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Abstract 

This thesis investigates the impact of large-scale heat pump operation on the energy 

infrastructure in the city of Hamburg. The objective is to determine how the operation of the 

large-scale heat pumps can be optimised economically, with respect to grid support and the 

fulfilment of heat demand requirements. For this purpose, a Python-based model was 

developed, and the system characteristics of the large-scale heat pumps and the surrounding 

infrastructure were mapped and linked to various input data regarding heat demand, price 

signals and grid data. The simulation results show that a price-led operation performs better 

than a heat-led operation when compromising between operating costs and district heat 

demand coverage. Furthermore, the results indicate the future potential for large-scale heat 

pumps in Hamburg to replace conventional power plants in the context of redispatch 

interventions. Here, in a simplified approach a maximum coverage rate of 51.9 % of redispatch-

related energy in Hamburg is achieved by adjusting the large-scale heat pump operation in 

response to grid signals in 2024.  
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1 Introduction 

1.1 Motivation and Preface 

In the best interests of our society, the transition to a fully renewable energy supply must be driven 

forward as quickly as possible. This is illustrated by the latest AR6 Synthesis Report published in 2023 

by the IPPC, which according to Chairman Housung Lee conveys a clear message for action: “We are 

walking when we should be sprinting”, he commented at the press conference launch [1, 2].  

Furthermore, the shift to sustainable energies is not only essential for environmental protection, but 

also plays a major role in breaking free from geopolitical ties and laying the foundations for peaceful 

global structures by reducing the potential of conflicts. The latest edition of the conflict barometer 

published by the Heidelberg Institute for International Conflict Research in 2023 shows resources, 

including those used for nuclear and fossil energy, as the second most common cause of political 

conflicts globally [3, 4]. To ensure an independent energy supply, the European Commission presented 

the REPowerEU plan in May 2022, which aims to mobilize up to 300 billion Euros to increase the share 

of renewable energies in the energy mix up to 45 % by 2030 [5, 6, 7]. In addition, it is targeted to realize 

the project “Fit for 55” by reducing the CO2 emissions until 2030 by 55 % compared to 1990 and 

reaching climate neutrality by 2050 in line with the European Green Deal [7]. The national climate 

targets in Germany are even more ambitious and mandate a reduction in greenhouse gases of 65 % by 

2030 compared to the reference year 1990 and net greenhouse gas neutrality by 2045 (KSG, 2020, § 3 

(1) No. 1). While the share of renewable energies in electricity consumption had risen to 54.4 % in 2024 

and is set to rise further to 80 % by 2030, the share of renewable energies in final energy consumption 

for heating and cooling was only 18.1 % in 2024 (EEG, 2023, § 1 (2)) [8]. Considering the fact that 

consumption in the heating and cooling sector accounted for more than half of total final energy 

consumption in Germany in 2023, there is a pressing need to expand renewable energies in the heating 

sector to reach the objectives according to the REPowerEU plan [9]. For this reason, the previous 

German government set the target in its coalition agreement 2021 of generating 50 % of heat from 

renewable energy sources by 2030 [10]. An essential part of achieving this goal is the expansion of 

district heating supply and increasing the share of renewable energy generation in district heating [11, 

12]. Since the production of district heat from renewable energy sources peaked in 2021 with 24.3 

TWhth and did not increase thereafter [8], the need for development in this area is urgently. In the 

transformation process the integration of large-scale heat pumps (LSHPs) in the district heating grid is 

a key factor [11, 13]. It is assumed that LSHPs will provide approximately 58 to 70 % of the district 

heating supply in 2045. Therefore, an average expansion of the capacity provided by LSHPs from 4.0 up 

to 4.9 GW per year is required by 2045 [11, 13]. To enable a rapid roll-out of LSHPs a holistic system 

integration into the energy infrastructure including the precise coordination and communication 

between the power grid and district heating network is necessary [14, 15]. Thus, sector coupling 
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between the electricity and heating sector plays a major role in achieving a technically successful and 

economically most profitable operation. This is crucial to reduce energy costs and increase the social 

acceptance of the population for progress in the energy transition [16]. To accelerate the 

transformation process, the Heat Planning Act, which came into force on 1 January 2024, requires all 

existing municipalities with a population of over 100,000 to develop municipal heating plans at the 

latest by 30 June 2026 (WPG, 2024, § 4 (2) No. 1). Here, the city of Hamburg – which has with 860 km 

one of the biggest district heating networks in Germany – takes a pioneering and leading position [17]. 

The city's municipal heat planning stipulates the construction of two river-source LSHPs with a total 

capacity of around 225 to 255 MWth and a wastewater LSHP with a capacity of 60 MWth to supply its 

district heating network [18, 19, 20]. The announced projects are the largest heat pump (HP) projects 

in Germany to date. Therefore, they are in special focus and have a trend-setting effect on future 

project planning in Germany.  

1.2 Objective of the Work 

The objective of this study is to simulate the operation of the LSHPs planned in the district heating 

network of Hamburg and to analyze their interactions with the energy infrastructure – in particular, the 

electricity sector and the power grid. In this context, the plant design including technical operational 

management as well as the external operating conditions through the energy infrastructure shall be 

represented as realistically as possible. First, the important system properties and input parameters 

shall be determined, and time series shall be created to enable a simulation of one year in 15-minute 

resolution. In this regard, both the demands of the heating sector and the requirements of the 

electricity sector – shaped by market signals and grid operation factors – shall be taken into account. 

Subsequently, a simulation framework will be constructed which reads in the data time series and 

enables the simulation of heat pumps (HP) operation over the course of one year. As part of this 

process, different operating strategies shall be developed and implemented into the simulation 

framework. Thereafter, the HP design shall be refined, and the operating strategies shall be simulated 

considering various scenarios. Their impacts on HP operation as well as on the heating and electricity 

sector shall be analysed regarding heat demand coverage, cost-effective operation, contribution to grid 

support and further criteria.  

The simulation framework including the HP model is to be designed to allow flexible configuration of 

system properties, so that single parameters such as thermal storage size, compressor efficiency, or 

economic factors can be adjusted, and the integration of new time series data is facilitated. This shall 

enable the modelling of different scenarios and support future development of the model beyond the 

scope of this work. 
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2.2 Interaction of LSHPs with the Power Grid and Electricity Market  

The following section analyses the interactions between the electricity grid, the electricity market and 

the operation of LSHPs. Here, it is examined how price signals and grid-supportive requirements 

influence the operation of LSHPs and which effects must be considered during the modelling process. 

The German electricity grid operates with alternating current and is divided into four voltage levels: 

extra-high, high, medium, and low voltage [29]. It is part of the European interconnected grid, which 

must be kept constant at 50 Hz to ensure stable grid operation. In this system, the power fed into the 

grid must always match the power withdrawn, as any imbalance can lead to frequency deviations, 

which – if not corrected – can ultimately cause a grid collapse. Due to the volatile operation of 

renewable energy generators, maintaining the correct balance between feed-in and withdrawal of 

power in the electricity grid is one of the greatest challenges of the energy transition [30]. Electric heat 

generators such as LSHPs can be controlled flexibly and are capable of compensating fluctuations in the 

power grid. If the low electricity generation costs of renewable energies lead to low electricity 

procurement costs for LSHPs, the LSHPs can be primarily operated during periods of high renewable 

electricity production [13]. Excess heat that is not immediately needed is stored in large thermal 

storage systems. During periods of heat demand when renewable electricity generation is low – and 

market electricity prices are usually higher – this demand is covered by the previously charged heat 

storage and other heat generation technologies. This flexible operation of LSHPs supports the power 

grid, reduces the curtailment of renewable electricity, and improves the carbon footprint of heat 

generation, thus lowering the operational costs [31]. To make optimum use of favourable electricity 

prices and the supply of renewable electricity, it is anticipated that in the future the share of LSHPs in 

heat generation will rise sharply at moments when the residual load is low [13]. Therefore, the installed 

capacity of LSHPs is intended to be oversized to enable this operational flexibility. However, it must be 

considered that an insufficient number of full-load hours leads to higher specific heat generation costs, 

as investment costs then have a disproportionately large impact [13, 31, 32]. A precise balance between 

system serviceability and economic efficiency is therefore crucial. In general, it is assumed that the 

most important factor for a successful market ramp-up of LSHPs is a favourable ratio between 

electricity procurement costs to gas prices on the market [13]. Therefore, in the scope of this work a 

price-driven operation strategy based on electricity market signals is investigated. 

The German electricity market is essentially divided into two areas, the energy-only market and the 

market for system services, including the capacity markets [33]. The energy-only market trades solely 

electricity that is produced, while capacity markets, such as the balancing services market, remunerate 

the provision of capacity or the readiness to deliver power when needed for interventions that 

safeguard security of supply. Thus, the energy-only market is supplemented by the market for system 

services which ensures system stability and security of supply [33]. To ensure optimal grid planning, 
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balancing group managers (BGMs)1 must submit accurate quarter-hourly forecasts of generation and 

consumption for the following day to the transmission system operator (TSO) [29, 30]. Deviations from 

forecasts require immediate corrective actions by the TSO to maintain system stability, especially 

regarding frequency and voltage control (EnWG, 2025, §§ 13, 14). These actions are carried out by the 

activation of positive and negative control energy, which is procured via the balancing services market 

[33]. Positive control energy is the electricity that is fed into the grid to counteract falling grid frequency 

and negative control power is electricity that is taken from the grid to prevent excessively high grid 

frequencies. Control energy is divided into primary control power, which balances fluctuations in the 

grid within seconds, secondary control power, which intervenes within five minutes, and minute 

reserve, which is used to balance the grid frequency within quarter hours [29, 33]. To date, LSHPs are 

not known to be used for system services for the provision of control energy, as they usually do not 

fulfil the required response times for primary and secondary control. In principle, however, the 

provision of minute reserve by LSHPs is expected in the future [13, 34]. Another system service that is 

regulated by the system service market is the capacity to compensate for grid congestion [33]. If the 

cross-section of the power cable in one area is too small to transport a large amount of electricity, this 

leads to an overload and a bottleneck in the power grid in this area. In such cases, the grid operator 

must take measures aimed at changing the geographical distribution of electricity feed-in while keeping 

the total feed-in volume constant to ensure the security of supply for customers located downstream 

of the congestion point [35]. This means that electricity production must be reduced upstream of the 

congestion point and increased downstream of it. Measures to eliminate grid bottlenecks include 

redispatch interventions, feed-in management, and the regulation of controllable consumption units – 

also including LSHPs (§13 EnWG). To date during a redispatch intervention, mostly two conventional 

power plants with matching adjustment capacity are involved. One plant, located upstream of the 

anticipated bottleneck, is instructed to reduce its power output, while the second plant, situated 

downstream of the bottleneck, is instructed to increase its power production. Here operators of 

affected plants are entitled to compensation for economic disadvantages caused by redispatch. The 

costs for redispatch interventions are currently covered by grid usage fees, which are ultimately borne 

by the end users [33]. However, the issue of grid congestion could be addressed much more efficiently 

through the integration of grid-supportive, flexible assets. In this context, LSHPs may replace 

conventional power plants in future redispatch operations, thereby contributing to a more cost-

effective and sustainable grid management. As the energy-only market in Germany operates within a 

single national price zone [36], while grid congestion is inherently a local phenomenon, a discrepancy 

arises between the economic incentives of the electricity market and the physical requirements of the 

power grid [33]. If LSHPs are operated purely based on market signals – producing heat when there is 

a general electricity surplus – a cost-optimized operation can be achieved. However, this does not 

necessarily imply that their operation is beneficial from a grid stability perspective at their specific 

location. For instance, the electricity price may remain high due to an overall low generation level in 

 
1 A balancing group or balancing area represents the smallest unit in the energy market model and functions as 
a virtual energy account managed by a BGM, comprising various injection and withdrawal points. 
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Germany, thereby preventing an economically viable operation of LSHPs in Hamburg and at the same 

time, a local grid bottleneck might occur due to high wind generation in northern Germany, 

necessitating increased electricity transport to the south. In such a case, operating LSHPs in Hamburg 

could help relieve the local congestion, even though market signals from the energy-only market alone 

would discourage their use. In the context of this study, however, the operation of LSHPs is not only 

analyzed from an economic perspective but also regarding their potential for grid-supportive operation, 

with a particular focus on redispatch interventions. 

2.3 Embedding LSHPs into Hamburg’s Energy Infrastructure 

This chapter describes the role of the planned LSHPs in the transformation process of the Hamburg’s 

district heating network. Furthermore, the site allocation of the LSHPs is described. This is essential for 

the local integration into Hamburg’s electricity grid and the associated requirements for grid 

compatibility, which are investigated in chapter 4.1.6 and 5.2.2. 

As part of the second update of the Hamburg Climate Plan in 2022 the city raised its climate targets 

and aims for a reduction of greenhouse gas emission of 70 % by 2030 compared to 1990 [37, 38], even 

exceeding the national targets (KSG, 2020, § 3 (1) No. 1). In September 2019, Hamburg was able to fully 

purchase back the city's largest district heating network from the Swedish energy company Vattenfall. 

It is now operated by the ‘Hamburger Energiewerke GmbH’ which is a company completely owned by 

the city of Hamburg. Recent scenario analyses predict an additional connection of 49,000 consumers 

to the district heating network of Hamburg by 2030 and 72,000 by 2045 [39]. The city plans to shift the 

district heating supply to renewable energies, biomass and waste heat [40]. This shall be realized by 

shutting down the 423 MWth coal-fired CHP plant in Wedel and expanding the district heating grid 

through a crossing of the Elbe to harvest the energy potentials in the port [40, 41, 42]. The project to 

harness the port's energy potential for district heating, called ‘Energiepark Hafen’, is scheduled to begin 

operations by the end of the year [43]. One of the core components of the ‘Energiepark Hafen’ is the 

wastewater heat pump at the Dradenau sewage treatment plant with a heat capacity of approx. 60 

MWth [20, 44]. Furthermore, the 300 MWth CHP plant in Tiefstack shall be replaced due to the project 

‘Tiefstack Energy Park’ [44, 45]. Among others the most essential centerpieces in the ‘Tiefstack Energy 

Park’ are two water heat pumps with heat capacities of approx. 60 MWth and 195 MWth [19, 20]. The 

60 MWth water heat pump will be located at the location of the recent CHP plant in Tiefstack and the 

larger one probably at the location of the recent CHP plant in Wedel [20]. In Figure 3 the most relevant 

heat generation units in Hamburg’s future district heating grid including the LSHPs are shown. 
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Figure 3: Simplified schematic of district heating network in Hamburg [44] 

Modelling the wastewater and river heat pumps planned in the projects ‘Energiepark Hafen’ and 

‘Energiepark Tiefstack’, taking into account the effects on the Hamburg power grid, is the subject of 

this work. 
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3 The Heat Pump Concept 

In the following segment the working principle of a compression heat pump (HP) is explained, and key 

aspects of HP modelling are outlined. In this context performance parameters are introduced to 

evaluate the efficiency of a heat pump system. This is essential for comparing different HP systems with 

respect to the requirements they must meet in large-scale applications.  

HPs can be fundamentally categorized between sorption and compression HPs, whereby a further 

distinction between transcritical and subcritical HPs is made for the compression HPs [46, 47]. Since 

sorption heat pumps are not suitable for large-scale water-source applications and transcritical systems 

require complex modeling, this work focuses mostly on modeling LSHPs as subcritical compression 

systems. Currently subcritical compression HPs are the most common and technically feasible option 

for large-scale use. 

3.1 How the Compression Heat Pump works 

This chapter explains the heat pump cycle and uses the equivalent thermodynamic ideal cycle – the 

reversed Carnot cycle – to support the understanding.  

A HP transports heat from a cold reservoir with the temperature 𝑇𝑙𝑜𝑤 to a hot reservoir with the 

temperature 𝑇ℎ𝑖𝑔ℎ, whereby 𝑇ℎ𝑖𝑔ℎ > 𝑇𝑙𝑜𝑤. For this purpose, electrical energy 𝑊𝑒𝑙  is required according 

to the second law of thermodynamics [48] In contrast to a heat engine, which converts heat into work, 

a heat pump uses work to move heat against the natural temperature gradient [49]. Therefore, the 

reverse Carnot cycle which runs in the opposite direction compared to a heat engine is often used for 

performance indicators for real heat pump cycles [50]. 

3.1.1 Carnot Cycle 

To understand the concept of a HP system and in particular those aspects thereof which result in 

efficiency losses the concept of the equivalent ideal thermodynamical – the Carnot cycle – is important. 

The Carnot cycle is the process that can be operated with the least energy input and thus has the 

maximum achievable efficiency. The reserve Carnot cycle for heat pump processes consists of four 

reversible steps [50, 51]. 

