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Summary of the delieverable 

The main objective of this working package is to develop optimal dispatch and online control 

algorithm for integrated energy systems. 

Integrated energy systems are systems consisting of more energy subsystems. In this report, district 

heating system, natural gas system and electric power system are integrated by coupling components. 

The coupling components are linking units between one or more subsystems. 

In the first part of the report, mathematical models of integrated energy system, i.e. district heating 

system, natural gas system and electric power system, are developed. The models are based on the Danish 

case study for 2035 and 2050.  

In the second part, the Danish energy system models for 2035 and 2050 are given. 

In the third part of the report, the scheduling of Danish integrated energy system is performed. Firstly, 

the day-ahead optimal dispatch is developed for integrated Danish energy system. As the high installed 

capacity of renewable energy source is predicted in the future, the day-ahead schedule is no longer the 

optimal and feasible solution for the real-time operation due to the intermittent nature of renewable 

energy source. Thus, an optimal dispatch framework for real-time operation is designed based on model 

predictive control. Model predictive control is an online control applied for short-term dispatch. Based on 

the measured updated values, the future states of the system are predicted for a specified prediction 

horizon. Model predictive control makes the optimal scheduling for the current time step based on the 

measured updated values and future prediction of the uncertainties. Only the first step of the prediction 

horizon is applied.  

Finally, the real-time scheduling based on the model predictive control ensures the cost and energy 

efficient energy system while minimizing the deviation from the day-ahead schedule. Integration of 

multiple energy systems provides the flexibility needed for the future Danish energy system. The summary 

and recommendations are given at the end of the document. 
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Notation and Symbols 

