For some hours, however, the supply temperatures of hubs 6 and 
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10 drop slightly below 65 °C. At those hours, the hubs are acting as a net-heat consumer. Hence, their return 

temperatures are fixed at 35 °C, as shown in Fig. 10(a), and their supply temperatures are determined from the 

network. 

 
Fig. 8. Heat loss comparison between the two scenarios. 

 
Fig. 9. The state of charge and temperature profiles at different layers of the thermal storage. 

       
 (a)                                                                                         (b) 

Fig. 10. Supply and return temperature profiles at selected hubs: (a) without a thermal storage and (b) with a 

thermal storage. 
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Fig. 10(b), on the other hand, shows that the source temperatures are near to 95 °C while the storage is charging 

(for example between 1:00 – 7:00). There is also a corresponding rise in the return temperature for hubs 1 and 2 

above 35 °C. 

The results from Fig. 9 and Fig. 10 imply that the optimal supply temperatures of the heat sources are relatively 

higher in a DHN with a thermal storage. That higher temperature profile enables the storage to save more heat and 

discharge at higher temperature. The higher the temperature, on the other hand, means the higher the distribution 

loss.  

The pipe flows for the two scenarios are shown in Fig. 11. All the pipe flows are below the acceptable limit of 

7.85 kg/s. It can be seen that the flowrate in Pipe 3-5 is always zero in both scenarios. It is because of zero heat 

demand connected at Hub5. The flow in Pipe 2-10 changes between negative and positive in both scenarios, though 

at different magnitudes. The flow arte in Pipe 1-2 is almost zero all time in Scenario I indicating negligible heat 

flow to the slack hub (see Fig. 11(a)). However, there is high flow rate (oscillating between negative and positive 

values) in the same pipe for scenario II corresponding to the charging and discharging of the thermal storage. 

    
(a)                                                                (b) 

Fig. 11. Pipe flows after thermo-economic optimisation: (a) without a thermal storage and (b) with a thermal 

storage. 

 Energy balance and operating parameters of the electricity network 

The active and reactive power production and consumption for the two scenarios are shown in Fig. 12 and Fig. 13. 

The terms 𝑃𝑒𝑝𝑔(𝑤𝑖𝑛𝑑) and 𝑃𝑒𝑝
𝐶𝐻𝑃 refer to the active electric power generated by the wind turbine and the CHP, while 

𝐿𝑒𝑝
𝐻𝑃 and 𝐿𝑒𝑞

𝐻𝑃 represent the active and reactive power consumptions of the HP, respectively. As discussed in the 

previous section, the surplus of electricity at hour 16:00 is because of the limit in the capacity of the HP. Comparing 

Fig. 12(a) and Fig. 12(b), it can be seen that the system with a thermal storage has imported more active electricity 
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from the grid during the cheap hours 1:00 – 7:00. The excess electricity is converted into heat by the HP and is 

used to charge the thermal storage (see Fig. 7(b)). As the HP is running at lagging power factor, more reactive 

power is imported in the corresponding hours as shown in Fig. 13(b).  

          
(a)                                                                                 (b)  

Fig. 12. Active electricity generation and consumption: (a) without a thermal storage and (b) with a thermal 

storage. 

         
(a)                                                                              (b) 

Fig. 13. Reactive electricity generation and consumption: (a) without a thermal storage and (b) with a thermal 

storage. 

Fig. 14 shows the active and reactive power losses, which are very low in both scenarios relative to the total 

demand. Having short transmission lines at a relatively high voltage level is the main contributing factor for such 

low distribution losses. Both the active and reactive power losses are relatively higher during the hours at which 

the CHP (as a distributed generation) is turned off.  

The voltage profiles are also very close to unity in both scenarios, as shown in Fig. 15. Hub 1 is a reference hub 

and its voltage is fixed at 1 pu. Hub 5 is where the wind power plant is installed. Hence, its voltage magnitude 

follows the output pattern of the wind generation. As a result, it is the same in both scenarios. Slight differences, 
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however, can be observed for hub 10 at hours 17:00 and 18:00 during which the CHPs in the two scenarios are 

dispatched at different levels (see Fig. 12). 

 
Fig. 14. Active and reactive power losses for the two scenarios. 

         
(a)                                                                  (b) 

Fig. 15. Voltage profile at different hubs: (a) without a storage and (b) with a storage. 

The root mean-square-values of current flows in each branch are illustrated in Fig. 16. All line currents are far 

below the maximum limit of 480 A. For better clarity, flows in Line 1-2, Line 2-3 and Line 3-5 are identified with 

markers. It can be seen that the current profiles in the two scenarios look alike except for Line 1-2. Line 1-2 is a 

branch through which the system interacts with the external electric grid. The current through Line 1-2 for the two 

scenarios differ, for example, during the hours at which the thermal storage is charging. As it can be referred from 

Fig. 7(b), the thermal storage is charging during the hours 1:00 – 7:00 and 17:00 – 19:00. Furthermore, Fig. 12 

shows that the system is importing active electricity from the grid in both scenarios during these hours. Thus, a 
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storage charging at these hours means additional electricity has to be imported and converted into heat using the 

HP. This means that the system with a thermal storage is importing more active electricity during these hours (also 

shown in Fig. 12). This power has no other paths than Line 1-2. As a result, there is higher current flows in Line 

1-2 for the system with a thermal storage (Fig. 16(b)) than the system without a thermal storage (Fig. 16(a)). 