1 - Isothermal expansion and heat exchange at 𝑻𝒍𝒐𝒘:  

The medium absorbs heat energy from the heat source 𝑄𝑠𝑜𝑢𝑟𝑐𝑒 at low temperature level 𝑇𝑙𝑜𝑤. 

Since the process is ideal the temperature difference between the reservoir and the medium is 

infinitesimal small and the heat exchange must take place very slowly (quasi-static). The absorbed 

heat 𝑄𝑠𝑜𝑢𝑟𝑐𝑒 is entirely converted into volume work 𝑊𝑉, which the system is performing. As a 

result, the temperature of the medium stays constant at 𝑇𝑙𝑜𝑤. 

2 - Isentropic compression:  
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Electrical energy 𝑊𝑒𝑙  is used to compress the working medium. As the internal energy increases 

and no heat is exchanged with the environment, the temperature of the medium rises from 𝑇𝑙𝑜𝑤 

to 𝑇ℎ𝑖𝑔ℎ. The process is adiabatic [52].  

3 - Isothermal compression and heat exchange at 𝑻𝒉:  

Heat energy 𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒 is transferred from the medium to the high-temperature reservoir at a 

constant temperature level 𝑇ℎ𝑖𝑔ℎ in a very slow (quasi-static) process. During the heat exchange, 

volume work is performed on the medium by isothermal compression, where 𝑊𝑉 = 𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒  so 

that the temperature of the medium remains constant [52].  

4 - Isentropic expansion:  

The medium expands and performs mechanical work due to a turbine or an expander in an 

isentropic expansion. The energy for the work performed is provided by the internal energy of the 

medium. As a result, the medium cools down from 𝑇ℎ𝑖𝑔ℎ to 𝑇𝑙𝑜𝑤 in an adiabatic process [50].  

Figure 4 shows the reverse Carnot cycle as a component diagram and plots the process in a T-S diagram. 

The work required for the process is shown in the T-S diagram by the enclosed area of the process 

vectors. 

 

Figure 4: Topology and T-S diagram of reverse Carnot cycle [50, 51] (own illustration) 

The Carnot process cannot be operated economically in practice for various reasons [50]. One reason 

is that the Carnot cycle assumes an isentropic expansion, where the medium performs work due to a 

turbine. Since the turbine used to expand the medium could only cover a small portion of the 

compressor work and, in practice, is associated with high costs and mechanical losses, an expansion 

valve is used in HP systems [50]. By using an expansion valve the expansion takes place without 

performing work, thus the process becomes irreversible due to an increase in entropy. The expansion 

is now no longer isentropic, but isenthalpic. Furthermore, the isothermal heat transfers assumed in the 

Carnot cycle are not possible in practice, as they would take an infinitely long time [51]. The heat 

exchange in a real heat pump happens due to a temperature gradient and therefore leads to rising 
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 As illustrated, the working principle of a single-stage heat pump cycle consists of four main steps, 

involving the components: evaporator, compressor, condenser, and expansion valve [57]. Although the 

HP cycle is a closed system, open systems must be assumed for the energy balances of the individual 

process steps, as a mass flow beyond the system boundaries takes place in each step and thus flow 

work is performed [52, 58].  

Step 1 – Evaporator 

𝟒/𝟎 − 𝟏′′: Heat is transferred from the heat source medium to the refrigerant through a heat 

exchanger. In a model-idealistic process the refrigerant enters the evaporator as a liquid-vapor mixture 

and then evaporates completely due to its low boiling point at a constant evaporation temperature 

𝑇𝑣𝑎𝑝 = 𝑇4/0 = 𝑇1′′ and a constant pressure 𝑃𝑣𝑎𝑝 = 𝑃4/0 = 𝑃1′′  [59]. The energy for vaporization is 

obtained by cooling the heat source medium.  

𝟏′′ − 𝟏𝒔: The saturated vapor gets overheated by an isobaric heat exchange until it leaves the 

evaporator with a temperature of 𝑇1𝑠 > 𝑇1′′ . Overheating is necessary to prevent liquid drops from 

entering the compressor, which could cause damage and reduce the technical lifetime of the 

compressor [50]. To transfer the heat to the refrigerant in a finite time, the source medium must be 

slightly warmer than the refrigerant 𝑇𝑆𝑜𝑢𝑟𝑐𝑒 > 𝑇1𝑠,𝑟𝑒𝑓.. If the temperature of the heat source is not 

sufficient for superheating, waste heat from the compressor could be used through an internal heat 

exchanger or hot steam from the compressor outlet could be returned through a bypass line to increase 

the temperature at the compressor inlet [50, 55]. The absorbed heat from the heat source is defined 

by [60]: 

𝑄𝑠𝑜𝑢𝑟𝑐𝑒 = 𝑚 ∙ (ℎ1𝑠 − ℎ4/0) (1) 

Step 2 – Compressor 

𝟏𝒔 − 𝟐𝒔: In the compressor, the overheated refrigerant vapor is raised to a higher pressure and a higher 

temperature level by adding mechanical work. In an ideal process the compression would be isentropic, 

and the specific work could be calculated simply by [50, 51]: 

𝑤𝑒𝑙,𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝 = ℎ2𝑠,𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝 − ℎ1𝑠 (2) 

However, since the entropy increases in a real compression process due to dissipation, mechanical 

friction and irreversible processes, the actual specific work is: 

𝑤𝑒𝑙,𝑟𝑒𝑎𝑙 = ℎ2𝑠 − ℎ1𝑠 (3) 

The ratio between the specific work in the isentropic process and the real process is expressed with 

the isentropic efficiency or compressor efficiency [50, 51]: 

𝜂𝑐𝑜𝑚𝑝 =
𝑤𝑒𝑙,𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝

𝑤𝑒𝑙,𝑟𝑒𝑎𝑙
=

ℎ2𝑠,𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝 − ℎ1𝑠

ℎ2𝑠 − ℎ1𝑠
 (4) 

Step 3 - Condenser 
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𝟐𝒔 − 𝟐′′: After leaving the compressor the superheated steam is cooled down in an isobaric process 

𝑃2𝑠 = 𝑃2′′  until it reaches the condensation temperature 𝑇𝑐𝑜𝑛𝑑 = 𝑇2′′ . It must be ensured that the 

temperature 𝑇2𝑠 is slightly higher than the condensation temperature 𝑇2𝑠 > 𝑇𝑐𝑜𝑛𝑑 = 𝑇2′′ . This is 

necessary to provide that the refrigerant is in the phase of superheated vapor without any liquid 

components throughout the entire compression process [55]. 

𝟐′′ − 𝟑′: The refrigerant condensates with release of condensation enthalpy at a constant temperature 

𝑇𝑐𝑜𝑛 = 𝑇2′′ = 𝑇3′  until the state of boiling liquid is reached.  

𝟑′ − 𝟑𝒖: Due to further heat exchange the liquid refrigerant cools down even more 𝑇3′ > 𝑇3𝑢 until it 

leaves the condenser and enters the expansion valve. The purpose of subcooling is to avoid vapor 

formation in front of the throttle, since the expansion valve only functions properly when at the inlet 

the refrigerant is completely in the liquid phase. 

Analogous to the evaporator the total released heat in the condenser is calculated by [60]: 

𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒 = 𝑚 ∙ (ℎ2𝑠 − ℎ3𝑢) (5) 

Step 4 – Expansion valve 

𝟑𝒖 − 𝟒/𝟎: After the condensation the refrigerant passes a throttle valve where an isenthalpic and 

adiabatic expansion takes place. The lowering of pressure causes the refrigerant to start boiling and a 

part of the refrigerant spontaneously evaporates thus constantly lowering its temperature level. Since 

the pressure before the expansion valve is higher than behind the expansion valve 𝑝3𝑢 > 𝑝4/0, the 

medium naturally flows in the direction of decreasing pressure. However, the process would never run 

against the pressure gradient from low pressure to higher pressure. Thus, the process is irreversible, 

and entropy is generated 𝑠3𝑢 < 𝑠4/0 [50, 52]. In the first stage of the expansion the refrigerant stays in 

the liquid phase until saturation temperature is reached due to pressure reduction and the partial 

evaporation starts.2 In the second stage after reaching the boiling point the energy required for 

spontaneous evaporation is provided by the internal energy of the refrigerant itself by dropping its 

temperature. 

Daviations from idealized assumptions: 

To better classify the results of thermodynamic modeling, it is important to be aware of the process 

deviations. The real HP cycle differs from model idealized assumptions in the process steps described 

above in several aspects [55]: 

 
2 To describe the temperature change during the first stage the Joule-Thomson-coefficient 𝜇𝐽𝑇 = (

𝜕𝑇

𝜕𝑝
)

𝐻
is 

introduced. It indicates the temperature change during an isenthalpic pressure drop in single-phase systems. The 
effect results from intermolecular interactions: when expansion requires overcoming strong attractive forces, 
kinetic energy is reduced, leading to a temperature drop. For liquids the Joule-Thomson-coefficient is usually very 
small, meaning the temperature change before evaporation is minimal. This is reflected in the p-h diagram, where 
isenthalpic and isothermal lines run nearly parallel in the liquid region. 
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the setpoints. A controller evaluates the information and commands the expansion ventil for 

adjustment, thus closing the feedback loop. Figure 7 shows the integration of the expansion ventil into 

the HP control circuit. 

 

Figure 7: Control circuit of HP systems [61] 

Considering the HP control circuit and aiming for a realistic implementation in the thermodynamic 

model, additional system parameters – such as the size of the heat exchangers – would need to be 

known. As this system parameters are unknown, a simplification of the control circuit is done as 

explained in chapter 4.7.1. 

3.3 Key Performance Indicators  

In the subsequent chapter the key performance indicators used to evaluate the system performance 

are introduced. The right use of performance indicators is essential to evaluate the process of the 

system according to the desired outcome. This is applied in the thermodynamic modeling of the HP 

system described in chapter 4.7. 

If the HP is considered under model-idealized assumption that no energy losses to the environment 

occur, then according to the first law of thermodynamics the energy balance is [46]: 

𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒 = 𝑄𝑠𝑜𝑢𝑟𝑐𝑒 + 𝑊𝑒𝑙  (6) 

The most common quantity to evaluate the efficiency of a HP process is the coefficient of performance 

(COP) which is defined as the ratio of heating output to electrical input power [50]: 

𝐶𝑂𝑃 =
𝑄̇𝑝𝑟𝑜𝑣𝑖𝑑𝑒

𝑊̇𝑒𝑙

 (7) 
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The Carnot process is the process with the highest efficiency and thus reaches the highest COP. 

According to the second law of thermodynamics and the definition of entropy the heating power 

transferred in a reversible process is [52]: 

𝑄̇𝑟𝑒𝑣 = 𝑚̇ ∙ 𝑇 ∙ (𝑠ℎ𝑖𝑔ℎ − 𝑠𝑙𝑜𝑤) (8) 

If this equation is inserted into the definition of the COP and the energy balance of an ideal lefthand 

Carnot cycle is considered as shown in the T-s diagram in Figure 4, it follows [50]: 

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 =
𝑄̇𝑝𝑟𝑜𝑣𝑖𝑑𝑒

𝑊̇𝑒𝑙

=
𝑄̇𝑝𝑟𝑜𝑣𝑖𝑑𝑒

𝑄̇𝑝𝑟𝑜𝑣𝑖𝑑𝑒 − 𝑄̇𝑠𝑜𝑢𝑟𝑐𝑒

=
𝑚̇ ∙ 𝑇ℎ𝑖𝑔ℎ ∙ (𝑠ℎ𝑖𝑔ℎ − 𝑠𝑙𝑜𝑤)

𝑚̇ ∙ 𝑇ℎ𝑖𝑔ℎ ∙ (𝑠ℎ𝑖𝑔ℎ − 𝑠𝑙𝑜𝑤) − 𝑚̇ ∙ 𝑇𝑙𝑜𝑤 ∙ (𝑠ℎ𝑖𝑔ℎ − 𝑠𝑙𝑜𝑤)
=

𝑻𝒉𝒊𝒈𝒉

𝑻𝒉𝒊𝒈𝒉 − 𝑻𝒍𝒐𝒘
 (9) 

Paraphrased, the 𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 indicates how much heat output can be transferred to the temperature 

level 𝑇ℎ𝑖𝑔ℎ per electrical input power 𝑊̇𝑒𝑙  when heat is absorbed from a source at the temperature 

level 𝑇𝑙𝑜𝑤 [57]. When defining the 𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡, it is crucial to know which temperature levels is being 

referred to. The 𝐶𝑂𝑃𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 is defined for the temperature difference between the evaporation and 

condensation temperature. Thus, it applies [50]: 

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡,𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 =
𝑇𝑐𝑜𝑛

𝑇𝑐𝑜𝑛 − 𝑇𝑣𝑎𝑝
 (10) 

However, if the heat gradients in the heat exchangers are considered and it is referenced to the 

temperature of the heat source and the heating grid, then it is defined [50, 57]:  

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 =
𝑇𝑔𝑟𝑖𝑑

𝑇𝑔𝑟𝑖𝑑 − 𝑇𝑠𝑜𝑢𝑟𝑐𝑒
 (11) 

For the thermodynamic modelling of an HP cycle as done in chapter 4.7, the real 𝐶𝑂𝑃𝑟𝑒𝑎𝑙 is calculated 

using enthalpy balances [50, 54]: 

𝐶𝑂𝑃𝑟𝑒𝑎𝑙 =
𝑄̇𝑝𝑟𝑜𝑣𝑖𝑑𝑒

𝑊̇𝑒𝑙

=
𝑚̇ ∙ (ℎ2𝑠 − ℎ3𝑢)

𝑚̇ ∙ (ℎ2𝑠 − ℎ1𝑠)
 (12) 

To rate the quality of a HP cycle, the so-called quality factor is introduced 𝜂𝑞𝑢𝑎𝑙𝑖𝑡𝑦 [62]. The quality 

factor is the ratio of the 𝐶𝑂𝑃𝑟𝑒𝑎𝑙 in the real HP process to the one of the Carnot cycle 𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡: 

𝜂𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 =
𝐶𝑂𝑃𝑟𝑒𝑎𝑙

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡,𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟
 (13) 

 

𝜂𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 =
𝐶𝑂𝑃𝑟𝑒𝑎𝑙

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟
 (14) 



3 The Heat Pump Concept 

17 
 

Since the Carnot cycle always assumes heat exchange at constant temperatures 𝑇ℎ𝑖𝑔ℎ and 𝑇𝑙𝑜𝑤, the 

process steps of superheating in the evaporator and subcooling in the condenser distort the 

significance of the 𝜂𝑞𝑢𝑎𝑙𝑖𝑡𝑦, as they result in a deviation from the constant evaporation or condensation 

temperature and thus change the temperature lift 𝑇ℎ𝑖𝑔ℎ − 𝑇𝑙𝑜𝑤. For example, the 𝐶𝑂𝑃𝑟𝑒𝑎𝑙 would 

increase with significant subcooling after the expansion valve, as the resulting lower heat flow weighted 

mean temperature in the condenser reduces the effective temperature lift [50]. To ensure the 

significance of the quality factor with large proportions of superheating or subcooling in the heat 

exchangers, the 𝐶𝑂𝑃𝐿𝑜𝑟𝑒𝑛𝑧 is introduced [46, 63]: 

𝐶𝑂𝑃𝐿𝑜𝑟𝑒𝑛𝑧 =
𝑇̅ℎ𝑖𝑔ℎ

𝑇̅ℎ𝑖𝑔ℎ − 𝑇̅𝑙𝑜𝑤

 (15) 

Where 𝑇̅ℎ𝑖𝑔ℎ is the heat flow weighed mean temperature or entropic mean temperature on the 

condenser or user side and 𝑇̅𝑙𝑜𝑤 the heat flow weighed mean temperature on the side of the 

evaporator or heat source [64]. If no phase changes take place, then the heat flow weighed mean 

temperature can simply be assumed by [58]: 

𝑇̅ =
𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡

2
 

(16) 

However, when a phase change takes place, a differentiated consideration must be made through 

integration along the heat exchanger [64]: 

𝑇̅ =
1

𝑄̇
∙ ∫ 𝑇(𝑥) ∙

𝑑𝑄̇

𝑑𝑥
𝑑𝑥

𝑥𝑒𝑛𝑑

𝑥𝑠𝑡𝑎𝑟𝑡

 (17) 

Here 𝑥 is a placeholder for the integration parameter along which temperature and heat flow change 

in the heat exchanger. The Lorenz quality grade 𝜂𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝐿𝑜𝑟𝑒𝑛𝑧 is calculated analogous to the other 

quality factors and indicates the ratio between 𝐶𝑂𝑃𝑟𝑒𝑎𝑙 and  𝐶𝑂𝑃𝐿𝑜𝑟𝑒𝑛𝑧. The use of 𝜂𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝐿𝑜𝑟𝑒𝑛𝑧 is 

purposeful when large proportions of superheating or subcooling phases in the evaporator or 

condenser occur as described in chapter 4.7.  