Symbol Description Unit 

Sets 

ɱ Ⱦ ȾȾ  Set of nodes in EPS/DHS/NGS 

ɱ  Set of CHP at node n 

ɱ  Set of demand response units at node n 

ɱ  Set of flexible heat producer units at node n 

ɱ
Ⱦ

 Set of electric boilers and heat pumps at node n 

ɱ  Set of electric demand at node n 

ɱ  Set of gas compressors at node n 

ɱ  Set of gas demand at node n 

ɱ  Set of gas sources at node n 

ɱ  Set of heat demand at node n 

ɱ  Set of hot water tanks at node n 

ɱ  Set of interconnections at node n 

ɱ  Set of gas interconnections at node n 

ɱ  Set of P2G at node n 

ɱ  Set of gas storages at node n 

ɱ  Set of thermal energy storages at node n 

ɱ  Set of wind farms at node n 

ὑ Set of time steps in scheduling horizon 
Constants 

 Natural gas specific gravity - 

ʂ  Energy conversion efficiency of EB  

–  Compression efficiency of GC  

ʂ ȟ Energy conversion efficiency to gas of P2G  

ʂ ȟ Energy conversion efficiency to heat of P2G  

–ȟ  Pipeline efficiency  

ʇ  Energy consumption coefficient of GC  

ὄ  Susceptance of EPS transmission line pu 

ὅ Constant for calculation of  ὅ   

ὅ  Power-to-heat ratio  

ὅ ȟὅ ȟ Marginal cost of electricity for producing heat by EB and HP DKK/MWh 

ὅ  Value of lost load DKK/MWh 

ὅ  Marginal cost of producing gas by gas source DKK/MWh 

ὅ  Cost for export electricity DKK/MWh 

ὅ  Cost for import electricity  DKK/MWh 

ὅȟ  Cost for exported gas DKK/MWh 

ὅȟ  Cost for imported gas  DKK/MWh 

ὅ  Cost of producing electricity and heat by biomass based CHP DKK/MWh 

ὅ
ȟ

 Penalty for CHP for deviating from pre-scheduled values of power DKK/MWh 

ὅ
ȟ

 Penalty for CHP for deviating from pre-scheduled values of heat DKK/MWh 

ὅ
ȟ

 Penalty for electric power interconnections for deviating from DA values DKK/MWh 

ὅ
ȟ

 Penalty for gas interconnections for deviating from DA values DKK/MWh 

ὧ Specific heat constant for GC  

ὅ  Transmission coefficient of the gas pipeline (m3/h)/kPa 

ὅ
ȟ

 Cost of offshore wind spillage DKK/MWh 

ὅ
ȟ

 Cost of onshore wind spillage DKK/MWh 

ὅ  Cost of electricity for producing heat by P2G DKK/MWh 

ὅ  Cost of electricity for producing gas and heat by P2G DKK/MWh 

ὅ
ȟ

 Cost of electricity of flexible demand DKK/MWh 



ὅ  Cost of providing heat from flexible heat providers DKK/MWh 

COP Coefficient of performance  

ὅὙ Compression ratio  

Ὀ
Ⱦ ȟ

 Maximum input electric power consumed by EB and HP MW 

Ὀ  Gas demand MW 

Ὀ  Electric demand MW 

Ὀ
ȟ

 Maximum input electric power consumed by DR MW 

Ὀ  Diameter of gas pipeline m 

Ὀ ȟ  Maximum input electric power consumed by P2G MW 

Ὁ  Parasitic efficiency  

Ὢ  Friction coefficient  

Ὄ ȟȟ  Maximum heat power input to HWT MW 

Ὄ ȟȟ  Minimum heat power input to HWT MW 

Ὄ ȟ ȟ  Maximum heat power output from HWT MW 

Ὄ ȟ ȟ  Minimum heat power output from HWT MW 

Ὄ ȟȟ  Maximum heat power input to TES MW 

Ὄ ȟȟ  Minimum heat power input to TES MW 

Ὄ ȟ ȟ  Maximum heat power output from TES MW 

Ὄ ȟ ȟ  Minimum heat power output from TES MW 

ὌὛ ȟ  Maximum capacity of  HWT MWh 

ὌὛ ȟ  Minimum capacity of  HWT MWh 

ὌὛ ȟ  Maximum capacity of TES MWh 

ὌὛ ȟ  Minimum capacity of TES MWh 

Ὄ
Ⱦ ȟ

 Maximum heat power output from EB and HP MW 

Ὄ
Ⱦ ȟ

 Minimum heat power output from EB and HP MW 

Ὄ
ȟ

 Maximum heat power output from flexible heat unit MW 

Ὄ
ȟ

 Minimum heat power output from flexible heat unit MW 

Ὄ ȟ  Maximum heat power output from BFP MW 

Ὄ ȟ  Minimum heat power output from BFP MW 

Ὄ  Heat demand MW 

Ὄ ȟ  Maximum heat power output from P2G MW 

Ὄ ȟ  Minimum heat power output from P2G MW 

ὑ  Constant of compressor  

ὒ  Length of the gas pipeline km 

ὖ ȟ  Maximum limit for exported electric power MW 

ὖ ȟ  Maximum limit for imported electric power MW 

ὖ ȟ  Maximum output power of CHP MW 

ὖ ȟ  Minimum output power of CHP MW 

ὴ Gas pressure at base conditions kPa 

ὴ  Maximum gas pressure at node n kPa 

ὴ  Minimum gas pressure at node n kPa 

ὖ  Maximum electric transmission capacity limit MW 

ὴ  Gas pressure at a referenced node (kPa)2 

ὗ ȟ  Maximum output of gas source MW 

ὗ ȟ  Minimum output of gas source MW 

ὗ ȟ  Maximum limit for exported gas MW 

ὗ ȟ  Maximum limit for imported gas  MW 

ὗ ȟ  Maximum limits for gas produced by P2G MW 

ὗ ȟ  Minimum limit for gas produced by P2G MW 



ὗ ȟȟ  Maximum gas input to gas storage MW 

ὗ ȟ ȟ  Maximum gas output from gas storage MW 

ὙὒὈ  Downward ramp rate limits %/h 

ὙὒὟ  Upward ramp rate limit %/h 

ὛὝ  Maximum capacity of the gas storage MWh 

ὛὝ  Minimum capacity of the gas storage MWh 

Ὕ Average absolute temperature of gas pipeline K 

Ὕ Gas temperature at base conditions K 

Ὕ Suction temperature °R 

ὡ  Offshore wind farm power output MW 

ὡ  Onshore wind farm power output MW 

ὤ Average compressibility factor  

ὤ  Resistance coefficient of the gas pipeline (kPa)2/(m3/h)2 

Variables 

 Phase angle of bus n rad 

Ὀ
Ⱦ

 Electric consumption of EB and HP  MW 

Ὀ ȟ  Electric load shedding MW 

Ὀ  Electric consumption of flexible demand MW 

Ὀ  Electric consumption of GC MW 

Ὀ  Electric consumption of P2G MW 

Ὄ ȟ  Heat power input in the HWT storage MW 

Ὄ ȟ  Heat power output from the HWT storage MW 

Ὄ ȟ  Heat power input in the TES MW 

Ὄ ȟ  Heat power output from the TES MW 

ὌὛ  Heat capacity of  HWT storage MW 

ὌὛ  Heat capacity of the TES MW 

Ὄ
Ⱦ

 Heat power output from EB and HP MW 

Ὄ  Heat power output from flexible units MW 

Ὄ  Heat power output from BFP MW 

Ὄ  Heat power output from P2G MW 

ὖ  Power export from Denmark MW 

ὖ  Power import to Denmark MW 

ὖ  Power output of BFP MW 

ὴ Pressure at node n kPa 

ὗ  Gas output from gas source MW 

ὗ  Gas export from Denmark MW 

ὗ  Gas import to Denmark MW 

ὗ  Gas output from P2G MW 

ὗ ȟ  Gas input to gas storage MW 

ὗ ȟ  Gas output from gas storage MW 

ὛὝ Gas storage capacity MW 

Ὓ  Gas flow in the pipeline MW 

ὡ
ȟ

 Wind spillage of offshore wind farms MW 

ὡ
ȟ

 Wind spillage of onshore wind farms MW 

ὼ ȟ  Binary variable, 1 if active, otherwise 0  

ὼ ȟ  Binary variable, 1 if active, otherwise 0  

ὼ ȟ  Binary variable, 1 if active, otherwise 0  

ὼ ȟ  Binary variable, 1 if active, otherwise 0  

ὼ  Binary variable, 1 if active, otherwise 0  

ὼ  Binary variable, 1 if active, otherwise 0  

ὼȟ  Binary variable, 1 if active, otherwise 0  



 

ὼȟ  Binary variable, 1 if active, otherwise 0  

ὼ ȟ  Binary variable, 1 if active, otherwise 0  

ὼ ȟ  Binary variable, 1 if active, otherwise 0  
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1. INTRODUCTION  

The installed capacity of the renewable energy sources is increasing at a high rate. In the future 

renewable energy based power system challenges in the power system stability and security are more 

likely to happen due to fluctuations and variability of renewable energy sources. Hence, measures on how 

to accommodate renewable energy sources should be introduced. One of the prominent solutions is the 

integration of different energy sectors to provide flexibility and increase efficiency of the multi-energy 

systems. To achieve stable, efficient and low-carbon energy systems, a sector coupling and new market 

regulations are playing an important role. The main objective of this working package is to develop optimal 

dispatch and online control algorithm for integrated energy systems. 

We propose a coordinated optimization model for a cooperation of integrated energy systems. The 

subsystems included in the integrated energy system are electrical power system, natural gas system and 

district heating system. The subsystems are linked with the coupling components providing higher 

flexibility to the energy systems. The optimal dispatch framework is based on model predictive control 

and designed for online application.  

The development of optimal dispatch and online control for integrated energy systems is performed 

in three steps.  

Firstly, a mathematical model of an integrated electric power, natural gas, and district heating 

systems is developed and a coordinated optimization model for integrated energy systems is proposed. 

Integrated energy systems are systems consisting of more energy subsystems. In this report, district 

heating system, natural gas system and electric power system are integrated by coupling components. 

The coupling components are linking units between one or more subsystems.  

Secondly, a two-stage stochastic programming approach is formulated for integrated multi-energy 

system including the uncertainty of wind power production. In the first stage, scheduling of generating 

units is performed, while accommodation of wind power production according to scenarios of the wind 

realization is realized through reserves in the second stage. A two-stage stochastic day-ahead scheduling 

for integrated multi-energy system is formulated. Stochasticity of the uncertainty of wind power 

production is represented through realistic scenarios and assigned probabilities generated by scenario 

generation method. Scenario generation algorithm is based on historical observations and provides a 

more advanced approach to characterize stochasticity of wind power. To reduce computational burden, 

scenario reduction algorithm is executed. 

Thirdly, as the installed capacity of renewable energy sources has been increasing, a mismatch 

between production and consumption is more frequent in the real-time due to the intermittent nature of 

renewable energy sources. Moreover, the day-ahead schedule is no longer the optimal and feasible 

solution for the real-time operation. Therefore, in order to settle the power imbalances in the real-time 

and to achieve energy efficient system, new solutions should be proposed. The proposed method is to 

couple several energy systems, and to implement model predictive control into real-time scheduling. 

Moreover, the model predictive control is performed through deterministic approach and stochastic 

approach. Thus, an optimal dispatch framework for real-time operation is designed based on model 

predictive control. Model predictive control is an online control applied for short-term dispatch. Based on 

the measured updated values, the future states of the system are predicted for a specified prediction 

horizon. Model predictive control makes the optimal scheduling for the current time step based on the 
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measured updated values and future prediction of the uncertainties. Only the first step of the prediction 

horizon is applied. Stochastic model predictive control explores the flexibility and synergy of integrated 

energy system and investigates the benefits of stochastic model predictive control based real-time 

scheduling used in the integrated energy system. 