       
(a)                                                                               (b) 

Fig. 16. Root-mean-square values of current flows through the transmission lines: (a) without a thermal storage 

and (b) with a thermal storage. 

 Overall system summary 

Table 2 compares the system with and without a thermal storage using key parameters of the overall energy system. 

One of the results that shows the synergy of the heating and electricity networks is the amount of renewable-

curtailment avoided. This is, equivalently, the amount of surplus renewable generation that is used in the system. 

Out of the 1.176 MWh surplus of electricity generated by the wind power plant (see Section 4.2), 97.90 % (with 7 

kWh unused heat) is effectively used in the system without a thermal storage. Similarly, 97.96 % (with zero excess 

heat) of the curtailment is avoided in the system with a thermal storage. Only 24.66 kWh and 23.98 kWh of surplus 

wind generations are left unused, respectively (see Table 2).  

Table 2 also shows that the total gas consumption is reduced from 10877.5 kWh to 9852.6 kWh. This shows, 

roughly, a reduction of 9.45 % carbon emission. Furthermore, the thermal storage added flexibility by delivering 

2094.5 kWh (about 10.35 % of the total heat demand). Its efficiency can be calculated by taking the ratio of 

discharged energy to the stored energy, which gives 99.17 %. 

It can also be seen from Table 2 that the system with a thermal storage exploited the cheap hours of the electricity 

price signal, as it is indicated by higher imported electricity (both active and reactive) from the grid.  
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In agreement with [13], the distribution loss in the heating network with a thermal storage is higher than the system 

without a storage (see Table 2). The reason is the requirement of higher temperature to charge the storage. The 

higher electricity consumption of circulation pumps in the system without a storage also indicates the presence of 

higher flow rate in the pipes caused by lower supply temperatures. However, there is no significant difference on 

the electricity distribution losses. 

In terms of daily operating cost, the system with a thermal storage shows 2.03 % reduction. If it is taken alone, the 

economical saving for the particular day is not very high. However, considering the added flexibility in peak 

shaving together with the reduction in gas consumption, the thermal storage is still worthy to consider. Moreover, 

the results are only for a single day to illustrate the capacity of the tool. Annual optimisation should be combined 

with financial analysis of the whole system over its entire life span in order to determine the feasibility of thermal 

storage integration for the given case study, which is outside the scope of this paper.  

Table 2: Summary of the optimisation results for the two scenarios. 

Performance indicators Without a thermal storage With a thermal storage (change) 

Total heat lost (kWh) 1900 2243 (18.1% ↑) 

Electricity consumption of circulation pumps (kWh) 35.96 22.43 (38.1% ↓) 

Total active electricity lost (kWh) 30.59 30.64 

Total active electricity imported (kWh) 4109.9 4392.4 (6.9% ↑) 

Surplus active electricity (kWh) 24.66 23.98 

Reactive electricity imported (kvar) 5077.9 5238.4 

Unused heat (kWh) 7.03 0.0 

Stored heat (kWh) 0.0 2112.1 (10.4% of demand) 

Discharged heat (kWh) 0.0 2094.5 

Gas used at the CHP and boiler (kWh) 9739.9 + 1140 9852.6 + 0 (9.5% CO2 ↓) 

Total operating cost (€) 1456.4 1426.8 (2.03% ↓) 

6 Conclusion 

In this paper, the capacity of the EEH modelling approach is demonstrated in capturing the synergy between 

electricity and heat distribution networks. Optimal electric and heat power flows are determined using a 

population-based optimisation algorithm. For illustration, a district energy system consisting of a wind power 

plant, a CHP, a HP, a gas boiler, and a thermal storage is considered together with a variable electricity tariff. 

Thermo-economic optimisation is then conducted using two scenarios: with and without the consideration of the 

thermal storage. 

 In both scenarios, above 97% of the surplus production from the wind power plant is effectively used in 

the system due to the HP that couple the two distribution networks.  
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 Integration of the thermal storage, as compared with a system without a thermal storage, increased the 

heat distribution loss by 18 % due to the rise in the supply temperatures of the DHN while charging. 

 The system with a thermal storage imported 6.9% more active electric power exploiting the cheap hours. 

 As a result, the operating cost of the system with a thermal storage is found to be 2.03 % lower. 

 The thermal storage also reduced the carbon emission by 9.45%.  

 In addition, the thermal storage added flexibility by shifting 10.35% of the heat demand from the peak 

hours toward the cheap-electricity hours. 

It can be concluded that the EEH modelling and optimization approach is very effective in capturing the synergy 

between electricity and heat distribution networks and in quantifying the added flexibility that can be obtained 

from thermal storage integration. The methodology presented in this paper is flexible and easily scalable for larger 

systems and longer periods.  

The paper also sheds light on the integration of smart grid and smart thermal networks. Simulation horizons longer 

than 24 hours and having uncertainties in the demand and generation forecast can be handled by incorporating an 

MPC algorithm with a sliding window. Other optimization algorithms can also be applied and compared with the 

results found in this paper. Further research can be done by considering investment cost at planning phase and 

variable efficiencies of technologies at partial loading. The methods can also be used as a base to study larger 

distribution networks with distributed thermal and electrical storage systems.  
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