While the 𝐶𝑂𝑃 is only determined for a specific set of operating conditions, the so-called annual 

performance factor represents the operation under real conditions for an entire year. The APF is 

defined by: 

𝐴𝑃𝐹 =
∫ 𝑄𝑢𝑠𝑒

𝑡2

𝑡1

∫ 𝑊𝑒𝑙
𝑡2

𝑡1

 (18) 

Here 𝑡1 is the time at the beginning of the year and 𝑡2 is the time at the end of the year [65, 66]. The 

quality factor 𝜂𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝐿𝑜𝑟𝑒𝑛𝑧 and the APF can be applied for HP modelling in alternate mode as 

explained in chapter 4.8. 
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“HFCs (Hydrofluorocarbons)” In 2024, the European Union banned the production of new HPs using 

HFCs due to their high GWP (Regulation (EU) 2024/573) [69]. Hence, R245fa (lime) and R134a (brown) 

are not an option. 

“HFOs (Hydrofluoroolefins)” The refrigerants R1234ze(Z) (blue) R1234ze(E) (purple) and R1234yf (light 

blue) are considered environmentally friendly alternatives for HFCs [47, 70], since their critical 

temperatures and pressures are very similar as shown in Figure 9. The boiling point of R1234ze(Z) at 

ambient pressure is approx. 9.8 °C which restricts their use to the second stage of a multiple-stage HP. 

The critical temperature of the refrigerant R1234yf at its critical point is 94,7 °C [71], thus limiting the 

operation for sink temperatures below 90 °C. The critical temperature of R1234ze(E) is 109,4 °C and 

therefore more favorable.  

“HCFOs (Hydrochlorofluoroolefins)” The refrigerant R1233zd(E) (black) has the highest critical 

temperature, which makes it attractive for HTHPs [47]. But the boiling point at ambient pressure is 

above 18 °C and therefore too high for the first stage of a river-source HP [70].  

“HCs (Hydrocarbons)” R600a (grey) and R600 (olive) have high flammability, which is why they are 

only suitable for smaller systems with small filling quantities of maximum 2.5 kg [47]. 

“Natural” When considering natural refrigerants, R718 (water), R744 (carbon dioxide, green), R290 

(propane, organge) and R717 (ammonia, red) are generally used [47]. Due to its significantly high 

boiling point water would just be an option for the upper stage of a cascaded HP. R744 (green line) 

works in transcritical operation due to its low critical point as shown in Figure 9. Especially for large 

temperature lifts with high supply temperatures as they occur in the LSHPs in Hamburg, it is a suitable 

option. Propane is generally well suited for LSHPs due to its low boiling point at high pressure levels, 

but it is highly flammable and thus very strict safety instructions apply. Furthermore, its critical point 

is at a temperature of 96.7 °C, therefore limiting the operation for heating network temperatures 

below 90 °C. R717 enables large evaporation and condensation enthalpies as illustrated in Figure 9. 

This is a key advantage, as R717 facilitates high volumetric heating output with small filling quantities. 

Nevertheless, at high temperatures the available compressor technology is limited due to the high 

pressure levels, thus restricting the use of R717. Thanks to special cast steel designs compressors can 

withstand approx. maximum operating conditions at 76 bar and grid temperatures of 110 °C [13, 47, 

72] Here special safety precautions must be taken due to the toxicity of ammonia. 

As a result of the analysis the refrigerants R717, R1234ze(E), R290 and R1234yf are selected for further 

consideration of subcritical HP modelling, whereby in real-world operation R290 and R1234yf are only 

options for supply temperatures below 90 °C. 
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4 Design of Simulation Framework and HP Modell 

The following section describes the development of the model used to simulate LSHPs in Hamburg's 

power grid. The modelling approach is outlined in several steps. First the input parameters are 

introduced. Then the general structure of the algorithm and the system characteristics of the LSHPs are 

described. Thereafter, the specific segments of the algorithm are highlighted. Here, the operating 

modes of the LSHPs and the corresponding technical control strategies are detailed. Consequently, the 

model-based heat output calculation depending on the operating mode is explained and the 

performance of thermodynamic modelling for calculating the electrical input power is presented. 

Various factors must be taken into account when developing the HP model. Here, a distinction is made 

between assumptions on the technical design of the HP and input parameters outside of the system 

based on real measured values. Figure 10 shows an overview of the different parameters considered 

to calculate the electrical input power of the river-source LSHPs in Hamburg.  

 

Figure 10: Parameters for modelling river-source LSHPs in Hamburg (own illustration) 

When determining the heat output and the electrical input power, the individual parameters and their 

interdependencies must be considered across consecutive timesteps. Figure 11 illustrates the key 

parameter interdependencies governing the specification of the heat pump’s electrical input and 

thermal output, which are explained in more detail in the following chapters. 
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Figure 11: Causal dependencies among the model parameters (own illustration) 

The targeted thermal output resulting from the heat demand, the economic efficiency and the 

redispatch measures is further narrowed down in each step by checking the technical feasibility. Here, 

the defined parameter states of one step including the number of modules in power are the initial state 

for the next step and therefore impacting the technical feasibility to fulfil upcoming demands. 

Furthermore, the storage level, resulting from the cumulative energy balance of all previous steps, 

influences the thermal output in the current timestep. The temperature of the district heating grid 𝑇𝑑ℎ 

and the source temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 are affecting the COP and the maximum thermal output due to 

maximum compressor power, as discussed in chapter 4.3.4. In addition, shutdowns are carried out in 

case of too low source temperature as described in chapter 4.3.5 [20].  

4.1 Measured Input Parameters 

This section describes the creation of the input data series and presents the corresponding results.  

The simulation is performed for a selected year using a 15-minute time resolution. Accordingly, time 

series with the same resolution are generated for all input parameters, including ambient temperature 

𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡, water temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒, heating grid temperature 𝑇𝑔𝑟𝑖𝑑, heat demand, electricity prices 

and redispatch measures. Many raw data sets for core input data such as the ambient temperature and 

the water temperature were not complete or had faulty and unplausible values. Furthermore, the 

format of raw data from every category was not consistent. Thus, the data had to be processed in 

several steps. Here, faulty values were filtered, missing values were supplemented due to interpolation, 

the resolution of the data series were adjusted, and the validity and quality of the data were checked. 
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Moreover, the process of data preparation was tracked to evaluate if a data series has too many 

artificially supplemented values.  

4.1.1 Ambient Temperature in Hamburg  

The ambient temperature of Hamburg is required as it affects the temperature of the heating grid as 

well as the heat demand. The German weather service ‘deutsche Wetterdienst’ does record the 

ambient temperature at two measuring points in Hamburg, in Fuhlsbüttel and Neuwiedenthal [73]. The 

data is available for the last decades in a 10-minute resolution at a ground level of 2 meters [74]. When 

choosing the weather year to create the time series for district heating it is considered that the 

simulation of LSHPs in this work is also used in a wider context for further simulations of the 

‘Competence Center für Erneuerbare Energien und EnergieEffizienz’ (CC4E), which are based on the 

weather data from 2012. Thus, for reasons of consistency, the year 2012 is used here as the weather 

year as well. The ambient temperature data series for 2012 was verified as error-free. 

4.1.2 Water Temperature of the Elbe  

The data series for the water temperature of the Elbe is needed as it serves as the source temperature 

for the HP model. The institute of ‘Hygiene und Umwelt’ operates several measuring stations on the 

Elbe. In correspondence with the head of the department of the ‘Wassergütemessnetz’, measurement 

data with a 10-minute resolution is provided for the locations Blankenese, Bunthaus and Seemannshöft 

[75, 76]. The data series of 2012 had some missing measurements, which were supplemented by linear 

interpolation. However, since only less than 3 % of the measurement data were supplemented, the 

data series is considered reliable. Figure 12 shows the 15-minute temperature profiles of the Elbe water 

in Blankenese and the ambient air in Fuhlsbüttel for the year 2012.  

 

Figure 12: Ambient and water Temperature in Hamburg 2012  [77, 76] (own illustration) 



4 Design of Simulation Framework and HP Modell 

24 
 

As expected, the water temperature follows the ambient temperature with a time delay [78], whereby 

the water temperature of the Elbe does not drop below 0 °C. 

4.1.3 Temperature of the Heating Grid 

The temperature of the heating grid is essential for heat pump operation, as it defines the supply 

temperature level at which the LSHPs are expected to provide heat. The temperature of the heating 

grid in Hamburg varies depending on the ambient temperature. Using the diagram provided in the 

documents from the ‘Hamburger Energiewerke’ and manually determining value pairs, the heating grid 

temperature at every timestamp is determined due to interpolation between the given value pairs [79]. 

The temperature of the heating grid even rises to over 130 °C during very cold temperatures below -10 

°C. However, higher sink temperatures require more complex HP designs to reduce extensive material 

stress due to high temperatures at the outlet of the compressor. Furthermore, the 𝐶𝑂𝑃 decreases with 

higher supply temperatures, thus affecting economic efficiency. Since the planned LSHPs are currently 

just supplemental heat generators in the heating grid, it is assumed that the energy at higher 

temperature levels can be provided by other sources. For the wastewater HP in Dradenau, which does 

not feed directly into the district heating network but into an intermediate hydraulic circuit, maximum 

supply temperatures between 95 and 98 °C are planned [20, 80]. For the other LSHPs, maximum supply 

temperatures of just below 100 °C are planned according to the specifications of ‘Hamburg 

Energiewerke’ [20]. Therefore, in the default scenario it is assumed the LSHPs support the district 

heating grid with supply temperatures between 90°C and 100°C depending on the current temperature 

level needed. Figure 13 shows the temperature profiles of the heating grid in Hamburg and the supply 

temperature of the LSHPs as a function of the ambient temperature and Figure 14 shows the 

temperature development in the district heating grid and the supply temperature of the LSHPs as a 

function of the ambient temperatures recorded in 2012.  

 

Figure 13: Temperature dependency of the heating grid on ambient temperature [79] (own illustration)   
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Figure 14: Ambient temperature and temperature of heating grid in Hamburg 2012 [76, 79] (own illustration) 

The temperature curve shows that the temperature in the heating grid increases for cold ambient 

temperatures below 7.5 °C. If the temperature is limited to 100 °C no further increase occurs after the 

ambient temperatures drops below 3.5 °C.  

4.1.4 District Heat Consumption in Hamburg  

The temperature of the heating grid in Hamburg is necessary to adapt the targeted heat output of the 

LSHPs. As there is neither a 15-minute time series nor a sufficient data basis to derive one for district 

heat consumption in Hamburg, standard load profiles (SLPs) for gas customers are used to map the 

consumption behaviour instead. This approach assumes that the consumption patterns for district 

heating in households and commercial buildings are comparable to those of gas consumption. Likewise, 

no 15-minute consumption data is available for gas consumption. However, as shown in previous 

studies [81], the hourly factors used by gas network operators to estimate future consumption behavior 

can be used to generate a corresponding 15-minute time series. Here, the first step is to create a daily 

consumption time series. This can be achieved due to the process that gas network operators use to 

forecast the future consumption of their customer groups as a function of ambient temperature and 

past consumption behavior (GasNZV, 2005, § 24). Here, the different customers are assigned to an SLP, 

so that every SLP represents a certain costumer group. In accordance with the guidelines for processing 

SLPs [82], the forecast for daily gas consumption of a customer group is calculated as follows: 

𝑄𝑑𝑎𝑖𝑙𝑦,𝑆𝐿𝑃 = 𝐾𝑊𝑆𝐿𝑃 ∙ ℎ𝑆𝐿𝑃(𝑇𝑎𝑙𝑙𝑜) ∙ 𝐹𝑑𝑎𝑦,𝑆𝐿𝑃 (19) 

Here 𝑄𝑑𝑎𝑖𝑙𝑦 is the forecast for daily gas consumption for a certain SLP, 𝐹𝑑𝑎𝑦,𝑆𝐿𝑃 is the factor for the day 

of the week, the value 𝐾𝑊𝑆𝐿𝑃 is the average daily consumption at 8°C for this SLP and ℎ𝑆𝐿𝑃(𝑇𝑎𝑙𝑙𝑜) is 

the profile function value of the SLP in dependency of the allocation temperature 𝑇𝑎𝑙𝑙𝑜. Currently the 

profile function value ℎ is calculated by using the profile functions of the TU München and the 
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‘Gasprognosetemperatur’ as 𝑇𝑎𝑙𝑙𝑜 provided by the DWD, which is estimated considering various 

parameters to optimize the forecast for the daily heat consumption 𝑄𝑑𝑎𝑖𝑙𝑦 [82, 83, 84]. Until 2022 the 

gas operator ‘Hamburger Energienetze’ used the FfE SigLinDe profiles and the temperature for the next 

day estimated due to the geometric series of the temperatures of the last days. To enable an 

independent calculation without relying on the ‘Gasprognosetemperatur’ as 𝑇𝑎𝑙𝑙𝑜 the FfE SigLinDe 

profiles are used in combination with the daily average temperatures from the weather year 

considered. This aligns with the method the ‘Hamburger Energienetze’ applied until 2022 since they 

also used the FfE SigLinDe profiles with linear extension as seen in Figure 15 [82, 85]. Thus, the profile 

function value ℎ is calculated by: 

ℎ(𝑇𝑎𝑙𝑙𝑜) =

[
 
 
 
(

𝐴

1 + (
𝐵

𝑇𝑎𝑙𝑙𝑜 − 𝑇0
)
𝐶 + 𝐷)

]
 
 
 
+ [𝑚𝑎𝑥 {

𝑚𝐻 ∙ 𝑇𝑎𝑙𝑙𝑜 + 𝑏𝐻

𝑚𝑊 ∙ 𝑇𝑎𝑙𝑙𝑜 + 𝑏𝑊
}] (20) 

Here, 𝐴, 𝐵, 𝐶, and 𝐷 are the coefficients of the Sigmoid function as part of the SLP, the reference 

temperature is fixed with 𝑇0 = 40 °𝐶 and 𝑚𝐻 , 𝑚𝑊, 𝑏𝐻 , 𝑏𝑊 are the coefficients for the linear part of 

the profile function where 𝑚 represents the slope of the line and 𝑏 the function value of the linear part 

at 0 °C. The linear extension increases the accuracy of the function value ℎ(𝑇𝑎𝑙𝑙𝑜) at very low or high 

temperatures to counteract the systematic underallocation in the area of very cold temperatures and 

to represent the remaining consumption through hot water in the area of hot temperatures, as shown 

in Figure 15 [82, 86]. 

 

Figure 15: Scheme for deriving the SigLinDe profiles with linear extension [82] 

The ‘Kundenwert’ 𝐾𝑊-value is defined due to past consumption behavior of the customer group in a 

certain period [82]. It applies: 

𝐾𝑊 =
𝑄𝑁

∑ (ℎ(𝜗𝐷𝑖
) ∙ 𝐹(𝐷𝑖))

𝑁
𝑖=1

 (21) 
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Due to the correspondence with the energy supplier BDEW and the gas network operator of Hamburg, 

the ‘Hamburger Energienetze’, the monthly 𝐾𝑊-values for the SLPs used in 2022 are obtained. The 

monthly 𝐾𝑊-values were calculated by the ‘Hamburger Energienetze’ according to equation (21) 

based on the annual consumption of the customers of the SLP that were billed in this month or, if a 

delay occurs, with a monthly offset [85]. Thus, the arithmetic mean 𝐾𝑊-value is the annual 𝐾𝑊-value 

which describes the annual consumption of the SLP most accurately. Using the 𝐾𝑊-values and the time 

series for the daily temperature of the weather year considered, the daily gas consumption for each 

SLP is determined according to equation (22)6. The daily consumption values are used to forecast the 

annual gas consumption for each SLP and, subsequently, to determine the total annual gas 

consumption grouped by SLPs representing households and commercial customers, respectively. It 

applies:  

𝑄𝑔𝑎𝑠,𝑎𝑛𝑛𝑢𝑎𝑙,𝑔𝑟𝑜𝑢𝑝 = ∑ ∑ 𝑄𝑔𝑎𝑠,𝐷𝑖,𝑆𝐿𝑃𝑛

𝑛=𝑎

𝑛

𝑖=365

𝑖=1

 (22) 

Adopting the concept of SLPs to the district heating sector and considering the data available for the 

district heat consumption regarding households and commercial customers [87], the daily district heat 

consumption of each SLP is defined using proportionality factors as shown in equation (23) and (24). 