A linear problems are formulated by considering the balancing equations and subsystems constraints.  

The models are solved by MOSEK in MATLAB and Cplex in GAMS. The proposed methods have shown the 

following benefits.  

¶ The subsystems linked with the coupling components provide higher flexibility to the energy 

systems. Sector coupling though power to gas unit shows a great potential of increasing the 

efficiency of the electric power system and utilization of excess wind power.  

¶ The proposed integration of multi-energy system and stochastic method indicate the 

improvements in efficiency, flexibility and security of integrated energy systems. As a result, 

total expected cost is reduced and reserves are optimized.  

¶ The real-time scheduling based on the model predictive control ensures the cost and energy 

efficient energy system while minimizing the deviation from the day-ahead schedule. The 

stochastic model predictive control has shown the increase in utilization of excess wind by 

power-to-gas units, increase in energy efficiency and cost savings.  

¶ Model predictive control aims to explore the possibility of energy storages to provide 

balancing energy, to reduce the operational costs in real-time, to increase flexibility by 

integration of various energy subsystems, to decrease the deviation from the day-ahead 

schedule and to increase the provision of reserves by P2G, electric boiler and heat pump. 

¶ Integration of multiple energy systems provides the flexibility needed for the future Danish 

energy system.  

The deliverable is organized as follows. Second section demonstrates modeling of integrated energy 

systems. Moreover, the integrated energy system is divided into subsystems and subsystems are linked 

with coupling components. The mathematical models of integrated energy system, i.e. district heating 

system, natural gas system and electric power system, are developed. The models are based on the Danish 

case study for 2035 and 2050. The Danish integrated energy is modelled in Section 3. The optimal 

scheduling and operation of integrated energy system and methods used are explained in Section 4. Least 

but not the last, the summary of the results is given in Section 5. Finally, the summary of the report and 

recommendations are given in Section 6. 
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2. MODELLING THE COORDINATED OPERATION OF INTEGRATED ENERGY 

SYSTEMS 

The electric power system (EPS) model is listed in Equations (1)-(18). The natural gas system (NGS) is 

summarized in equations (19)-(42). The district heating system (DHS) modelling is demonstrated in 

Equations (43)-(63). Finally, linking units modelling is summarized in Equations (64)-(68). 

2.1 Operation of Electric Power System 

The nodal balancing equation for EPS is shown in (1). The generation includes biomass fired plant 

(BFP) and onshore and offshore wind farm (WF). The consumption side includes electric demand, power 

to gas (P2G), heat pump (HP), electric boiler (EB) and flexible demand in terms of demand response (DR) 

units. Denmark has a number of interconnection with neighboring countries, and therefore, import and 

export are considered. Production limit of BFP is shown in (2). Consumption of P2G, EB, HP and DR is 

limited by (3)-(6). Wind spillage of offshore and onshore WF are limited in (7)-(8). load shedding limit is 

illustrated in (9). Equation (10) limits the transmission line capacity and (11) notes the reference bus angle. 

The ramping rate of BFP is limited by ramping rate limit (RRL) in (12)-(13). Import and export have the 

maximum capacity allowed and the limits are shown in (14)-(15). As addition, binary variables are included 

to ensure one process takes place at the certain time step. As addition, to ensure one process is available, 

(16)-(18) are listed. 

ὖȟ
ᶰ

ὖȟ ὖȟ
ᶰ

ὡ ȟ ὡ ȟ
ᶰ

ὡ ȟ ὡ ȟ
ᶰ

Ὀȟ
ȟ

ᶰ

Ὀȟ
ᶰ

Ὀȟ
ᶰ

Ὀ ȟ
ᶰ

Ὀ ȟ
ᶰ

Ὀ ȟ
ᶰ

ὄ   ȟᶅὲᶰɱ
ᶰ

 (1)  

ὖ ȟ ὖȟ ὖ ȟ  ȟᶅὮɴ ɱ  (2)  

Ὀ ȟ Ὀȟ Ὀ ȟ  ȟᶅὴɴ ɱ  (3)  

Ὀ ȟ Ὀ ȟ Ὀ ȟ  ȟᶅὩὦɴɱ  (4)  

Ὀ ȟ Ὀ ȟ Ὀ ȟ  ȟᶅὬὴɴ ɱ  (5)  

Ὀ
ȟ

Ὀ ȟ Ὀ
ȟ
 ȟᶅὪὼɴ ɱ  (6)  

π ὡ ȟ ὡ  ȟᶅέὪὪɴɱ  (7)  

π ὡ ȟ ὡ  ȟᶅέὲɴ ɱ  (8)  

π Ὀȟ
ȟ Ὀȟ ȟᶅὩɴ ɱ  (9)  

ὖ ὄ   ὖ  ȟᶅὲȟάᶰɱ  (10)  
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 ȟ π     (11)  

ὖȟ ὖȟ ὖ  ȟᶅὮɴ ɱ  (12)  

ὖȟ ὖȟ ὖ  ȟᶅὮɴ ɱ  (13)  

π ὖȟ ὖ ȟ ὼȟ ȟᶅὭὧɴɱ  (14)  

π ὖȟ ὖ ȟ ὼȟ ȟᶅὭὧɴɱ  (15)  

ὼȟ ὼȟ ρ ȟᶅὭὧɴɱ  (16)  

ὼȟ  ɴ πȟρȟ Ὥᶅὧɴɱ  (17)  

ὼȟ  ɴ πȟρȟ Ὥᶅὧɴɱ  (18)  

2.2 Operation of Natural Gas System 

 The nodal gas balance equation is illustrated in (19). The gas production consists of gas source 

and P2G, while consumption considers gas demand. Interconnection for gas exchange and injection and 

extraction to and from the gas storage are considered as well. The gas source maximum limit is given in 

(20). Equation (21) and (22) illustrate the maximum allowed limit for import and export of gas. Equations 

(23)-(25) ensure one process takes place at a time. State of energy of the gas storages is represented by 

(26). Equation (27) limits the capacity of the gas storage and (28)-(29) limit the gas rate injection and 

extraction to/from the gas storage respectively. Similarly, (30)-(32) allow one process to occur, either 

injection or extraction to/from the gas storage. Pressure at the reference node is given as a constant as 

shown in (33). In order to control the flow in the pipelines, gas compression ratio (CR) is given as shown 

in (34). CR is given as a ratio between the discharge and suction pressure. The gas flow rate and pressure 

are limited by its maximum limits as shown in (35) and (36) respectively. 