Here the district heat demand of 2023 is chosen for the district heat consumption analysis, as 2023 is 

the most recent year with available data [87]. Depending on whether the SLP belongs to household or 

commercial customers, the district heat consumption is determined by scaling the calculated gas 

consumption. It applies: 

𝑄𝑑𝑎𝑖𝑙𝑦,𝑑ℎ,𝑆𝐿𝑃(ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑) =
𝑄𝑑ℎ,𝑎𝑛𝑛𝑢𝑎𝑙,ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠

𝑄 𝑔𝑎𝑠,𝑎𝑛𝑛𝑢𝑎𝑙,ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠
∙ 𝐾𝑊𝑆𝐿𝑃 ∙ ℎ𝑆𝐿𝑃(𝑇𝑎𝑙𝑙𝑜) ∙ 𝐹𝑑𝑎𝑦,𝑆𝐿𝑃 (23) 

 

𝑄𝑑𝑎𝑖𝑙𝑦,𝑑ℎ,𝑆𝐿𝑃(𝑐𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙) =
𝑄𝑑ℎ,𝑎𝑛𝑛𝑢𝑎𝑙,𝑐𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙

𝑄𝑔𝑎𝑠,𝑎𝑛𝑛𝑢𝑎𝑙,𝑐𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙
∙ 𝐾𝑊𝑆𝐿𝑃 ∙ ℎ𝑆𝐿𝑃(𝑇𝑎𝑙𝑙𝑜) ∙ 𝐹𝑑𝑎𝑦,𝑆𝐿𝑃 (24) 

In 2022 the SLPs with the following nomenclature have been used by ‘Hamburger Energienetze’ to 

allocate gas consumption: DE_HKO03 (cooking gas), DE_HKO03 (single-family home), DE_HMF33 

(multi-family home), DE_GHA34 (retail), DE_GKO34 (local authorities), DE_GMK34 (metal and 

automotive) [82, 85]. The SLP used for the customer group of cooking gas (DE_HKO03) can be neglected 

since district heating supply is not used for cooking [79]. Based on the daily consumption values, the 

daily mean temperatures and the hourly factors of the individual SLPs, which were developed in 2002 

 
6 In the simulation the monthly 𝐾𝑊-values were used depending on every month instead of the arithmetic mean 
𝐾𝑊-value (annual 𝐾𝑊-value) for the whole year. The use of the annual 𝐾𝑊-value would be mor accurate as it 
compensates for the customer shifts that took place during the year. This error only became apparent towards 
the end of the work and was therefore not corrected. Since the monthly 𝐾𝑊-values of every SLP are almost 
constant during the year the error can certainly be considered negligible. 
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on behalf of the BDEW and VKU, an hourly consumption profile is generated for each SLP [88, 89, 90, 

91].7 The hourly factors of every SLP indicate a percentage value of the total daily consumption for the 

respective hours, depending on the day of the week and the average daily temperature. As the factors 

are only specified for certain daily temperatures, the averaged values are determined by linear 

interpolation. In addition, the hourly factors are only dependent on the average daily temperature, 

which means that no temperature fluctuations during the day that deviate from the assumptions 

contained in the hourly factors are considered. Based on the hourly district heat consumption profiles 

for each SLP, 15-minute consumption time series are generated using weighted interpolation. Summing 

up the quarter-hourly consumption values across all SLPs results in the final 15-minute district heat 

demand time series. Since the values from different years are used, the annual district heat 

consumption from 2023, the 𝐾𝑊-values from 2022 and the daily temperatures from 2012, it is 

important to understand what the result of the calculated 15-minute district heat consumption series 

represents. The generated quarter-hourly time series distributes the already defined amount of district 

heat consumption in 2023 across the individual 15-minute intervals of the year, based on the 

temperature conditions of 2012 and assuming a customer profiling that corresponds to the one of gas 

customers in 2022. 

To create a sustainable structure which enables providing a heat demand time series based on different 

simulation conditions a class ‘SLP_simulation_conditions’ is set up such that the simulation conditions 

regarding the heat demand time series are stored as an object of the class. By creating a new object, a 

new district heat demand time series relying on different input data – such as another weather year, a 

different total demand, other 𝐾𝑊-values or different hourly factors – can be generated. To facilitate 

the future use of the data generation structure for upcoming simulations with different input data, the 

process of data generation through the class ‘SLP_simulation_conditions’ is illustrated by flowcharts in 

the appendix A. 

In 2023 district heat consumption in Hamburg by households and commercial customers totaled 

15,797 TJ [92]. The households consumed 9,524 TJ and the sector of business and services consumed 

6,272 TJ [92]. In Figure 16 the 15-minute time series for district heat consumption of 2023 in 

dependency of the weather in 2012 and an assumed consumption profile of 2022 is shown. 

 
7 In 2007 new hourly factors for the SLPs have been developed by the BGW and VKU also containing city-specific 
factors for certain SLPs such as DE_HKO03 (single-family home), DE_HMF33 and (multi-family home). This was 
only recognized at a later stage of the work process. Therefore, the hourly factors developed in 2007 were not 
used to generate the results; instead, those developed in 2002 were applied. The daily load peaks from the hourly 
factors developed in 2007 are slightly lower compared to the hourly factors of the SLPs developed in 2002. 
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Figure 16: District heat demand 2023 in dependency of temperature 2012 [77] [85] [88] [92] (own illustration) 

As expected, the district heat consumption decreases with an increase of temperature, which reflects 

a usual consumption behavior  [93, 94, 95, 96]. Comparative literature shows that the curve of the 

district heat load in Germany in 2012 has a very similar progression [81]. The fluctuations during the 

day in different seasons depend on the hourly factors used. Figure 17 illustrates the hourly fluctuation 

of the SLPs developed in 2002 for single-family homes and local authorities, to which the largest 

consumption was allocated in 2022.  

 

Figure 17: Hourly factors for single-family homes and local authorities during weekdays [88] (own illustration) 

While consumption is more evenly distributed at colder daily average temperatures the percentage 

peak values increase with rising temperatures. It must be noted that in the hourly demand factors, 

there is no such explicit distinction between space and water heating. Assuming there is no space 

heating at high ambient air temperatures, the hourly demand factors for the highest temperature range 

are related to water heating [97]. Hence, the daily fluctuations regarding the average consumption 
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during the day are higher in summer than in winter seasons. Figure 18 compares the district heat 

demand for a week in winter season with the one during summer season. 

 

Figure 18: Comparison of district heat demand for winter and summer weeks [88] (own illustration) 

The days in winter show a higher daily average consumption but smaller peak values compared to the 

daily average consumption. This behavior is consistent and very similar to the profile behavior 

described in comparable literature using the SLPs developed in 2007 [81, 97]. The generated time series 

for the quarter-hourly district heat consumption is therefore deemed valid and plausible. 

4.1.5 Electrictiy Price 

The adaption of the HP operation according to market signals is pivotal for cost-optimization. Here 

solely the energy-only-market is considered since LSHPs are not used to date to provide control energy 

due to their insufficient response time as described previously in chapter 2.2. In Germany, day-ahead 

electricity market prices are published daily at 12:00 p.m. for the following day. This allows LSHPs to 

align their operation and optimize electricity procurement accordingly. The day ahead market prices of 

the previous years in Germany are provided by the ‘Bundesnatzagentur’ in an hourly resolution [98]. 

The data files were also already provided by the CC4E. The files are transformed, and the data is 

processed using interpolation to generate a time series with a 15-minute resolution. For reasons of 

actuality the day-ahead market prices of 2024 are considered in this work. The course of the prices is 

shown in Figure 19. 
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Figure 19: Day-ahead Electricity Prices in Germany 2024 [98] (own illustration) 

4.1.6 Redispatch Interventions 

As described in chapter 2.2 it is anticipated that LSHPs have the potential to compensate for grid 

congestion by adapting their electricity consumption behavior when a grid bottleneck occurs. The 

redispatch measures carried out in recent years are documented by the grid operators and published 

by the grid operator ‘50Hertz’ [35]. Here, the period of the redispatch measure, the average output 

and the affected power plants are documented. Filtering for power plants in Hamburg, the data for 

2024 shows when and which power plant carried out redispatch measures.8 The data is processed in 

such a way that the reduction or increase in active power feed-in from all power plants in Hamburg is 

allocated to the individual 15-minute timesteps. Moreover, the data is inverted so that the data series 

already contains the data with the power direction showing in the same direction to which the LSHPs 

shall adapt their consumption behavior. Thus, a quarter-hour time series of reverse redispatch 

intervention is generated which shows adjustments of electricity consumption the LSHPs need to 

perform to avoid the redispatch measures proceeded. Due to the simplified modeling approach of 

summarizing all planned LSHPs in one representative unit, as it is explained in chapter 4.3.2, the 

generation of individual data series of redispatch intervention for each individual power plant in 

Hamburg has been omitted. However, when scanning the data for redispatch interventions in Hamburg 

in 2024, it was found that opposing redispatch measures occurred only during 5 hours on 7 December 

and 1 hour on 29 December. Therefore, the aggregated data series, which sums up all redispatch 

measures in 15-minute intervals, is considered representative of the redispatch measures in Hamburg 

in 2024. In Figure 20 the time series of aggregated reverse redispatch measures is illustrated for 2024. 

 
8 Only those power plants are filtered which are explicitly labelled with 'Hamburg' in their name. It cannot be 
ruled out with certainty that additional Hamburg-based plants were omitted due to the absence of this 
designation.  
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Figure 20: Aggregated reverse Redispatch Measures 2024 [35] (own illustration) 

If the curve is above zero, it means that a redispatch measure takes place due to reduction in power 

generation. The assumption is that if the LSHPs consume that amount of energy additionally to their 

regular consumption then there would be no need to reduce the output of power plants. On the other 

hand, if the curve is below zero then an increase in power due to reserve energy is necessary. Here, the 

decrease of LSHPs power consumption of that amount in regard to their regular consumption could 

prevent the need for additional reserve power. However, this is a simplification, which assumes that 

the power consumption of the LSHPs takes place exactly at the location in Hamburg’s power grid where 

redispatch measures would otherwise be required. Based on the data for power imports in Hamburg 

in 2024 [99], it suggests that changes in electricity consumption within the city—without further spatial 

resolution—do not affect redispatch measures in a correlated manner. It is observed that redispatch 

interventions occur independently of the magnitude of power imports at a given time, i.e. adjustments 

to the electricity imports are not inevitably used to compensate for redispatch actions. Figure 21 shows 

the hourly real redispatch volumes plotted against the corresponding power imports. 
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Figure 21: Correlation between Redispatch Measures and Electricity Import 2024  [35, 99] (own illustration) 

In 304 hours of the year, a reduction in power due to redispatch measures coincides with a decrease in 

power imports regarding the average power import during the whole year (bottom left), while in 75 

hours, an increase in power due to redispatch is accompanied by an increase in power imports (top 

right). Conversely, in 553 hours, a reduction in redispatch power coincides with an increase in power 

imports (bottom right), and in 103 hours, an increase in redispatch power occurs alongside a decrease 

in power imports (top left). The Pearson correlation coefficient for the correlation between the power 

for redispatch intervention 𝑥𝑖 and the imported power 𝑦𝑖  only considering the hours where redispatch 

intervention took place is calculated to: 

𝑟 =
∑ (𝑥𝑖 ∙ 𝑦𝑖) − 𝑛 ∙ 𝑥̅ ∙ 𝑦̅𝑛

𝑖=1

√∑ (𝑥𝑖
2)𝑛

𝑖=1 − 𝑛 ∙ 𝑥̅2 ∙ √∑ (𝑦𝑖
2)𝑛

𝑖=1 − 𝑛 ∙ 𝑦̅2

= −0.197 
(25) 

The correlation coefficient implies a weak negative correlation between the power used for redispatch 

intervention and the imported power in Hamburg in 2024. Since only those points were considered 

where redispatch interventions actually took place, and it is not evident how electricity imports may 

have influenced the potential prevention of such interventions, no further conclusions can be drawn 

regarding the control of electricity imports to influence redispatch interventions. The fact that no direct 

influence of electricity imports on redispatch interventions can be identified should raise awareness 

that assuming a grid-supportive operation of heat pumps solely by compensating the energy involved 

in redispatch actions is a simplification that requires further refinement. This again leads to the 

conclusion that the local positioning of the grid-serving flexibilities plays a very important role. The 

LSHPs in Wedel and Tiefstack are planned to be installed at the same locations where the power plants 

are intended to be replaced [20]. Among the 146 redispatch measures recorded in 2024, 88 were 

attributed to the CHP plant in Wedel, 48 to units located at the Tiefstack site, and 10 to the CHP plant 
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in Moorburg, which is located near the site of the planned wastewater HP in Dradenau [35]. Therefore, 

the assumption that the LSHPs adjust their power consumption according to the redispatch 

interventions carried out by these power plants is a valid approximation to capture the effects of a grid-

supportive operation. Nevertheless, to accurately determine the interactions between the electricity 

grid and the operation of LSHPs in a grid-supportive approach, an actual load flow analysis of the 

Hamburg electricity grid with the assignment of the LSHPs to specific grid nodes would be necessary. 

4.2 General Structure of the Simulation 

In the following chapter the general structure of the simulation and the concept of data processing 

during modelling is depicted. This is fundamental to comprehend how the following subsequent parts 

of the model are interconnected. 

To enable the modelling of different LSHPs a class “hp” is created for the simulation, in which individual 

HP objects can be created with their respective attributes. The fundamental process for simulating each 

timestep in the year for each individual HP object is illustrated in Figure 22. 
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Figure 22: Core structure of the model’s algorithm (own illustration) 

Before the individual timesteps are simulated, all input data frames are prepared and the HP objects 

with their attributes are created. Then the parameters for the simulation are set and lists are initiated 

to store the simulation results of each HP object. Subsequently, all timesteps of a selected time period 

are run through in a for-loop by iterating the data frame ‘df_dates’. Here, the input data for each 

timestep is loaded first and then the simulation steps for each HP object are performed in a nested for-

loop. To run a simulation step, the nested for-loop retrieves the necessary parameters from the 

previous simulation step, and the available switches for the current simulation step are calculated. Then 

the function ‘state_calculation_hp’ of the class ‘hp’ is called and the parameters of the timestep are 

calculated for the respective object. The simulation of a timestep due to the function 

‘state_calculation_hp’ essentially consists of two parts, the determination of the heat output and the 

calculation of the electrical input power through thermodynamic modeling. Thereafter, all parameters 

are stored in a dictionary called ‘dic_states_hp’ and appended to the list rows_Sim1[index], which 

collects the dictionaries for each timestep of the HP object at the respective index. At the end of the 

simulation, Excel files are created for each HP object, containing the simulation results of all timesteps. 
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When access parameters from previous timesteps during the simulation and when saving the 

simulation results at the end of the simulation, it is crucial to understand the memory structure 

correctly of the list ‘rows_Sim1’. The structure is shown in Figure 23. 

 

Figure 23: Memory structure of main list containing the simulation results of one HP object (own illustration) 

The list ‘rows_Sim1’ contains a list for each hp object. One list of each hp object in turn includes the 

dictionaries ‘dic_states_hp’ of each timestamp. That’s why at the end of one simulation step the 

dictionary ‘dic_states_hp’ gets added to the respective list of the hp object with the index ‘index’, as 

shown in Figure 22. The dictionary ‘dic_states_hp’, which contains all parameters of one timestep for 

an HP object is separated into subordinated dictionaries. The subordinated dictionary with the main 

key ‘general_values’ includes all the general parameters and the other subordinated dictionaries 

include the thermodynamic quantities of each state of the thermodynamic modeling.  

4.3 System Characteristics and Operational Constraints 

This chapter defines the framework conditions on which the model is based. The modelling 

assumptions described in this chapter set the foundation for further model refinement and must be 

considered when evaluating the results. 

4.3.1 System Size and Control 

The system size of the LSHPs planned in Hamburg includes a 60 MWth HP in Tiefstack, a 60 MWth 

wastewater HP at the wastewater treatment plant in Dradenau, and a 165 to 195 MWth HP in Wedel. 

In a past interview with Ulrich Liebenthal from the ‘Hamburger Energiewerke’ at the beginning of this 

study, the heat output of the planned HP in Wedel was estimated to be between 150 and 165 MW [20]. 

However, the current database for LSHPs projects provided by the ‘LandesEnergieAgentur Hessen’ 

indicates a capacity of 200 MWth for the LSHPs in Wedel [19]. Since it was also informed that all LSHPs 

consist of smaller 15 MWth modules which can be controlled separately, a total power of 195 MWth is 

anticipated for the Wedel site. Thus, in total 315 MWth divided into 21 modules with 15 MWth each are 

assumed to be installed in Hamburg at three different locations. Here, the modules can be operated 

independently and ideally achieve part-load operation at 50% of their nominal power [20]. 
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4.3.2 Simplified Modelling Approach 

Even though the model enables modelling different LSHPs as different HP objects, for reasons of 

simplification it is decided to cover the properties of the three LSHPs planed in one single 

representative HP object. This enables a more streamlined evaluation, better visualization of the results 

and a time-optimized simulation. This approach is supported by the modular design of the HPs, which 

are planned in 15 MWth units. Since the LSHPs are expected to communicate with each other and 

operate in a coordinated manner to meet thermal demand, this assumption is considered acceptable 

within the intended accuracy of this study. The extent to which this simplification may influence the 

accuracy of the results, particularly regarding the contribution to grid support, is discussed in chapter 

6. 

4.3.3 Storage System 

According to the information provided by ‘Hamburger Energiewerke’, a thermal storage tank with a 

capacity of 40,000 𝑚3 is planned at the Tiefstack site, and a storage tank with a capacity of 55,000 𝑚3 

is planned at the Dradenau site [20]. No storage facility is currently planned at the Wedel site, but this 

has not been ruled out yet. With a supply temperature between 90 and 100°C and the temperature 

profile presented in chapter 4.1.3, the average sink temperature of the LSHPs in 2012 is 92.7 °C. With 

a total storage tank size of 95,000 𝑚3 and an assumed return temperature of the water in the heating 

grid of 45 °C [79], this results in a heat energy storage capacity of:  

𝑄 = 𝑉 ∙ 𝜌 ∙ 𝑐𝑝 ∙ ∆𝑇 = 95,000 𝑚3 ∙
1000 𝑘𝑔

𝑚3
∙ 4,18

𝑘𝐽

𝑘𝑔 ∙ 𝐾
∙ (92.7 − 45)𝐾 = 18,94 𝑇𝐽

= 5262 𝑀𝑊ℎ 
(26) 

Thus, with a nominal thermal output of 315 MWₜₕ, the storage can be fully charged in about 16 hours 

and 42 minutes. 

4.3.4 Output Limitation due to Compressor Power 

The maximum thermal output of the LSHPs is restricted by the nominal power of the compressor. Since 

the compressor's maximum power cannot be exceeded, the maximum heat output varies depending 

on the operating conditions. The nominal thermal output of 15 MWth per module is therefore tied to 

specific operating conditions. As these exact conditions are not publicly available, it is assumed in this 

study that the published heat output specifications have been chosen in such a way that the resulting 

public perception reflects the actual physical performance of the HP operation. Consequently, the 

nominal thermal output of 15 MWth per module is considered to be achievable under average 

operating conditions. To determine the average operating conditions, the average 𝐶𝑂𝑃̅̅ ̅̅ ̅̅
𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟  

is calculated using the input data for the water temperatures and the district heating supply 

temperatures of the LSHPs, analogous to equation (11) in chapter 3.3. The module's nominal thermal 
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output in each simulation timestep is then scaled by the 𝐶𝑂𝑃̅̅ ̅̅ ̅̅
𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟  and the average nominal 

thermal power 𝑄̅̇ = 15 𝑀𝑊. It applies: 

𝑄̇𝑖 =
𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟,𝑖

𝐶𝑂𝑃̅̅ ̅̅ ̅̅
𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟

∙ 𝑄̅̇ (27) 

Since the development of the 𝐶𝑂𝑃𝑟𝑒𝑎𝑙 is typically proportional to the 𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 in practical 

applications, scaling the nominal thermal output in this manner is a reasonable approach. This 

assumption is further supported by the model simulations, which also show a direct correlation 

between the 𝐶𝑂𝑃𝑚𝑜𝑑𝑒𝑙𝑙 resulting from the modelling and the 𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟  based solely on the 

external conditions. Figure 24 shows the time series of the 𝐶𝑂𝑃 values and the theoretically maximum 

total heat output assuming an operation of all modules under standard operating conditions for 2012. 

As in this figure, all subsequent figures displaying energy flows show the energy amounts per 15-minute 

time interval on the y-axis, unless explicitly stated otherwise. 

 

Figure 24: Heat output regulation due to nominal compressor power (own illustration) 

It should be noted that with the current method of scaling, the nominal thermal output is always scaled 

to the average operating conditions that are set in the simulation. It is assumed that if the operating 

conditions change, the published data for the rated thermal output remains as a fixed scaling factor for 

heat output determination in regard to the new average operating conditions. For example, if a 

simulation is conducted under the assumption of reduced district heating supply temperatures, the 

resulting increase in the average 𝐶𝑂𝑃̅̅ ̅̅ ̅̅
𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 will still lead to an average nominal thermal output 

of 15 MWth per module over the period of one year. This occurs despite the fact that a compressor 

operating at the same nominal electrical input would generate different heat outputs under such 

altered conditions. Accordingly, the assumed nominal compressor power is also effectively modified 

depending on the input data series, but constant within a simulation run. This also applies to changes 

due to the time series of water temperatures when simulating different weather years. An adaptation 
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to this scaling method in future simulations would be easily possible by tying the nominal power of 15 

MWth per module to fixed set of operating conditions (𝑇𝑠𝑜𝑢𝑟𝑐𝑒|𝑇𝑠𝑖𝑛𝑘). Then a constant maximum 

compressor power would be maintained even in different simulation runs with different input data 

series. 

4.3.5 Operational Limits at Low Source Conditions 

At too low source temperatures, the operation of LSHPs is technically and economically unfeasible. 

According to the Information from the ‘Hamburger Energiewerke’ an operation of the LSHPs at source 

temperature below 5 °C is not intended [20]. This constraint is taken into account in the model and a 

shutdown of the LSHPs is executed if the source temperature drops below 5 °C. Nevertheless, since the 

HP in Dradenau uses wastewater from the wastewater plant as heat source, it is assumed that the HP 

at this site can stay in operation, even if the water temperature of the Elbe falls below 5 °C. This is 

realized by specifying the number of wasterwater modules in the attributes of the heat pump object. 

However, even though different source temperatures occur at the site in Dradenau compared to the 

water temperatures of the Elbe, in the current model no distinction is made between those source 

temperatures due to a lack of data for the wastewater temperature at the Dradenau site.  Thus, the 

operation of the wastewater modules is simulated in the same way as the operation of all other 

modules based on the source temperatures of the Elbe, except that the wastewater modules remain 

in operation even at source temperatures below 5 °C. Figure 25 shows the operation of the LSHPs under 

the source temperature conditions of the year 2012 in 15-minute timesteps with simulation mode 1 

optimized for maximum heat output. 

 

Figure 25: Shutdown of LSHPs due to source temperatures below 5 °C (own illustration) 

It becomes evident that the shutdown of the HP modules supplied by the Elbe occurs at times when 

district heating demand is highest due to low ambient temperatures. In transitional periods it can occur 

that the source temperature hovers around the defined threshold. Here, intermittent fluctuations can 
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be observed which result in modules switching on and off in short periods of time, as shown in Figure 

26. 

 

Figure 26: Undesired switching operations due to fluctuations in source temperature (own illustration) 

A mechanism that only causes shutdowns if the source temperature remains below the threshold value 

for a longer period of time has not yet been established in the current algorithm. However, as threshold 

crossings only occur very rarely during the year, the impact of unnecessary switch-offs can currently be 

considered negligible. Nevertheless, the implementation of a mechanism to prevent such short-term 

fluctuations from triggering shutdowns is regarded as a necessary step in further model development 

to reflect operational realism. 

4.4 Operating Modes for Heat Generation 

The subsequent section depicts the different operating modes according to which the heat output of 

the LSHPs is determined. Each operating mode aims for different operating objectives. Thus, the 

selection of the operating mode is key to optimizing the operation for the desired requirements. In 

general, three basic operating modes are available in the HP model. The working principle of these 

modes is compared in the following chapters for the period between 25 April and 30 April 2024.  

4.4.1 Mode 1 

Mode 1 aims to maximize the HPs’ heat coverage of district heat consumption regardless of the current 

electricity procurement costs. Figure 27 illustrates the operating principle.  
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Figure 27: HP's operating Principle Mode 1 (own illustration) 

The HP continuously produces the maximum output, irrespective of the high price peaks during the 

time period. The thermal output is reduced only when the storage capacities are reached as observed 

during the days on Sunday 28 and Monday 29 April. Whenever the heat demand is not fully covered 

by the HPs and the thermal storage, the remaining demand is met by other heat sources as seen on 

Tuesday 25 April. 

4.4.2 Mode 2 

In mode 2 two optimization objectives exist. The primary objective is to cover the immediate heat 

demand, and the secondary objective is to reduce operating costs. Therefore mode 2 adjusts the 

operation of the HP according to the electricity price only if the immediate heat demand is already 

covered. This mode therefore prioritizes meeting the immediate district heat demand over economic 

considerations but deprioritizes the supply of heat for future timesteps by omitting charging the storage 

when electricity prices are unfavorable. Figure 28 presents the operating concept. 
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Figure 28: HP's operating principle mode 2 (own illustration) 

If the immediate heat demand cannot be fully covered by the storage tank, the heat pump aims to 

meet the remaining demand despite high electricity prices as seen during the night of 26 to 27 April. If 

the storage tank already meets the demand, or only partial load operation is required, the heat output 

is determined based on the electricity price – within the boundaries of sufficient heat coverage. This 

can be observed multiple times, for instance when the HP reduces its production on the evening of 

Saturday, 27 April or the morning of Monday, 29 April.  

4.4.3 Mode 3 

Mode 3 operates solely based on current electricity prices, regardless of whether the district heating 

demand of the current timestep is covered or not. Figure 29 demonstrates the operating principle. 

 

Figure 29: HP's operating principle mode 3 (own illustration) 

Whenever the electricity price is below a certain threshold maximum heat output is targeted. 

Otherwise, heat production is shut down even though the heat demand is not covered by the storage 
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tank. Thus, other energy source must provide the remaining heat demand as observed for instance 

during large periods on 25 April and during the night between 26 and 27 April. 

4.4.4 Grid-Supportive Operation 

In the three basic modes only objectives regarding heat coverage and electricity procurement costs are 

considered. The aim of contributing to grid-supportive measures imposes an additional requirement 

on HP operation. Thus, in each of the three modes, the optional setting ‘grid_friendly’ can be activated. 

Then the HPs operation additionally takes into account the compensation of energy used for redispatch 

interventions. The amount of energy relevant for the heat production adjustment, which results from 

the compensation of redispatch measures for one HP object, is defined as follows: 

𝑄𝑟𝑒𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ,𝑗 = 𝑊𝑟𝑒𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ,𝑡𝑜𝑡𝑎𝑙 ∙
𝑄𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑗

∑ 𝑄𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑗
𝑛
𝑗

∙ 𝐶𝑂𝑃𝑟𝑒𝑎𝑙,𝑗,𝑖−1 ∙
𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟,𝑗,𝑖

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟,𝑗,𝑖−1
 (28) 

In the case that multiple HP objects are simulated, the amount of redispatch-related energy to be 

considered for a single HP object 𝑗 is scaled by the factor based on the share of the object’s heat 

generation capacity relative to the total heat generation capacity of all HP objects: 
𝑄𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑗

∑ 𝑄𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑗
𝑛
𝑗

. When 

simulating only one representative HP object, this factor is 1. Subsequently, the redispatch-related 

energy is further scaled using the forecasted 𝐶𝑂𝑃 of the current timestep to convert redispatch-related 

energy into the amount of thermal energy relevant for heat generation. This is done by the product of 

𝐶𝑂𝑃𝑟𝑒𝑎𝑙 of the last timestep 𝑖 − 1 and the ratio 𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟  from the current timestep 𝑖 to the 

last timestep 𝑖 − 1. Here, the 𝐶𝑂𝑃𝑟𝑒𝑎𝑙 is tracked in every timestep due to the enthalpy balances of the 

thermodynamic modelling even if no heat production takes place.  

It must be noted that the allocation of redispatch-related energy to individual HP objects using a scaling 

factor 
𝑄𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑗

∑ 𝑄𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑗
𝑛
𝑗

 is only a provisional solution. In the future, a time series representing the redispatch-

related energy dedicated to the specific HP object should be stored as an attribute for each individual 

HP object. 

If the ‘grid_friendly’ option is active, grid-supportive contribution is prioritized over the other 

optimization objective defined by the selected operating mode. For the process of heat output 

determination, it is important to understand the implications of a grid-supportive operation in the 

current model. The assumption is that if the LSHPs adjust their power consumption in response to the 

power used for redispatch interventions, they could replicate the grid-stabilizing effect of these 

measures, thereby preventing the need for them. This raises the question of which reference point 

should serve as the basis for power adjustment. If redispatch intervention occurs during the current 

operation of the LSHPs, it can be assumed that a power adjustment based on the current operating 

point of the LSHPs is necessary to avoid grid bottlenecks. Here, it is purposeful to fix the operating point 

at which the redispatch intervention occurred as threshold value. Otherwise, despite taking the 
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redispatch measure into account, changing the operating point could result in an undesirable power 

change due to the internal logic of the operating mode, thus further amplifying the grid bottleneck. 

This would be the case, for example, if grid congestion which requires power consumption occurs 

during a low electricity price in mode 3 and in the following timesteps the electricity price rises while 

the redispatch intervention is still active. In this scenario, despite considering the redispatch-related 

energy based of the new operating points, a power reduction compared to the previous operating point 

could take place since the operating point shifted. Nevertheless, a total fixation of the power level 

without additional flexibility in the desired direction would also be ineffective. This would prevent a 

win-win situation in which the previous operating objective can further be achieved and additional 

relief for the power line is provided as illustrated further below in Figure 31. In addition, unnecessary 

deviations from the planned operation could place a burden on the feed-in and withdrawal balance of 

the local grid, which in the worst case would require the use of control energy. Therefore, the heat 

generation level is fixed one-sided starting from the operating point when redispatch intervention 

occurred. In Figure 30 the working principle of one-sided fixation of the heat generation level to 

accurately provide contribution to grid-support and cover redispatch-related energy is outlined for the 

case of redispatch interventions which require further electricity consumption.  

 

Figure 30: Control strategy to adjust heat generation in response to redispatch interventions (own illustration) 

Before a timestep is simulated the requirements towards the heat generation due to redispatch-related 

energy are checked. Here, first the values of redispatch energy of the previous and current timestep 

are accessed. Then the amount of energy relevant for the heat production adjustment is calculated as 

described above. Thereafter, the status of current redispatch measures requiring further heat 

production is determined. If in the current timestep a new redispatch intervention starts, then the heat 
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generation level of the last timestep is set as the base level ‘lower_base’ from which the increase of 

heat production must take place (case A). From that level the redispatch-related additional heat 

production is added up for the future timesteps until the end of the redispatch intervention to define 

the threshold power level ‘lower_limit’ which the HP shall achieve in the corresponding timesteps (case 

A, B). If an ongoing redispatch intervention is detected, then the base level ‘lower_base’ determined 

at the start of the redispatch intervention is maintained (case B). And if no redispatch intervention in 

that direction occurs the base level ‘lower_base’ is reset and the status for the need of redispatch 

interventions ‘positive_redis_need’ in that direction is set to ‘False’. At the end all variables 

‘lower_base’, ‘lower_limit’ and ‘positive_redis_need’ are passed to the function ‘state_calculation_hp’ 

where the heat output of the current timestep is determined as described in 4.6. Here, the heat 

production level ‘lower_limit’ is set as a soft constraint which can only be violated in case of limitations 

due to compressor power or storage capacities. The process to consider redispatch interventions which 

require a decrease in production is analogous to the process described for redispatch interventions 

leading to production increase. Figure 31 illustrates the results of the control strategy to compensate 

for redispatch-related energy. Here, the scenario where grid congestion requires the reduction of 

electricity consumption is depicted for mode 2. The blue line shows the resulting adjustments of heat 

output needed to compensate for the electrical energy used in redispatch intervention. The redispatch 

intervention starts at 12:00 on 1 May. Thus, the base level of heat production ‘upper_base’ (orange) is 

set to the production level at 11:45. From that base level ‘upper_base’ the redispatch-related energy 

of every follow-up timestep is considered until the redispatch intervention ends. During that time the 

previous operation objectives can just be fulfilled one-sided. At 17:00, the electricity price goes up and 

the generation is stopped thus allowing the operating mode to follow its default logic of electricity 

price-led decisions when the heat demand is covered by the storage tank. Here, a win-win situation is 

created as there is greater reduction in power line congestion and a cost-optimized operation is 

achieved. However, later at 19:15, the storage tank is empty, thus raising the need for heat demand 

coverage. Since the primary objective of resolving the grid bottleneck overrides the secondary goal of 

heat coverage, the heat generation is limited to the ‘upper-limit’ at this timestep. Hence, one-sided 

fixation of the ‘upper_limit’ supports an optimized operation that prioritizes grid congestion prevention 

while optionally maintaining the planned operation. 
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Figure 32: Raising/Maintaining heat generation in response to redispatch-related energy (own illustration) 

The concept of one-sided fixation by adding up the required heat generation adjustments to the 

previously defined heat production level ‘upper-base’ or ‘lower-base’ is also used to track the 

contribution to grid-supportive behavior as explained when analyzing the simulation results in chapter 

5.2.2. 