ὗ ȟ
ᶰ

ὗ ȟ ὗ ȟ ὗ ȟ ὗ ȟ
ᶰ

ὗȟ
ᶰᶰ

Ὀȟ
ᶰ

Ὓ ȟȟᶅὲȟάᶰɱ
ᶰ

 (19)  

ὗ ȟ ὗȟ ὗ ȟ ȟᶅὫᶰɱ  (20)  

π ὗ ȟ
ȟ ὗ ȟ ὼ ȟȟᶅὭὧὫɴɱ  (21)  

π ὗ ȟ
ȟ ὗ ȟ ὼ ȟȟᶅὭὧὫɴɱ  (22)  

ὼ ȟ ὼ ȟ ρȟᶅὭὧὫɴɱ  (23)  

ὼ ȟᶰπȟρȟ ὭᶅὧὫɴɱ  (24)  

ὼ ȟᶰπȟρȟ        ᶅὭὧὫɴɱ  (25)  

ὛὝȟ ὛὝȟ ὗ ȟ ὗ ȟȟᶅὫίὸɴɱ  (26)  

ὛὝ ὛὝȟ ὛὝ ȟᶅὫίὸɴɱ  (27)  
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ὗ ȟ ὗ ȟ ὗ ȟ ὼ ȟȟᶅὫίὸɴɱ  (28)  

ὗ ȟ ὗ ȟ ὗ ȟ ὼ ȟȟᶅὫίὸɴɱ  (29)  

ὼ ȟ ὼ ȟ ρȟᶅὫίὸɴɱ  (30)  

ὼ ȟɴ πȟρȟ Ὣᶅίὸɴɱ  (31)  

ὼ ȟɴ πȟρȟ Ὣᶅίὸɴɱ  (32)  

ὴȟ ὴ  (33)  

ὴȟ ὅὙὴȟ ȟᶅὲȟάᶰɱ  (34)  

Ὓ Ὓ ȟ Ὓ ȟᶅὲάɴ ɱ  (35)  

ὴ ὴȟ ὴ ȟᶅάᶰɱ  (36)  

The general flow equation for the gas pipeline is as illustrated in (37) [1, 2]. It represents the 

relationship between gas flow, pressure and pipeline parameters. Equation (37) expresses pipeline 

parameters through a parameter ὤ . Value of ὤ  depends on gas pipeline length and diameter. Firstly, 

the unit for ὤ  is kPa2/(m3/h)2. To obtain ὤ , Eq. (38) is presented. 

ὴȟ ὴȟ ὤ Ὓ ȟ ȟᶅὲȟάᶰɱ  (37)  

ὤ
ρ

ὅ
 (38)  

The Equation. (37) can be rewritten to (39). 

ὴȟ ὴȟ ὅ Ὓ ȟ ȟᶅὲȟάᶰɱ  (39)  

The unit for ὅ  is (m3/h)/kPa and calculation of ὅ is shown in (40). The parameters are given later 

on in Section 3. 

ὅ ὅ
Ὕ

ὴ
ὈȢ

ρ

ὒ ὝὤὪ

Ȣ

–ȟ ȟᶅὲȟάᶰɱ  (40)  

Additionally, the gas system includes gas compressors (GC) and the expression for the GC 
consumption is given in (41). 

Ὀ ȟ ‗ Ὓ ȟȟᶅὫὧɴ ɱ  (41)  

The gas compressor consumption is calculated for each pipe containing gas compressor, and 

therefore, the Ὓȟ is the gas flow of the pipeline. ‗  is calculates as shown in Eq. (42) 
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‗ ὑ ὤ
Ὕ

Ὁ –

ὧ

ὧ ρ
ὅὙ ρ ȟᶅὫὧɴ ɱ  (42)  

2.3 Operation of District Heating System 

The district heating system (DHS) consists of the supply and return pipelines. Supply pipelines deliver 

heat from the heat source to the heat demand, while the return pipelines are pipelines that return to the 

heat source. The important parameter is the water temperature. The water temperature must be 

maintained within the certain limitations. The DHS model consists of hydraulic and thermal model. 

Hydraulic model represents the continuity of the flow. Hence, Equation (43) demonstrates that the mass 

flow entering the node equals to the mass flow leaving the nodes and the mass flow consumption, i .e. 

demand, at that node. The thermal part of the DHS model consists of few equations. Firstly, the 

temperature drop is illustrated as the heat loss along each pipeline due to the heat transfer between the 

high temperature water in the pipeline and the ambient temperature (44). Secondly, the temperature mix 

equation demonstrate the multiple flows entering the node, leave the node with the common mixed 

temperature a shown in (45). Lastly, the heat balance equation is presented in (46). ὧ stands for specific 

heat capacity of water. However, due to large and distributed number of heating areas. The nodal heat 

balance equation from (46) is demonstrated as heat balance equation for district heating areas (DHA). 

Hence, DHS is divided into DHA and each area is balanced as in (47). The heat production consists of EB, 

P2G, HP, heat generated from BFP and flexible heat producers noted as ὪὰὩὼ. The flexible heat producers 

consist of solar based heating, gas boiler, oil boilers, waste heat, etc. Equation (48) limits the heat 

production from flexible heat producers and (49) limits the heat production from BFP. Equations (50)-(63) 

demonstrate constraints for heat storages. The considered heat storages are hot water tanks (HWT) and 

thermal energy storages (TES), such as pit or tank. HWT are located near the combined heat and power 

(CHP) plant. TES are larger seasonal storages. The specification can be found in [3]. The state of energy of 

TES and HWT are shown in (50) and (57) respectively. The maximum capacity of TES and HWT are limited 

by (51) and (58) respectively. The injection and extraction to and from heat storages are represented by 

(52)-(56) and (59)-(63).  

ά ȟ πȟ
ᶰ

  ᶅάȟὲᶰɱ  (43)  

† ȟ † ȟ Ὡ
ȟ

ȟ † ȟ † ȟȟ άᶅȟὲᶰɱ  (44)  

† ȟ ά ȟ ά ȟ† ȟȟ άᶅȟὲᶰɱ  
ᶰᶰ

 (45)  

Ὄ ȟ
ᶰ

Ὄȟ
ᶰ

Ὄ ȟ
ᶰ

Ὄ ȟ
ᶰ

Ὄ ȟ
ᶰ

Ὄ ȟ
ȟ Ὄ ȟ

ȟ

ᶰ
Ὄȟ

ȟ Ὄȟ
ȟ

ᶰ

Ὄ ȟ
ᶰ

ὧά ȟ† ȟ † ȟ ȟᶅάȟὲᶰɱ

 (46)  
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Ὄ ȟ
ᶰ

Ὄȟ
ᶰ

Ὄ ȟ
ᶰ

Ὄ ȟ
ᶰ

Ὄ ȟ
ᶰ

Ὄ ȟ
ȟ Ὄ ȟ

ȟ

ᶰ
Ὄȟ

ȟ Ὄȟ
ȟ

ᶰ
Ὄ ȟ

ᶰ
ȟᶅὥᶰɱ

 (47)  