The selection of three operating modes (1, 2, 3) in combination with the optional grid-supportive 

feature results in a total of six different control strategies: the basic modes 1b, 2b, 3b and the grid-

friendly modes 1g, 2g, 3g.  

4.5 Technical System Control 

This chapter describes a control strategy to manage switching commands in response to changing 

operating conditions in HP operation. The aim is to comply to technical constraints and allow system-

friendly operation. 

The selection of the mode is decisive for the technical operation of the HP. Based on the information 

from ‘Hamburger Energiewerke’, a partial load behavior down to 50 % should ideally be achievable, but 

the modules should certainly not be switched on and off more than four times a day. According to these 

constraints, an algorithm was developed for operating mode 3, as mode 3 is regarded as the standard 

operating mode for the LSHPs [20]. Furthermore, mode 3 is the mode that requires the most switching 

operations, as an electricity price-led operation necessitates switching on and off all modules of the 

HP. To adapt the heat output to the required optimization objectives over a certain period without 

violating the technical constraints, the number of possible switching operations is calculated before 

each timestep. The simplified process is presented in Figure 33.  
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Figure 33: Process of switching allocation for technical operation of the HP (own illustration) 

At the beginning, the time horizon for each optimization interval is defined based on the number of 

15-minute timesteps. The end of the last time horizon is initially set to a fictitious point in time before 

the first timestep of the simulation. A list named ‘list_Sim1_df_switches_horizon’ is then initialized to 

store the data frames ‘df_switches_horizon’, each of which contains the switching allocation for the 

corresponding HP object for a specific time interval. During the simulation loop, it is checked at each 

timestep whether the current timestep still lies within the currently active time horizon. If this is not 

the case, a new time horizon is defined, starting from the current timestep. Within the simulation of 

each HP object, it is checked whether a new time horizon begins or not. If so, a new data frame 

‘df_switches_horizon’ is created, containing the initial distribution of switching operations for the 

upcoming time horizon. This data frame is then stored in the list ‘list_Sim1_df_switches_horizon’ for 

the corresponding HP object. If, on the other hand, the current timestep still lies within the active time 

horizon, the corresponding data frame ‘df_switches_horizon’ and the simulation results from the 

previous timestep are accessed. Based on the results of the previous timestep, the switching allocation 
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in the data frame is adjusted in case the number of switches used deviates from the number previously 

assigned to that timestep due to under- or overutilization. Before calling the function 

‘state_calculation_hp’, the number of available switches for the current timestep is read from the data 

frame. After simulating the timestep, the results are stored as described in chapter 4.2. 

A violation of the maximum permitted number of switching operations is only possible in exceptional 

cases – namely, during emergency shutdowns due to too low source temperatures or if the thermal 

storage reaches full capacity, or if the compensation of redispatch measures within the whole time 

horizon necessitates more switching events than initially allowed in the time horizon. The structure of 

the data frame ‘df_switches_horizon’, which is responsible for the allocation of switching operations, 

consists of four columns: ‘MESS_DATUM’, ‘MESS_WERT’, ‘Prio’ and ‘Sum_Price_Deviation’. The column 

‘MESS_DATUM’ contains the full date of the current timestep, while the column ‘MESS_WERT’ 

indicates the number of switching operations assigned to that timestep. The data frame also has the 

original indices that the rows with the same timestamp have in the original data frame ‘df_dates’, which 

is iterated for each timestep as described in chapter 4.2. The initial assignment of possible switching 

operations at the beginning of each time horizon is carried out according to a ranking, whereby all 

future input data within the time horizon are considered. The order of priority for the initial allocation 

of available switching operations within a time horizon is depicted in Figure 34. 

 

Figure 34: Process of allocation of switching operations (own illustration) 

Switching operations are first assigned to those timesteps in which power adjustments are necessary 

due to the source temperature crossing the threshold value of 5 °C. In this case, the number of assigned 

switching operations initially corresponds to the number of modules that are not wastewater modules. 

Subsequently, if the ‘grid-friendly’ option is activated, switching operations are also assigned to those 

timesteps in which a change in redispatch-related energy occurs compared to the previous timestep. 

The number of available switches for a timestep with a change in redispatch-related energy is 

calculated by: 
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𝑎 =
|𝑄𝑟𝑒𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ,𝑗,𝑖 − 𝑄𝑟𝑒𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ,𝑗,𝑖−1|

𝑄𝑚𝑜𝑑𝑢𝑙𝑒,min _𝑙𝑜𝑎𝑑 ∙
𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟,𝑚𝑖𝑛

𝐶𝑂𝑃̅̅ ̅̅ ̅̅
𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟

 
(29) 

To determine the switching operations, the change in redispatch-related heat energy is divided by the 

minimum amount of energy that a module could generate under the most unfavorable operating 

conditions of the year at minimum partial load. This ensures that even under the most unfavorable 

circumstances, the correct number of modules can be activated or deactivated to balance the 

redispatch measures. Of course, the number of switching operations that can occur within a single 

timestep is inherently constrained by the total number of available modules. Up to this point in the 

initial switching allocation process, exceeding the maximum number of switching operations within the 

considered time horizon is permitted. The technical limits regarding switching frequency are therefore 

treated as soft constraints. This means that temporary overutilization beyond the nominal technical 

limits is permitted for operational changes due to low source temperatures, storage capacity limits and 

to compensate for grid bottlenecks. In the next step, the switching assignments are determined for the 

timesteps that require switching due to electricity price changes compared to the previous timestep 

and the threshold price. At the beginning of the simulation, the user sets the electricity price threshold 

at which the operation of LSHPs is assumed to be favorable in relation to the trimmed average 

electricity price for the year on the day-ahead market. Here, a value of 0.8 means that the LSHPs will 

only operate when the electricity price is less than 80 % of the average annual electricity price. In the 

event of a threshold crossing of the electricity price compared to the previous timestep, the index of 

the respective timestep is stored in a list called ‘threshold_crossings’. In addition, the first timestep of 

a time horizon is always added to begin as the first element to the list. For every timestep where a 

threshold crossing appears – checked by the list ‘threshold_crossings’ – all electricity prices, which 

occur in between this timestep and the next timestep with a threshold crossing assigned, are 

considered. For every timestep in this interval, starting with the timestep where the first threshold 

crossing takes place, the positive difference to the threshold price is calculated and the cumulative sum 

of absolute deviations from all electricity prices until the timestep with the next threshold crossing is 

calculated. If the cumulative sum of absolute deviations is particularly large between two threshold 

crossings, the first timestep in that interval is ranked as high priority. This reflects the high importance 

of initiating switching operations at this timestep to adjust the operating strategy in anticipation of a 

prolonged or significant deviation from the threshold price. Figure 35 shows the allocation of priorities 

due to electricity price changes on 10 September 2024. 
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Figure 35: Priority assignment for switching operations across timesteps (own illustration) 

Here, the time horizon spans from 00:00 to 23:45 of the current day, before a new horizon for switching 

assignment begins. The timestep at 09:15 is assigned the lowest priority number, which corresponds 

to the highest priority, as the cumulative positive deviation of the electricity price from the threshold 

– up to the next threshold crossing – is the highest. In contrast, the timestep at 18:00 possesses the 

smallest cumulative deviation, and thus receives the highest priority number, i.e., the lowest switching 

priority. The timestep at the beginning of the day is also included in the ranking, even if no threshold 

crossing occurs at that point. This is done to correct an incorrect prioritization of the last threshold 

crossing from the previous day if necessary. The timestep containing the last threshold crossing within 

a given time horizon cannot be reliably prioritized, as the algorithm only considers the cumulative sum 

of absolute deviations in electricity prices up to the end of the current horizon. How the electricity 

price will evolve beyond the horizon is estimated solely based on the electricity price at the last 

timestep of the current horizon. If the price of the last timestep shows the maximum deviation from 

the threshold price among all prices between the last threshold crossing and the end of the horizon, 

the associated cumulative sum of absolute deviations is multiplied by a factor of 2.5. Otherwise, it is 

multiplied by a factor of 1.5. This adjustment aims to estimate how much the cumulative sum of 

absolute deviations would increase if calculated until the next threshold crossing outside of the current 

time horizon. The values for the cumulative deviation and the priority numbers are added to the data 

frame ‘df_switches_horizon’ in the rows of the corresponding timesteps. Based on the priority 

numbers, the remaining switching operations that can be distributed within the current time horizon 

are then assigned to the timesteps, starting with the one that has the lowest priority number. Assigning 

switching operations to the first timestep of a time horizon – even if no switching is required at that 

point – is unproblematic, as the allocation is adjusted after each simulated timestep. If the number of 

executed switching operations does not match the previously assigned amount for that specific 

timestep, the distribution for future time steps in the current horizon is updated accordingly by 

accessing the data frame ‘df_switches_horizon’. Unused switching operations — if switches can still be 
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distributed within the current time horizon — are always reassigned to future timesteps with the 

lowest priority numbers, provided those timesteps have not yet reached their maximum allowable 

number of switches. Conversely, if too many switching operations have been used, the excess switches 

are removed starting from those future timesteps with the highest priority numbers, i.e., the lowest 

actual priority. Figure 36 and Figure 37 illustrate the shifting of switching operations from the original 

distribution, using the 25 November 2024 under the assumption of two switch-on and switch-off 

operations per module and day as an example. 

 

Figure 36: Shifting of available switching operations (own illustration) 

The grey line shows the available switches after the first distribution done, the orange line shows the 

additional switches which are available at a timestep due to shifting and the purple line shows the 

actual switches done. The switches, which do not have a priority number and a cumulative sum of 

absolute deviations assigned, are switches due to redispatch interventions. Since the timesteps at the 

earlier time of the day at 00:00, at 07:00 and at 08:15 have switches available which are not used, the 

switches get shifted to later timesteps first at 08:15 then to 23:30 and to 22:45 which previously had 

no switches assigned due to their lower priority. Furthermore, one timestep at 08:00 is left out due to 

its low priority even though a threshold crossing takes place at this timestep. Thus, unnecessary 

switching of the modules is prevented. In Figure 37 it is shown how the shifting of distributed switches 

over the day occurred. 
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Figure 37: Regulation of Switching behaviour during time horizon (own illustration) 

Here the red line shows the remaining switches which are possible to distribute based on the difference 

between maximal number of switches to distribute during one horizon and the switches which are 

already assigned. At the beginning all available switches of the horizon are assigned. After the switches 

at 00:00 and at 07:00 are not used, still no further switches are shown as remaining to distribute since 

the unused switches got assigned again to the timesteps later that day. Only when the switches at the 

timestep at 08:15 are not used either, some of the switches remain undistributed since they cannot be 

allocated to further timesteps. The actual available switches for the rest of the day (green line) are 

reduced as soon as switches are done (purple line). The blue line counts all switches which have been 

distributed by the algorithm, even including double counting due to shifting. 

By assigning the available switching operations precisely to the timesteps where they are needed, the 

operating behavior of the LSHP becomes extremely responsive. In addition, no power gradient is 

assumed to limit the change in partial load behavior. As a result, the LSHP can ramp up or down 

completely within a single 15-minute timestep. This meets the requirements for future LSHPs for the 

provision of minute reserve [13]. The realization of rapid load changes and start-up and shut-down 

operations is therefore a desired system characteristic. However, if the maximum number of allowed 

switching operations per day and module is set too high and frequent changes in the electricity price 

occur during one time horizon, the model may still produce switching actions that react to minor 

electricity price changes. These actions would not make sense in real-world operations considering the 

technical stress to which the LSHP are exposed. Figure 38 and Figure 39 compare the responsive 

operation of the LSHP under the assumption of a maximum of four and a maximum of two start-up and 

shutdown operations per day and per module, using 21 May 2024 as an example. 
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Figure 38: Responsiveness of HP operation under low technical constraints (own illustration) 

With the option of 4 start-up and shutdown operations per day and per module, several switching 

events occur in short succession early in the day, even though the electricity price fluctuates only 

slightly around the threshold price. In a real-world operation, such switching actions would likely not 

be carried out. Under the constraint of allowing only 2 start-up and shutdown operations per day and 

per module, the threshold crossings of the electricity price which occur early in the day are not acted 

upon due to their lower assigned priority, as shown in Figure 39. Therefore, no switching is executed 

during these short intervals. Nevertheless, the switching actions required for relevant operational 

periods and redispatch compensation later in the day are still executed. For 21 May, this outcome 

reflects a behaviour consistent with real-world operation. 

 

Figure 39: Responsiveness of HP operation under moderate technical constraints (own illustration) 

In order to map the most realistic behavior possible over an entire year and to enable sufficient 

electricity-led adjustments in days where a lot of redispatch-related energy changes occur, the 
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constraint for switch-on and switch-off operations per day and module is set to three as the default 

setting. This means that in total 126 module operations per day are possible. 

4.5.1 Potential System Improvements 

In the current model, the use of switching operations is governed solely by a priority-based allocation 

within a given maximum switching limit. However, an individual assessment of whether a switching 

operation makes sense for this timestep is not yet performed. To further prevent unnecessary 

switching, the implementation of minimum run times and minimum stop times, or even better an 

individual decision-making process based on the cumulative sum of absolute deviations for the interval 

between two threshold crossings, is necessary.  Furthermore, a switching assignment for regulating 

switching operations, as it is done for Mode 3, is not implementable analogously for Mode 2. Since 

Mode 2 prioritizes the coverage of heat demand over the optimization of operating costs, switching 

operations for heat-led operation must be considered in every timestep. A direct assignment of 

switching operations to the timesteps at the beginning of a time horizon is therefore not feasible, as 

the development of storage level, heat demand, and necessary heat production cannot be readily 

foreseen for future timesteps. However, the correct switching allocation would be possible through an 

individual assessment of the changes in heat quantities and electricity price before each individual 

timestep. A proposal for the control logic according to which this switching assignment could take place 

is illustrated in Figure 40. 

 

Figure 40: Proposal for improvement of technical control strategy (own illustration) 

Here the switches which are necessary for heat-led operation and the switches required for price-led 

operation are defined independently. The number of switches for price-led operations is specified due 

to two process steps. In the first step it is checked if a change in electricity price compared to the last 

step results in a crossing of the threshold price. If not, no switching operations for an electricity price-

led operation are needed. Otherwise, in a second step the cumulative sum of absolute deviations for 

the upcoming interval between the current threshold crossing and the next one is considered. If the 

cumulative sum of absolute deviations is large enough the assignment of price-led switching operations 

is worth it. This decision is made based on a comparison with a threshold value for the cumulative sum 

of absolute deviations. At the end the higher number of switches – calculated for a heat-led and 

electricity-led operation respectively – is selected. The selection of pre-filtered numbers of switches 
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does not impact whether a heat-led operation or an electricity led operation is performed. For example, 

the number “n_switches_price_led” can be selected due to an increase of the electricity price, but the 

over-prioritization of heat demand coverage leads to an increase in heat production according to the 

logic of mode 2 as described in chapter 4.4.2. Thus, it is ensured that for an operation of maximum 

heat coverage always enough switches are available, while for an electricity-led operation only 

operations which are worth it can be performed. To establish such an algorithm, an individual decision-

making process is necessary before each timestep. The constraint of the maximum startup and 

shutdown operations per day and module could be implicitly controlled by specifying the threshold 

value for the cumulative sum of absolute deviations between two threshold crossings. The constraint 

would thus become a soft constraint regarding electricity price-led operations instead of a hard 

constraint as it is in the current model. Since an individual decision-making process before each 

timestep enables more flexible operation in several operating modes and better reflects a real-world 

operation, it turns out that the constraint of maximum switching operations per day and module is 

ultimately not the best choice to optimize for. Instead, an operating decision is required before every 

individual timestep. For price optimized operations with a constant threshold price the cumulative sum 

of absolute price deviations from the threshold price during the interval between two timesteps where 

threshold crossings occur is considered the best indicator for an electricity price-led operating decision. 

However, for more complex operating strategies considering further adaptation of the threshold price 

as a function of the storage level, as they are executed in chapter 5.3, the individual decision-making 

process before each timestep becomes more complex. 

The restructuring of the algorithm in the described way is not yet implemented in the current model 

but is a highly recommended step for future model improvement.  

For operation in mode 2, there is currently no limit to the number of available switching operations. 

However, it shows that under current operating conditions not many switching operations are needed 

in mode 2. Even when assuming no partial-load behavior and a threshold price equal to the annual 

average day-ahead market price, it shows that only in 5 days of the year in 2024 the constraint of more 

than three on and off switching operations per day and module takes place due to the mainly heat-

driven operation. Nevertheless, under different operating conditions a control strategy for mode 2 

might be necessary. In Mode 1, switching operations are assigned independently of the described 

algorithm and are set to the maximum number of switches for each timestep. This approach is justified 

by the fact that in mode 1 switching only occurs in response to threshold crossings of the source 

temperature, storage capacity limits, and optionally to compensate for redispatch interventions. When 

the storage reaches its capacity limit, switching actions are distributed evenly across the day, involving 

only individual modules. Consequently, the number of switching operations consistently remains well 

below the daily maximum.  
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4.6 Model-Based Heat Output Calculation 

The following chapter outlines how the algorithm determines the heat output of the HP for each 

timestep, depending on the selected operating mode. Defining the heat output is the first of two main 

steps for modelling the HP performance, followed by the calculation of the electrical input power.  