Ὄ Ὄ ȟ Ὄ ȟᶅὪὼὬɴ ɱ  (48)  

Ὄ ȟ Ὄ ȟ Ὄ ȟ  (49)  

ὌὛȟ ὌὛȟ Ὄ ȟ
ȟ Ὄ ȟ

ȟ ȟᶅὬίɴ ɱ  (50)  

ὌὛ ȟ ὌὛȟ ὌὛ ȟ ȟᶅὬίɴ ɱ  (51)  

Ὄ ȟ ȟ Ὄ ȟ
ȟ Ὄ ȟ ȟ ὼ ȟ

ȟ ȟᶅὬίɴ ɱ  (52)  

Ὄ ȟ ȟ Ὄ ȟ
ȟ Ὄ ȟ ȟ ὼ ȟ

ȟ ȟᶅὬίɴ ɱ  (53)  

ὼ ȟ
ȟ ὼ ȟ

ȟ ρȟᶅὬίɴ ɱ  (54)  

ὼ ȟ
ȟ ᶰπȟρȟ Ὤᶅίɴ ɱ  (55)  

ὼ ȟ
ȟ ᶰπȟρȟ Ὤᶅίɴ ɱ  (56)  

ὌὛȟ ὌὛȟ Ὄȟ
ȟ Ὄȟ

ȟ ȟᶅὬɴ ɱ  (57)  

ὌὛ ȟ ὌὛȟ ὌὛ ȟ ȟᶅὬɴ ɱ  (58)  

Ὄ ȟ ȟ Ὄȟ
ȟ Ὄ ȟ ȟ ὼȟ

ȟ ȟᶅὬɴ ɱ  (59)  

Ὄ ȟ ȟ Ὄȟ
ȟ Ὄ ȟ ȟ ὼȟ

ȟ ȟᶅὬɴ ɱ  (60)  

ὼȟ
ȟ ὼȟ

ȟ ρȟᶅὬɴ ɱ  (61)  

ὼȟ
ȟ ᶰπȟρȟ Ὤᶅᶰɱ  (62)  

ὼȟ
ȟ ᶰπȟρȟ Ὤᶅɴ ɱ  (63)  

2.4 Linking of Integrated Energy Systems 

In order to couple the various subsystems, linking units are introduced. The relationship between 

heat and electricity generation from BFP is shown in (64). The conversions from electricity to gas and heat 

through linking unit P2G are shown in (65) and (66) respectively. The HP relationship of electricity and 

heat is shown in (67). Lastly, the relationship between EB electricity input and heat output is shown in 

(68). 

ὖȟ ὅ Ὄ ȟ (64)  

ὗȟ – ȟὈȟ  (65)  
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Ὄȟ – ȟὈȟ  (66)  

Ὄ ȟ ὅὕὖ Ὀ ȟ (67)  

Ὄ ȟ – Ὀ ȟ (68)  
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3. DANISH INTEGRATED ENERGY SYSTEM 

The Danish energy system consists of EPS, NGS and DHS. The system data is presented for future 

scenarios for 2035 and 2050. The system is converted to pu system to decrease the computational burden 

[1]. Parameters and data is further on based on the subsystem it belongs to. 

3.1 Electric Power System 

The parameters for electric power system are given in this subsection. The EPS system is on pu bases. 

Base power is 1000MVA and base voltage is 400kV. Line data can be found in [4]. The network model is 

shown in Figure 1. The distributed aggregated demand and onshore wind farms are not listed. However, 

the listing can be found further in this section. 

 

Figure 1. Network model for EPS in 2035 

3.1.1 Biomass fired power plants 

In 2035 and 2050, there are three combined heat and power units and the data is presented in Table 

1. The CHP units are biomass based units [4]. In the future, it is expected that coal and gas fired power 

plants will be phased out by 2030 [5]. The ramp rate limit (RRL) is 10%/min.  
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Table 1. Parameters for CHP unit [4] 

YEAR 2035 2050 

Bus ╟▒
╒╗╟ȟ□░▪╜╦  ╟▒

╒╗╟ȟ□╪● ╜╦  ╟▒
╒╗╟ȟ□░▪╜╦  ╟▒

╒╗╟ȟ□╪● ╜╦  

5 0 700 0 179 

8 0 358 0 92 

16 0 1493 0 220 

3.1.2 Offshore and onshore wind farms 

The installed capacity of offshore wind farms for 2035 is shown in Table 2. The maximum output 

power of onshore wind farms in 2035 can be found in Table 2 as well. The onshore wind farms are 

aggregated due to its disperse locations. The entire installed capacity of offshore wind farms is 5798 MW, 

while for onshore is 5414 MW. Summing up to 11212MW in total of installed wind power capacity. 

According to planning results in [4], the maximum aggregated power output of onshore and offshore wind 

power is 5165 MW and 5722 MW respectively. In addition, according to [6], the maximum output power 

reached by offshore wind power is 5722 MW, while for onshore is 5361 MW. Therefore, onshore wind 

farms are proportionally scaled to reach 5361 MW and presented in Table 2 in the last column. 

Table 2. Parameters for installed capacity of offshore wind farms and maximum output power of onshore wind farms in 2035 

[4] 

 

 

 

 

 

 

 

 

 

 

 

 

The installed capacity of offshore and onshore wind farms in 2050 is shown in Table 3. The entire 

installed capacity of offshore wind farms is 12785 MW, while for onshore is 6164 MW. Summing up to 

18949MW in total of installed wind power capacity. According to planning results in [4], the maximum 

power output of onshore and offshore wind power is 5679 MW and 12560MW respectively. In addition, 

according to [6], the maximum output power reached by offshore wind power is 12560 MW, while for 

onshore is 6057 MW. Therefore, a proportional scaling of onshore wind farms to reach 6057 MW is 

performed and presented in Table 3 in the last column. 

 

 

Bus ╦▫██
▫██▼▐▫►▄

╜╦  ╦▫▪
▫▪▼▐▫►▄ ╜╦  ╦▫▪

▫▪▼▐▫►▄ ╜╦  

1 120 150.77 156.49 

2 1100 108.556 112.67 

3 205 445.39 462.28 

4 - 356.85 370.38 

5 400   241.49 250.65 

6 2312     250.35     259.84 

7 - - - 

8 - 300.39 311.78 

9 -   1070.80 1111.43 

10 -      247.78 257.18 

11 -      91.62 95.09 

12 -      56.20 58.335 

13 - - - 

14 304    133.45 138.51 

15 757      391.75 406.61 

16 600      136.40 141.57 

17 -     1076.96 1117.83 

18 -      106.25 110.27 



 

 11 

Table 3. Parameters for installed capacity of offshore wind farms and maximum output power of onshore wind farms in 2050 

[4] 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.3 Interconnections 

The interconnections between Denmark and neighbouring countries are presented for 2035 and 2050 

in Table 4. 