The calculation of the heat output consists of the following sub-steps, as shown in Figure 41. 

 

Figure 41: Process steps to determine heat output generation (own illustration) 

In the first step, it is defined how much thermal energy the HP can produce maximally and minimally, 

taking into account all prior operational constraints. These constraints include the technical limitations, 

and the requirements imposed on the operation for compensating redispatch measures if the 

‘grid_friendly’ option is activated. Here, the values of maximum and minimum thermal output power 

are increasingly restricted by various requirements until all requirements are met. Figure 42 illustrates 

the limitational factors of the minimum and maximum thermal output power.9  

 

Figure 42: Constraints for minimum and maximum heat output (own illustration) 

Here, the number of available switches restricts 𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒,𝑚𝑖𝑛 as well as 𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒,𝑚𝑎𝑥. For 𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒,𝑚𝑖𝑛 

it is assumed that all available switches would be used to shut down operating modules of the last 

 
9 The value for 𝑄𝑟𝑒𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ  can be positive or negative. That’s why it is always summed up to the ‘lower-base’ or 

‘upper_base’ value as explained in chapter 4.4.4. 
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timestep and the remaining active modules would be reduced to minimum part-load behavior. In 

contrast for 𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒,𝑚𝑎𝑥 it is assumed that all available switches are used to switch modules on, and 

the modules would run at nominal power limited by the compressor. In both cases, 𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒,𝑚𝑖𝑛 and 

𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒,𝑚𝑎𝑥, the strongest restriction is the one which defines the value that is used in subsequent 

steps of the algorithm. As described in chapter 4.5 for compensating redispatch measures there are 

always enough switching operations assigned to the corresponding timestep. Therefore, the limitations 

of available switches cannot override the requirements of grid-supportive contribution if ‘grid-friendly’ 

is enabled. 

In the second step of the process for heat output determination it is defined whether the heat 

production is considered favorable or not. The decision process is depicted in Figure 43. 

 

Figure 43: Assessment process of heat generation favourability (own illustration) 

In mode 1, heat production is always considered favorable, while in modes 2 and 3 it is only viewed as 

favorable if the electricity price is below the specified threshold price. At this point, it should be noted 

that an economic evaluation which exclusively considers the electricity procurement costs per unit of 

heat generated would also need to take into account the anticipated COP for the current time step, as 

the electricity procurement costs change proportionally to the COP. However, since a high share of 

LSHPs in district heating supply is predicted in the future [11], the system boundaries must be 

considered more broadly here. A unit of heat generated during cold seasons, when heat is most 

urgently needed, will likely be ‘more valuable’ to district heating operators than a unit of heat 

generated during warmer seasons. Without precise knowledge of the valuation of a generated heat 

unit in Hamburg’s district heating network depending on the supply situation, the inclusion of the COP 

in the economic assessment remains speculative. Therefore, within the limits of operating source 

temperatures, the COP is not considered as a factor in cost-optimized operation. 

In step 3 the desired heat output is determined according to the process logic illustrated in Figure 44. 

Here, the minimum and maximum values for heat production 𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒,𝑚𝑖𝑛 and 𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒,𝑚𝑎𝑥, which 

were determined in Step 1, are used. 
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Figure 44: Specification of desired heat output (own illustration) 

First the heat demand which shall be covered by the specific HP object in this timestep is specified due 

to the total heat demand and the share of heat generation capacity of the HP object 𝑗 in regard to the 

heat capacity generation of all existing HP objects 𝑛. This ratio is stored as an attribute of the HP object. 

It applies: 

𝑄𝑑𝑒𝑚𝑎𝑛𝑑,𝑗 = 𝑄𝑑𝑒𝑚𝑎𝑛𝑑,𝑡𝑜𝑡𝑎𝑙 ∙
𝑄𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑗

∑ 𝑄𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑗
𝑛
𝑗

 (30) 

Subsequently, the free storage capacity that exists for the specific heat pump object is determined. If 

heat production is deemed favorable, the goal is to maximize production within the limits of the storage 

capacity. On the other hand, if heat production is considered unfavorable, then it is checked whether 

the minimum heat production, in addition to the heat stored in the storage, is already sufficient to 

cover the heat demand. If that is the case, then the minimum heat production is targeted. If even the 

minimum heat production – determined previously by the constraints – exceeds the storage capacities, 

then the heat production is further limited to the boundaries of the maximum storage capacity. 

However, if the heat demand is not covered by the minimum production and the heat in the storage, a 

case distinction is made between Mode 2 and Mode 3. In Mode 3, for a production classified as 

unfavorable, it is always aimed at the minimum heat output. In Mode 2, on the other hand, the 

coverage of the heat demand is targeted within the limits of ‘Q_provide_min’ and ‘Q_provide_max’.  

In step 4 of the heat output determination process illustrated in Figure 41, it is checked how many 

switching operations are necessary to achieve the desired heat output. After the switching operations 

have been carried out, step 5 checks whether the required power per module is certainly within the 

range of their constraints due to compressor power and part-load behavior. If this is not the case – as 

it can occur, for example, in operating modes without or with only limited part-load capability, then the 

power of the modules is adjusted to the limits of possible module power. At the end, the final heat 
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output is calculated based on the number of modules in operation and the power per module. Process 

steps 4 to 6 are shown in Figure 45. 

 

Figure 45: Final determination of heat output (own illustration) 

Based on the minimum and maximum heat output per operating module, the minimum required and 

maximum possible number of modules in operation are defined. If the number of modules that were 

in operation in the previous time step is within the range of the minimum required and maximum 

possible modules, then the desired heat output can be achieved by adjusting the part-load behavior. 

Otherwise, switching operations need to be performed to align with the limits of minimum required 

and maximum possible modules. In the next step, the heat output per module is set based on the 

number of operating modules, and if it exceeds the power constraints, it is adjusted to comply with 

them. As the heat output cannot always be exactly to the desired level, especially if low part-load 

capabilities are assumed, there may be slight deviations between the desired heat output and the final 

heat output set. Finally, the heat output is determined based on the heat output per module and the 

number of operating modules assuming equal power regulation for every module.  

After the specification of the heat output provided from the HP object, the remaining energy balance 

of the HP object is calculated for the current timestep according to the flowchart shown in Figure 46. 
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Figure 46: Energy balance of the heat pump unit (own illustration) 

If the heat demand is not fully covered by the heat provided from the HP object and the storage tank, 

the additional heat is delivered by other heat sources, and the heat storage is discharged. Conversely, 

if the heat provided of the HP and the storage tank are already sufficient to cover the heat demand, no 

heat from other heat sources must be supplied. In this case the change in the storage level is specified 

by the difference between the heat provided by the HP and the heat demand. Subsequently, the 

storage level is updated, and a new storage level is set. When considering the energy balance, it must 

be recognized that all quantities affecting the energy balance – including the energy for compensating 

redispatch measures, the storage capacity, the storage level, the heat demand, the heat produced by 

the HP, and the heat supply by other sources – are always related and scaled to the individual HP object. 

Thus, in the modelling process each HP object has its own separate energy balance. For the storage 

capacity, only the capacity available at the specific site of the HP stored as an attribute for the HP object 

is considered, and not the storage capacity present in the entire district heating network. The heat 

provided by other energy sources is also calculated individually for each HP object and is a result of the 

specific heat balance of the HP object. Consequently, the overall balance of all HP objects yields the 

heat balance in the district heating network. In the simulation of multiple HP objects to date, it is not 

taken into account that free storage capacity at one site could be used by excess heat production at 

another site. In contrast, the simplification of the LSHPs to a representative HP object, as described in 

chapter 4.3.2, implies that thermal storage is not only available locally at each site, but that the district 

heating network is sufficiently flexible to allow surplus heat injected at one location to supply a storage 

unit at another.  

4.7 Thermodynamic Modelling of Key Parameters 

In the subsequent section the thermodynamic modelling process is described. Here, the technical 

assumptions are presented and several modelling aspects regarding the HP cycle are highlighted. This 

includes the enthalpy balance of two consecutive cycles, the compliance with process constraints such 

as the avoidance of liquid drops in the compressor and the right assessment of the supply temperature. 

Furthermore, the process simplifications are outlined, and the resulting deviations from real-world 

operation are assessed. The thermodynamic modelling to determine the electrical input power 
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inlet of the compressor 𝑇1𝑠 results from the source temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 and the temperature gradient 

existing at the outlet of the heat exchanger ∆𝑇𝑠𝑜𝑢𝑟𝑐𝑒_𝑣𝑎𝑝_𝑜. It applies: 

𝑇1𝑠 = 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 − ∆𝑇𝑠𝑜𝑢𝑟𝑐𝑒_𝑣𝑎𝑝_𝑜 (31) 

The evaporation temperature of the refrigerant is then calculated by: 

𝑇𝑣𝑎𝑝 = 𝑇1𝑠 − ∆𝑇1𝑠,1′′  (32) 

Due to the mass fraction of saturated vapor 𝑥𝑔 = 1 the state 1′′ is completely determined and the 

pressure in the evaporator 𝑃𝑣𝑎𝑝 is defined as well [101]. Assuming the processes in the evaporator as 

isobaric 𝑃𝑣𝑎𝑝 = 𝑐𝑜𝑛𝑠𝑡., the state 1𝑠 is determined as 𝑇1𝑠 is also known and for states outside of the 

wet-vapor region the combination of pressure and temperature is sufficient for determination. As the 

HP cycle of the current round must connect directly to the HP cycle of the previous round, the level of 

specific enthalpy at the expansion valve of the previous cycle is used as the specific enthalpy at the 

inlet of the evaporator for the current cycle ℎ3𝑢,𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 = ℎ4,𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 = ℎ0,𝑐𝑢𝑟𝑟𝑒𝑛𝑡. Therefore, the 

state 0 is defined as well by ℎ4,𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 and 𝑃𝑣𝑎𝑝 thus completing the determination of the states in the 

evaporator. Since the specific enthalpy at the expansion valve can vary slightly from round to round 

according to different source and heating grid temperatures, the energy balance of one simulated cycle 

is not completely equalized due to the offset of the previous round. Nevertheless, the energy balance 

of a series of modelled cycles is equalized since the offsets in specific enthalpy of successive rounds 

equalize. Figure 48 shows, as an example, the HP cycle with the largest offset in specific enthalpy 

between two successive timesteps during the year.  

 

 

Figure 48: Offset in specific enthalpy between two consecutive HP cycles (own illustration) 

As displayed, the enthalpy level at the outlet of the expansion valve of the previous cycle, i.e. the 

enthalpy level at the inlet of the evaporator of the current cycle – indicated by point 0 – is slightly higher 

than the enthalpy level at the expansion valve of the current cycle – indicated by point 4. In that case 
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the specific input energy of the current cycle 𝑞𝑠𝑜𝑢𝑟𝑐𝑒 + 𝑤𝑒𝑙 is slightly smaller than the specific output 

energy 𝑞𝑝𝑟𝑜𝑣𝑖𝑑𝑒, thus increasing the COP of the cycle. Since the final state of the previous round is 

always passed on to the next round 4𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 = 0𝑐𝑢𝑟𝑟𝑒𝑛𝑡, a realistic ongoing process is modelled in 

which the overall energy balance of the series of ongoing cycles is balanced. Even if the COP of 

individual cycles differ very slightly compared to a separate, closed cycle, they correspond to the COPs 

of successive cycles as they occur. In the very first round ℎ0 is determined at the end of the cycle after 

defining the states at the condenser by using the specific enthalpy at the expansion valve ℎ3𝑢 = ℎ4 =

ℎ0 of the current cycle. 

After defining the states at the evaporator side, the states at the condenser side, 2𝑠, 2′′, 3′, and 3𝑢 are 

calculated in an iterative process, which aims to maintain the heat flow weighed mean temperature 

𝑇̅𝑓𝑙𝑜𝑤_ℎ at the right level: 

𝑇̅𝑓𝑙𝑜𝑤_ℎ = 𝑇𝑎𝑖𝑚 = 𝑇𝑑ℎ + ∆𝑇𝑎𝑖𝑚_𝑑ℎ (33) 

Since ∆𝑇𝑎𝑖𝑚_𝑑ℎ is fixed to 3 °C this means the average temperature at which a transfer of energy takes 

place shall be 3° C above the heating grid temperature. Fixing the heat flow weighed mean temperature 

is essential, as for some refrigerants, such as R717, the temperature at the compressor outlet differs 

greatly from the condensation temperature as seen further below in Figure 50. A fixation of 𝑇𝑐𝑜𝑛𝑑 or  

𝑇2𝑠 instead of 𝑇̅𝑓𝑙𝑜𝑤_ℎ is not useful since it would make it more difficult to compare the performance 

of different refrigerants according to the definition of the Lorentz quality factor 𝜂𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝐿𝑜𝑟𝑒𝑛𝑧 as 

described in chapter 3.3. The fixation of 𝑇̅𝑓𝑙𝑜𝑤_ℎ ensures that simulations with different refrigerants and 

the same settings for the heating grid temperature provide heat at the same temperature level, thus 

having a fair comparison of the COP [64]. At the beginning of the iterative process 𝑇𝑐𝑜𝑛𝑑 is set as an 

initial guess: 

𝑇𝑐𝑜𝑛𝑑 = 𝑇𝑎𝑖𝑚 = 𝑇𝑑ℎ + ∆𝑇𝑎𝑖𝑚_𝑑ℎ (34) 

The pressure level 𝑃𝑐𝑜𝑛𝑑 is derived from 𝑇𝑐𝑜𝑛𝑑 and 𝑥𝑔 = 1 at the state 2𝑠 and assuming isobaric 

processes the enthalpy at the outlet of the compressor can be calculated using the default value of 

compressor efficiency. Since the state 1𝑠 is known the specific enthalpy for an isentropic compression 

ℎ2𝑠,𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐  can be calculated assuming 𝑠1𝑠 = 𝑠2𝑠 [50, 52]. According to the explanations in chapter 

3.1 the specific enthalpy ℎ2𝑠 is defined by: 

ℎ2𝑠 = ℎ2𝑠,𝑓𝑖𝑟𝑠𝑡_𝑡𝑟𝑦 =
ℎ2𝑠,𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 − ℎ1𝑠

𝜂𝑑𝑒𝑓𝑎𝑢𝑙𝑡
+ ℎ1𝑠 (35) 

Here, a further case distinction must be made depending on the refrigerant and the default value for 

the compressor efficiency 𝜂𝑑𝑒𝑓𝑎𝑢𝑙𝑡. The state 2𝑠,𝑓𝑖𝑟𝑠𝑡_𝑡𝑟𝑦 which is determined due to 𝑃𝑐𝑜𝑛𝑑 and ℎ2𝑠  

must be checked as valid. Depending on the shape of the wet-vapor curve of the refrigerant it can 

happen that the state 2𝑠,𝑓𝑖𝑟𝑠𝑡_𝑡𝑟𝑦 does not respect the safety boundaries or is even placed inside the 

wet-vapor region. The validation can be done by checking if: 
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𝑇2𝑠,𝑓𝑖𝑟𝑠𝑡_𝑡𝑟𝑦 − ∆𝑇min,2𝑠,2′′ ≥ 𝑇2′′ (36) 

If this condition is fulfilled, then the first determination of 2𝑠,𝑓𝑖𝑟𝑠𝑡_𝑡𝑟𝑦 = 2𝑠 is valid. Otherwise 

2𝑠,𝑓𝑖𝑟𝑠𝑡_𝑡𝑟𝑦 is too close to the wet-vapor region or even placed inside and thus must be shifted to a 

higher level of specific enthalpy. The shift takes place by determining 𝑇2𝑠 according to the minimal 

temperature difference between 2𝑠 and 2′′: 

𝑇2𝑠 = 𝑇2′′ + ∆𝑇min,2𝑠,2′′ (37) 

The new specific enthalpy ℎ2𝑠 is calculated due to 𝑃𝑐𝑜𝑛𝑑 and the new temperature 𝑇2𝑠. Consequently, 

the compressor efficiency is adapted to [50, 52]: 

𝜂𝑛𝑒𝑤 =
𝑤𝑒𝑙,𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝

𝑤𝑒𝑙,𝑟𝑒𝑎𝑙
=

ℎ2𝑠,𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝 − ℎ1𝑠

ℎ2𝑠 − ℎ1𝑠
 (38) 

If a shift takes place, then the new compressor efficiency exceeds the default value 𝜂𝑛𝑒𝑤 > 𝜂𝑑𝑒𝑓𝑎𝑢𝑙𝑡. 