Table 4. Interconnections in 2035 and 2050 [4] 

YEAR 2035 2050 

Bus Country - Link name ╟░╬
╔╧╟ȟ□╪●╜╦  ╟░╬

╘╜╟ȟ□╪● ╜╦  ╟░╬
╔╧╟ȟ□╪●╜╦  ╟░╬

╘╜╟ȟ□╪● ╜╦  

4 Norway-DKW-OSL 700 700 700 700 

7 Great Britain-Viking 1400 1400 1400 1400 

6 Germany-DKW-DE(West coast) 500 500 500 500 

9 Germany-DKW-DE 2500 2500 2500 2500 

15 Germany-Kontek1 585 600 585 600 

16 Poland-Polen link         600 600 600 600 

18 Sweden-Øresund 2500 2500 2500 2500 

1 Sweden-Konti-Skan 740 680 740 680 

4 Norway-Skagerrak 1632 1632 1632 1632 

6 Netherlands-Cobra 700 700 700 700 

3.1.4 Electric demand 

The demand is aggregated based on data provided in [4]. The demand provided is shown in Table 5. 

The entire aggregated demand provided equals 4025.2MW as given in the first column in Table 5. 

According to the [6], the aggregated demand for 2035 is expected to be 6407MW as annual maximum, 

while in 2050 is expected to be 7100MW. Therefore, proportional scaling is performed to reach 6407MW 

and 7100MW in 2035 and 2050 respectively. The results are shown for each bus for 2035 and 2050 in 

Table 5.  

 

 

 

Bus ╦▫██
▫██▼▐▫►▄

╜╦  ╦▫▪
▫▪▼▐▫►▄ ╜╦  ╦▫▪

▫▪▼▐▫►▄ ╜╦  

1 130  165.77 176.810 

2 4320 119.35 127.303 

3 224  489.71 522.305 

4 - 392.36 418.476 

5 - 265.52 283.197 

6 4951     275.25   293.580 

7 - -  

8 - 330.28 352.266 

9 - 1177.36 1255.73 

10 - 272.43 290.571 

11 - 100.73 107.440 

12 - 61.80 65.9089 

13 - -  

14 400  146.72 156.496 

15 2160 430.73 459.406 

16 600  149.97 159.957 

17 - 1184.13 1262.95 

18 - 116.81 124.594 
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Table 5. Aggregated demand [4] 

 

 

 

 

 

 

 

 

 

3.1.5 Flexible load, heat pump, electric boiler and P2G 

The flexible load is aggregated and placed in the Danish system according to the planning results [4]. 

The flexible demand is including flexible load providing demand response and vehicle to grid technology. 

The maximum aggregated power consumption the flexible demand can provide is 2380MW in 2035. The 

maximum power consumption limits for each bus are shown in Table 6.  

Additionally, flexible demand is taking into account electric boilers (EB) and heat pumps (HP) which 

can also provide a part of demand response, but mainly are used to provide the heat to the DHS. This are 

larger units compared to household HP and EB. The maximum aggregated consumption by EB and HP is 

1989MW in 2035. The maximum aggregated power consumption limits for EB and HP are 263MW and 

1726MW respectively. In EPS, another consumer considered is power-to-gas (P2G) and maximum power 

consumption limits are provided in Table 6.  

Table 6. Flexible demand, EB, HP, and P2G maximum power consumption in 2035 [4] 

 

 

 

 

 

 

 

 

YEAR 2020 2035 2050 

Bus Ὀ ╜╦  Ὀ ╜╦  Ὀ ╜╦  

1 117.5 187.03 207.256 

2 84.6  134.66 149.224 

3 347.1 552.51 612.245 

4 278.1 442.67 490.537 

5 188.2 299.57 331.963 

6 195.1 310.56 344.134 

7 0.00  0 0.00 

8 234.1 372.64 412.926 

9 834.5 1328.36 1471.96 

10 193.1 307.37 340.606 

11 71.4  113.65 125.941 

12 43.8  69.72 77.2582 

13 0.00  0 0.00 

14 104.0 165.54 183.444 

15 305.3 485.97 538.514 

16 106.3 169.20 187.501 

17 839.3 1336.00 1480.43 

18 82.8 131.80 146.049 

Bus Ὀ
ȟ

╜╦  Ὀ ȟ ╜╦  Ὀ ȟ ╜╦  Ὀ ȟ  ὓὡ  

1  69.47 7.677 50.38 128.52 

2  50.02 5.527 36.27 - 

3  205.2 22.67 148.8 80.07 

4  164.4 18.17 119.2 27.65 

5  111.2 12.29 80.69 - 

6  115.3 12.74 83.65 30.42 

7 - 0 0 93.32 

8  138.4 15.29 100.3 - 

9  493.4 54.52 357.8 - 

10 114.1 12.61 82.80 - 

11 42.21 4.665 30.61 - 

12 25.89 2.861 18.78 - 

14 61.49 6.795 44.59 - 

15 180.5 19.94 130.9 - 

16 62.85 6.945 45.58 - 

17 496.2 54.83 359.89 - 

18 48.95 5.41 35.51 - 



 

 13 

In regards to 2050, the maximum aggregated flexible consumption power is 4264MW in 2050. The 

maximum consumption limits at each bus for the flexible demand are shown in Table 7. The maximum 

demand consumed by EB and HP is 1433MW in 2050 which is 556MW less than in 2035. The maximum 

aggregated consumption limits for EB and HP are 59MW and 1374MW respectively. In EPS, another 

consumer considered is power-to-gas (P2G) and maximum limits are provided in Table 7. The allocation 

of demand is based on the planning results [4]. 

Table 7. Flexible demand, EB, HP, and P2G maximum power consumption in 2050 [4] 

 

 

 

 

 

 

 

 

 

3.2 Natural Gas System 

3.2.1 Pipeline parameters and conversion to pu system 

Further on, NGS parameters are presented in this section. The Danish NGS is provided by Energinet. 

The maximum flow of the pipelines is in m3/h. In order to obtain the NGS system in pu, the base power of 

1000MVA and base pressure of 1MPa are considered. 

According to Equations (37)-(40), the pressure drop equation requires a parameter ὤ .  ὅ  in 

(m3/h)/kPa can be calculated and according to Eq. (37), the parameter ὤ  can be obtained. The 

parameters are presented in Table 8. Ὕ and ὴ are based on normal cubic meter conditions [7]. is also 

called relative density of natural gas. The relative density ranges from 0.55 to 0.7 [7]. In this work,  is 

taken as an average of the values reported in [8]. Ὕ is average of the temperature reported in [9]. ὤ  is 

based on [10]. Energy loss in Danish NGS is around 0.05% of the total gas consumption. Therefore, the 

efficiency, –ȟ  can be set to a higher value [11]. The diameter for each pipeline is converted in meters 

and the length is in km. Ὢ  is calculated as shown in Equation (69). Ὢ   is friction constant and equals 

to 0.009407 [1]. 

Ὢ
Ὢ

Ὀ
 (69)  

ὅ  is in (m3/h)/kPa and a conversion is used to obtain (MW)/kPa. The conversion is shown in 

Equation (70). UCV is upper calorific values, or so called Wobbe index. In equation the UCV unit is MJ/m3 

Bus Ὀ
ȟ

╜╦  Ὀ ȟ ╜╦  Ὀ ȟ ╜╦  Ὀ ȟ  ὓὡ  

1  124.470 1.722 40.108 - 

2  89.6189 1.240 28.878 - 

3  367.692 5.087 118.48 - 

4  294.598 4.076 94.929 - 

5  199.365 2.758 64.241 344.68 

6  206.674 2.859 66.597 585.40 

7 0 0 0 284.52 

8  247.988 3.431 79.909 - 

9  884.007 12.23 284.85 104.02 

10 204.555 2.830 65.914 - 

11 75.6358 1.046 24.372 618.22 

12 46.3984 0.641 14.951 - 

14 110.169 1.524 35.500 - 

15 323.412 4.474 104.21 - 

16 112.606 1.558 36.285 - 

17 889.092 12.30 286.49 - 

18 87.71 1.21 28.26 - 
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[1]. The UCV can also be found in kWh/m3 in which case 3600 can be omitted and only conversion to 

MWh/m3 is acquired. 

Ὓ
Ὗὅὠ

σφππ
Ὓ Ⱦ  (70)  

The upper Wobbe index is from 14.1 to 15.5 kWh/m3 [7]. In terms of MJ/m3, it ranges from 50.76 to 

55.8 MJ/m3. The UCV in this work is obtained as average from 5 different mixtures of gas composition in 

Danish NGS and value is presented in Table 8 [8]. Lastly, conversion to obtain pu in terms of pressure and 

gas flow is acquired. 

Table 8. Parameters for ╒▪□ 

 

 

 

3.2.2 Gas compressor and conversion to pu system 

In the NGS, it is common to have gas compressor. In the Danish NGS, there are three gas compressors. 

The gas compressor can consume either gas or electricity [10]. As shown in Equations (41) and (42), the 

gas compressor consumption depends highly on compressor ration and gas flow in the pipeline. Initially, 

the gas flow is represented in volumetric gas flow rate in million standard cubic feet of gas per day 

(MMSCFD) and the consumption of compressor is given in brake horsepower (BHP). Therefore, the initial 

equation is presented in Eq. (71). ὗ  is the volumetric flow rate of gas in MMSCFD. 

ὄὌὖ ὑ ὤ
Ὕ

Ὁ –

ὧ

ὧ ρ
ὅὙ ρ ὗ ȟȟᶅὫὧɴ ɱ  (71)  

The parameters used in Equation (42) are shown in Table 9. ὑ  is the constant used when the gas 

flow unit is MMSCFD, Ὕ is based on the average temperature, the values of Ὁ , ὧ and –  are based 

on assumption for centrifugal unit according to [10]. Compression ratio, ὅὙ, is the ratio between the 

discharge and suction pressure. The value is usually around 1.4 [10]. The compressor ratio in the pipelines 

with no compressor equals one. In this work, the value of ὅὙ is 1.143 and it is obtained by ratio of 

maximum and minimum pressure ranges. The detailed pressure ranges are explained further in this 

subsection. 

Table 9. Parameters for ⱦ▪□
╖╒ 

 

 

 

Parameter Value Parameter Value 

╒ 75.54 ╣╪ 295.65 K 

╣╫ 273.15 K ╩╪ 0.95 

▬╫ 101.325 kPa Ɫ▬ȟ▪□ 0.9995 

♬▌ 0.6094 UCV 53.644  MJ/m3 

Parameter Value Parameter Value 

╚╖╒ 0.0854 Ɫ▌
╖╒ 0.85 

╩╪ 0.95 ╬▓ 1.3 

╣▼ 532.17 °R ╒╡ 1.143 

╔╖╒ 0.99 █╬▫▪○▄►▼░▫▪
╖╒  8.496e-4 

█╗╟ ▬◊
╖╒  745.7e-9 █▬◊ □Ⱦ▐

╖╒  6.7109e4 
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As the entire integrated system, including NGS, is in pu system, the gas compressor consumption 

should be converted to pu system. the Equation (72) introduces several new parameters in order to obtain 

pu consumption. Firstly, in Equation (71) the power is in HP and 1 HP equals to 745.7e-6MW. Therefore, 

additional term appears in Equation (72). As mentioned, the flow should be converted from MMSCFD to 

m3/h. From m3/h the flow is converted to MW, and further on obtained in pu which is also an input to the 

Equation (72). Hence, the base power is used to convert to MW and Eq. (70) is used to obtain m3/h. As 

the last step m3/h are converted to MMSCFD and the value of conversion is noted as Ὢ  and 

shown in Table 9. The final consumption of gas is shown in Eq. (72). Ὀ  and Ὓ are given in pu 

system. 

Ὀ ȟ
ȟ

ὑ ὤ
Ὕ

Ὁ –

ὧ

ὧ ρ
ὅὙ ρ Ὓ ȟ

ȟ
Ὢ Ὢ Ὢ ȾȟᶅὫὧɴ ɱ  (72)  

3.2.3 Nodes and pressures 

As mentioned earlier and according to Equation (36), the operational pressure limits should be 

accounted for. The Danish natural gas transmission system is operated at 70-80 bar. The main distribution 

pipelines are operated at 16-40 bar while distribution systems are operated at four bar [12]. The maximum 

pressures in Danish gas transmission system are based on the data provided by Energinet. The minimum 

pressures are therefore at most pipelines at 70 bar. The exceptions are those whose maximum operating 

ranges are lower. It can be noticed in Equation (36) that the square of pressure is considered. In Equation 

(33), the reference node is situated at the gas source node and the pressure at that point is 8 pu. Hence, 

ὴ  is 64. The Danish transmission NGS is shown in Figure 2. The placement of P2G corresponds to 2035. 

 

Figure 2. Danish gas transmission system 
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3.2.4 Gas source, gas storage, P2G and gas interconnections 

The maximum gas input from the gas source, as well as import and export of gas, and the gas storage 

capacity limits are given in [13, 14]. The maximum operational limits are calculated based on conversion 

where UCV equals to 12.1 kWh/m3 (43.56MJ/m3). Exception is the gas imported from Germany where the 

UCV is 11.2 kWh/m3 (40.32MJ/m3). 

Due to UCV value different in this work and the data provided in MW, the conversion to original m3/h 

is performed and further on, the maximum values are obtained by applying UCV that equals to 

53.644MJ/m3. The initial data according to [13], the data recalculated in m3/h and the data converted 

back to MW is shown in Table 10. The gas storage capacities and P2G maximum output is shown for 2035 

and 2050 is shown in Table 11. The placement of P2G is based on the placement assumption in EPS 

according to [4]. 

Table 10. Danish NGS data according to [13] and recalculated values for 2035 and 2050 

 

 

 

 

 

 

Table 11. Danish NGS data for P2G and storage capacity 

 

 

 

 

 

 

The minimum operational limits, such as, ὗ ȟ ȟὗ ȟ  and ὛὝ  are set to zero for all nodes 

where units are placed. The initial values of the storage capacities for the simulations are set to the half 

of the maximum capacity values. The maximum flow in the pipelines is provided by Energinet. As the flow 

changes after the distribution of gas occurs, the data from [12] is used to approximately the maximum 

flow in the pipelines. In [12], the yearly load profiles for different M/R stations can be found.  At Varde, 

the flow is always one directional, as the source is situated at Nybro and it can reach up to 1 million m3/h. 

At Ellindshøj, the flow is one directional as well and very low. Herning and Terkelsbøl have bidirectional 

flow during entire year reaching 300000 m3/h and 700000m3/h respectively. At Højby, the flow is positive 

towards the Zealand reaching 400000m3/h.  The maximum flow is multiplied for each pipeline with value 

of 2.86 to reach higher maximum flow rate in the pipelines.  In order to have a linear model, Equation (37) 

is linearized by piecewise linearization as suggested in [15].  

Parameter Node: number-name Value (MW)  [13] Value (m3/h)  Value (MW) 

╠▌
╖╢ȟ□╪● 1 - Nybro 16500 1363636,36 20319,70 

╠░╬▌
╔╧╟ȟ□╪● 26 - Ellund 10000 826446,28 12314,97 

48 - Dragør 3799 313966,94 4678,46 

╠░╬▌
╘╜╟ȟ□╪● 26 - Ellund 7700 687500.00 10244,51 

48 - Dragør 600 49586,78 738.90 

╠▼
╢╣ȟ░▪ȟ□╪● 19 - Ll.Torup 1820 150413,22 2241,32 

52 - Stenlille 2390 197520,66 2943,28 

╠▼
╢╣ȟ▫◊◄ȟ□╪● 19 - Ll.Torup 4000 330578,51 4925,99 

52 - Stenlille 4100 338842,98 5049,14 

YEAR 2035 2050 

Parameter Node: number-name Value Node: number-name Value 

╠▬
╟ ╖ȟ□╪● 21 - Ellindshøj  89.97 25 - Skjoldelev  241.27 

17 - Karup   56.25 15 - Brande   409.78 

18 - Viborg  19.36 2 ς Varde 199.16 

15 - Brande  21.30 31 -   Højby 72.82 

2 - Varde 65.33 30 - Koelbjerg 432.75 
╢╣▼
□╪● 19 - Ll.Torup 4965GWh 19 - Ll.Torup 4965GWh 

52 - Stenlille 5855GWh 52 - Stenlille 5855GWh 
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3.2.5 Gas demand 

The gas demand on each node is obtained in the following manner. The hourly demand data for 

different regions can be obtained in [4]. The demand is separated in Fyn, greater Copenhagen, Aalborg, 

Dong East, Dong West and Jylland. The division is based on the different distribution companies in those 

areas. 

Further on, the yearly consumption on TJ basis was provided by Danish Energy Agency and it is shown 

in Table 12. The number of areas found in [4] and number of areas provided by Danish Energy Agency is 

different. Thus, the proportion of each area provided by Danish Energy Agency is calculated and 

connected to an area provided in [4]. The proportion and connections are shown in Table 12. Firstly, the 

areas are assigned to the six areas found in [4] and as shown in third column Table 12. Additionally, 

Aalborg area is separately considered as the hourly demand for Aalborg is obtained in [4]. Further on, 

there are multiple areas connected to for Jylland, Dong East and Dong West, and the proportions of each 

area is calculated and shown in Table 12 in the last column. The proportion is multiplied with the data 

provided by [4] for each region. The goal is to obtain hourly values for demand according to number of 

areas in the first column. Finally, hourly demand for 13 areas is obtained.   

Table 12. Gas demand on yearly basis of different areas in Danish NGS 

 

 

 

 

 

 

 

 

The yearly demand in 2019 was 27302.98 GWh. In 2035, it is expected to have 19997 GWh. The ratio 

between two values is 1.3654. Therefore, the demand for each of the 13 areas is scaled to reach yearly 

demand of 19997 GWh. Additionally, the conversion to MW and pu is performed. In 2050, the yearly 

natural gas demand is expected to be 14802 GWh. Finally, when appropriate scaling is performed to 

obtain the demand of those 13 areas, the demand can be assigned to corresponding nodes in Danish NGS 

based on the area location. 

3.3 District Heating System Areas 

The district heating system consists of heat provided by CHP, thermal energy storages (TES) and hot 

water tanks (HWT). HWT are used to store the over production of heat from CHP. In cases of 

underproduction of heat by CHP, the heat is provided by the HWT. Heat is also provided by P2G, EB, HP 

and flexible heat production units. The district heating system is split into areas as mentioned and the 

areas are illustrated in Figure 3. 

Area Value (GWh)  Areas connected to Proportions 

Fyn 1855.09 Fyn 1 Fyn 

Nordjylland 2463.71 Jylland 0.1921 · Jylland 

NordVestJylland 5324.93 Jylland 0.4152 · Jylland 

NordøstJylland 2980.75 Jylland 0.2324 · Jylland 

Storkøbenhavn 8540.89 Greater Copenhagen 1 ·  Greater Copenhagen 

Sydmidtjylland 1076.20 Dong West 0.3363 ·  Dong West 

SydSjælland 2376.67 Dong East 0.6148 ·  Dong East 

Sydvestjylland 419.286 Dong West 0.1310 ·  Dong West 

Sydøstjylland 540.130 Dong West 0.1688 ·  Dong West 

Sønderjylland 1164.91 Dong West 0.3640 ·  Dong West 

VestSjælland 1488.80 Dong East 0.3852 ·  Dong East 

ØstJylland 2054.07 Jylland 0.1602 · Jylland 
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Figure 3. Danish district heating system areas 

3.3.1 Heat demand 

Hourly heat demand profile for 1 year can be found in [6]. It is aggregated demand for entire Danish 

heat system. The demand is proportionally divided to 13 areas based on the demand allocation data of 

the NGS. It is assumed that the geographical distribution of heat is similar to geographical distribution of 

gas. The proportion for each area in Danish DHS is given in Table 13. 

 

 

 










