This means the compressor must provide more energy to keep the refrigerant in a state of superheated 

vapor by aiming for a higher temperature. Thus, the procedure results in a generation of entropy. 

Hence, it is assumed that the shift done in the simulation corresponds to real-world processes in HP 

compressors. In Figure 49 the shift is illustrated in the p-h diagram for the refrigerant R245fa.10  

 

Figure 49: Shift of state at the compressor outlet to comply to operational constraints (own illustration) 

For refrigerants where the wet-vapor region has a more vertical shape, such as R717, there is no need 

for an extra shift since even at an isentropic compression the temperature at the outlet of the 

compressor exceeds the condensation temperature clearly, thus ensuring a state of superheated vapor 

during the whole compression process as seen in Figure 50. After determining the state 2𝑠 the states 

2′′and 3′ can be defined using 𝑃𝑐𝑜𝑛𝑑 = 𝑐𝑜𝑛𝑠𝑡. and 𝑥𝑔 = 1 or 𝑥𝑔 = 0 respectively. Assuming an isobaric 

 
10 The refrigerant R245fa is not considered in the scope of this work, but the effect applies as well for R1234ze(E), 
R290 and R1234yf which are considered as refrigerants for the LSHPs.  
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region. After calculating 𝑇̅𝑓𝑙𝑜𝑤_ℎ, it is compared with the targeted temperature 𝑇𝑎𝑖𝑚. If the difference 

∆𝑇 = 𝑇̅𝑓𝑙𝑜𝑤_ℎ − 𝑇𝑎𝑖𝑚 is smaller than a preset tolerance or the maximum number of iterations has been 

reached the calculated states at the condenser side 2𝑠, 2′′, 3′, 3𝑢 are verified. Otherwise, the 

condensation temperature 𝑇𝑐𝑜𝑛𝑑 is readjusted using a feedback loop based on ∆𝑇 = 𝑇̅𝑓𝑙𝑜𝑤_ℎ − 𝑇𝑎𝑖𝑚 

and a damping factor 𝑓𝑑𝑎𝑚𝑝𝑖𝑛𝑔. It applies: 

𝑇𝑐𝑜𝑛𝑑,𝑛𝑒𝑤 = 𝑇𝑐𝑜𝑛𝑑 − ∆𝑇 ∙ 𝑓𝑑𝑎𝑚𝑝𝑖𝑛𝑔 (41) 

After the readjustment of 𝑇𝑐𝑜𝑛𝑑 → 𝑇𝑐𝑜𝑛𝑑,𝑛𝑒𝑤, the calculation of the states in the condenser and the 

resulting heat flow weighed mean temperature 𝑇̅𝑓𝑙𝑜𝑤_ℎ is repeated. If no adjustment of the heat flow 

weighed mean temperature is intended, the number of maximum iterations can be set to 1, which 

prevents an adjustment of the condensation temperature, as the loop is interrupted before. This can 

be purposeful for evaluating special modelling conditions with a fixed condensation temperature. 

After defining all states of the cycle, the mass flow, the energy quantities and other parameters such 

as the COP and the electricity costs are calculated [52]. For one timestep it applies [52]: 

𝑚𝑟𝑒𝑓 =
𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒

ℎ2𝑠 − ℎ3𝑢
 (42) 

 

𝑄𝑠𝑜𝑢𝑟𝑐𝑒 = 𝑚𝑟𝑒𝑓 ∙ (ℎ1𝑠 − ℎ4/0) (43) 

 

𝑊𝑒𝑙,𝑐𝑜𝑚𝑝 = 𝑚𝑟𝑒𝑓 ∙ (ℎ2𝑠 − ℎ1𝑠) (44) 

 

𝑊𝑒𝑙,𝑤𝑖𝑡ℎ_𝑎𝑢𝑥 = 𝑊𝑒𝑙,𝑐𝑜𝑚𝑝 + 𝑎𝑢𝑥𝑝𝑒𝑟𝑐𝑒𝑛𝑡 ∙ 𝑊𝑒𝑙,𝑐𝑜𝑚𝑝 (45) 

 

𝐸𝑈𝑅 = 𝑊𝑒𝑙,𝑐𝑜𝑚𝑝 ∙ 𝑝𝑟𝑖𝑐𝑒𝑒𝑙𝑒𝑐𝑡𝑟. (46) 

 

𝐸𝑈𝑅𝑤𝑖𝑡ℎ_𝑎𝑢𝑥 = 𝑊𝑒𝑙,𝑤𝑖𝑡ℎ_𝑎𝑢𝑥 ∙ 𝑝𝑟𝑖𝑐𝑒𝑒𝑙𝑒𝑐𝑡𝑟. (47) 

Additional to the electrical input for compressor power 𝑊𝑒𝑙,𝑐𝑜𝑚𝑝 the model allows the consideration 

of auxiliary energy as a percentage of the electrical input for compressor power 𝑎𝑢𝑥𝑝𝑒𝑟𝑐𝑒𝑛𝑡.  

Figure 51 summarizes the entire process of calculating the thermodynamic variables that determine 

the electrical input power in a simplified flowchart. 
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Figure 51: Process of thermodynamic modelling (own illustration) 

4.7.1 Simplification of the Control Circuit 

In this chapter it is described which simplifications the current modelling approach implies regarding 

the control circuit and the plant design of the HP system. Here, particular focus is placed on the causal 

relationships between the refrigerant mass flow rate 𝑚̇𝑟𝑒𝑓 and the heat exchange processes.  

The fixation of the mass flow 𝑚̇𝑟𝑒𝑓, i.e. the transferred refrigerant mass in one timestep 𝑚𝑟𝑒𝑓, due to 

the heat output produced 𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒 in this timestep is thermodynamically correct but a simplification 

in terms of control technology which does not correspond to the real HP control circuit. As described 

in 3.2 the mass flow 𝑚̇𝑟𝑒𝑓 is adjusted by the expansion valve to ensure that the temperature difference 

∆𝑇1𝑠,1′′ is maintained so that no drops of liquid enter the compressor [47, 55]. Assuming the attributes 

of the heat exchanger as constant the temperature differences ∆𝑇1𝑠,1′′ and  ∆𝑇3′,3𝑢
 cannot be assumed 

as fixed values but are dependent from the mass flow rate 𝑚̇𝑟𝑒𝑓 set [58]. To consider the changes in 

∆𝑇1𝑠,1′′ and ∆𝑇3′,3𝑢
 due to changes in 𝑚̇𝑟𝑒𝑓 instead of defining the states 2𝑠, 2′′, 3′, 3𝑢 in an iterative 

process aiming for the smallest ∆𝑇 = 𝑇̅𝑓𝑙𝑜𝑤_ℎ − 𝑇𝑎𝑖𝑚 the states ℎ1𝑠, 2𝑠, 2′′, 3′, 3𝑢 would need to be 

defined in an iterative process optimizing the heat flow weighed mean temperature 𝑇̅𝑓𝑙𝑜𝑤_ℎ as well as 
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fixed values for the temperature differences ∆𝑇1𝑠,1′′ and  ∆𝑇3′,3𝑢
. Accordingly, a simplification is applied 

which assumes that the heat exchangers at each timestep are dimensioned in a way that ∆𝑇1𝑠,1′′ and  

∆𝑇3′,3𝑢
 are exactly maintained. Although this does not reflect actual operational conditions, it is 

considered acceptable within the intended accuracy of this study. 

4.7.2 Single-Stage vs. Multiple-Stage Heat Pump 

The subsequent chapter compares the single-stage and two-stage heat pump cycle and evaluates to 

what extent the thermodynamic model developed thus far serves as an approximation for multi-stage 

heat pump systems. 

In single-stage HPs, only one compression cycle is carried out using a single refrigerant. In contrast, 

multi-stage HPs divide the compression process into multiple stages, either within a single refrigerant 

circuit that includes intercooling [102], or, as in cascade systems, by using two separate circuits. In 

cascade systems, the condensation heat of the first circuit serves as the heat source for the second. 

Although single-stage systems are less complex, multi-stage configurations can offer several 

advantages, especially under demanding operating conditions. Particularly in applications with high 

temperature lifts, a multi-stage configuration can be useful to reduce compressor outlet temperatures 

and ensure a more material-friendly operation. For example, as shown in Figure 53, when using a 

single-stage heat pump with R717, providing heat for grid temperatures at 100 °C during periods with 

low source temperatures would require compressor outlet temperatures 𝑇2𝑠 above 220 °C. Such high 

temperatures create substantial challenges regarding design and material selection of the compressor 

[103]. In addition, some lubricating oils begin to cork at excessively high temperatures, which requires 

the use of special alternative oils. Therefore, depending on the refrigerant considered, a multi-stage 

HP with at least two stages – possibly using two different refrigerants – could be more effective for the 

LSHPs in Hamburg [47, 104]. To account for the effects of different HP designs, the process 

characteristics of single-stage and two-stage HPs must be considered. The component diagram of a 

two-stage HP with intercooling by a flash-tank is shown in Figure 53 and the thermodynamic cycle is 

compared with the one of a single-stage HP in a p-h diagram. 

 

Figure 53: Multiple stage HP with intercooling vs. single-stage HP [102] (own illustration) 
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The refrigerant cycle of the two-stage HP is represented by the blue, purple, and red connecting lines, 

while the corresponding single-stage refrigerant cycle is displayed through the additional black dashed 

lines. In the two-stage HPs with intercooling, the refrigerant exiting the condenser is throttled by the 

upper-stage expansion valve, forming a liquid–vapor mixture at intermediate pressure, which is then 

directed into the flash tank. In the flash tank, the refrigerant mixture is separated into a liquid and a 

vapor phase [102, 105, 106]. The vapor phase is mixed with the superheated vapor from state 2𝑠1 for 

intercooling purposes, while the liquid refrigerant is further throttled by the lower-stage expansion 

valve, forming a low-pressure, low-temperature liquid–vapor mixture that enters the evaporator [102]. 

By introducing the colder refrigerant vapor, the superheated vapor from the first compression stage is 

cooled down before a second compression takes place [102]. As a result, the discharge temperature 

after two compressions is reduced compared to the discharge temperature of the single-stage cycle 

while achieving the same pressure level. Although the specific enthalpy balances of single-stage and 

two-stage HPs are similar, they still differ in several aspects. As the pressure gradient of the isentropic 

lines in the p-h diagram usually decreases with increasing temperature, the sum of specific enthalpy 

balances for the compression processes of the two-stage HP is lower than the specific enthalpy 

difference of the one-stage compression ∆ℎ2𝑠1,1𝑠 + ∆ℎ2𝑠2,2𝑐 < ∆ℎ2𝑠,1𝑐 – in case equal compressor 

efficiencies are assumed. This reduces the electrical power required for the two-stage HP. Nevertheless, 

the enthalpy balance at the condenser for the two-stage HP is also lower than for the single-stage HP 

∆ℎ2𝑠2,3𝑢 < ∆ℎ2𝑠,3𝑢, which leads to a reduction of heat output. On the other hand, it must be taken 

into account that the mass flow at the condenser is higher with the two-stage HP than with the single-

stage HP, thus increasing the heat output. A part of the mass flow in the flash tank, the vapor-saturated 

part 𝑥𝑔 = 1, is kept at intermediate pressure level and is fed directly to the superheated vapour of the 

first compression stage 𝑥𝑔 = 1, hence increasing the mass flow in the condenser and lowering it in the 

evaporator [102]. Consequently, different mass flows occur in the cycle of the two-stage HP, while in 

the cycle of the single-stage HP one uniform mass flow exists. In the current model the simulation of a 

further compression stage would be possible to add without structural problems. However, the precise 

balancing of the mass flows and the modeling of the flash tank component require further assumptions 

and investigations that go beyond the scope of this work. Due to the similarity in enthalpy balances 

between the single-stage and two-stage HP cycles, the modeling of a single-stage process is considered 

a valid approximation for two-stage designs within the scope of this work – as it has also been applied 

in previous studies [107]. In addition, other simulation software such as heatpumps.streamlit 

developed by the ‘Zentrum für Nachhaltige Energiesysteme’ (ZNES) also show that the efficiency of a 

single-stage and a two-stage heat pump cycles with the same refrigerant are similar [108]. However, 

the results obtained from this approximation, such as in the simulation of the HP system using R717 as 

refrigerant, have to be taken with some uncertainty [107]. In general, it must be clearly stated that the 

HP model developed in this work is not suitable for reliably representing more complex configurations 

such as cascade systems using two different refrigerants. 
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4.8 Alternative Mode 

This section presents an alternative modelling approach which omits detailed thermodynamic 

calculations to allow the modelling of various HP designs and enable a time-efficient computation.  

In certain cases, modelling the thermodynamic processes in detail can be disadvantageous. If the HP 

to be modelled is too complex, a single-stage cycle as implemented in the current model no longer 

provides a robust approximation. In such cases, it is more appropriate to represent the HP 

characteristics based on literature values. Therefore, an additional alternative mode was developed. In 

the alternative mode, the HP performance over the course of a year is scaled by the annual average 

quality factor 𝜂̅𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟  analogously to the explanations in chapter 3.3:  

𝜂̅𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 =
𝐶𝑂𝑃̅̅ ̅̅ ̅̅

𝑟𝑒𝑎𝑙

𝐶𝑂𝑃̅̅ ̅̅ ̅̅
 𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟

≈
𝐴𝑃𝐹

𝐶𝑂𝑃̅̅ ̅̅ ̅̅
 𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟

 (48) 

During modelling in alternative mode, in each timestep 𝑖 the 𝐶𝑂𝑃 𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟,𝑖 is determined based 

on the time series of the heat source temperatures and temperatures of the district heating grid. Using 

the specified quality factor 𝜂̅𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟  and the 𝐶𝑂𝑃 𝐶𝑎𝑟𝑛𝑜𝑡,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟,𝑖, the corresponding 𝐶𝑂𝑃 𝑟𝑒𝑎𝑙,𝑖 

is then derived for each timestep 𝑖: 

𝐶𝑂𝑃𝑟𝑒𝑎𝑙,𝑖 = 𝐶𝑂𝑃𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟,𝐶𝑎𝑟𝑛𝑜𝑡,𝑖 ∙ 𝜂̅𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 (49) 

All technical assumptions, such as the temperature gradients in the heat exchangers, the compressor 

efficiency, selected refrigerants, auxiliary power and the general design structure of the HP, are 

represented by the quality factor 𝜂̅𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟. As a result, the model is capable of simulating any 

type of HP for which the annual quality factor 𝜂̅𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟  can be approximated. In the alternative 

mode the model-based heat output calculation as described in chapter 4.6 is performed as regular to 

determine 𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒. Thus, after the 𝐶𝑂𝑃𝑟𝑒𝑎𝑙,𝑖 is defined for the corresponding timestep 𝑖 all other 

relevant quantities such as the electrical input power, the heat extracted from the heat source, and the 

electricity costs can be calculated as well. However, when using the alternate mode based on literature 

values, it is important to check if the source and sink temperatures specified in the literature 

correspond to the values used in the simulation. A different scale or level of the temperature lift can 

affect the quality factor 𝜂̅𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 depending on the refrigerant used. If the temperature lift on 

which the literature values are based varies strongly in level or scale compared to the temperature lift 

applied in the individual timesteps, the quality factor calculated based on literature values might not 

be an optimal approximation to apply in the simulation. Furthermore, the assumption of a constant 

quality factor over the year 𝜂̅𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 is an approximation as the temperature conditions change 

for the individual timesteps. Thus, the ratio of the 𝐶𝑂𝑃𝑟𝑒𝑎𝑙,𝑖  to the 𝐶𝑂𝑃𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟,𝐶𝑎𝑟𝑛𝑜𝑡 is not always 

constant for every timestep 𝑖 throughout the year. In Figure 54 the quality factors over a year based on 

thermodynamic modelling are illustrated for various refrigerants assuming the temperature conditions 

under standard operation.  
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Figure 54: Development of quality factor due to changing operating conditions 

For R290 the quality factor is almost constant during the year and for R1234ze(E) and R1234yf it slightly 

increases with increasing source temperatures. Nevertheless, for R717 a decrease in the quality factor 

during increasing source temperatures and lower temperature lifts is shown. Solely based on the 

current thermodynamic model the HP cycle of R717 comes closer to the Carnot cycle during colder 

seasons than during warmer seasons. That means modelling with a constant quality factor assesses the 

timesteps at colder seasons with lower COPs and the timesteps at warmer seasons with higher COPs 

compared to the thermodynamic modelling. At this point, the limitation of the thermodynamic model 

must be highlighted. The model does not account for variations in compressor efficiency or auxiliary 

energy losses that may occur under changing operating conditions within the timesteps throughout 

the year. This is further discussed in chapter 5.1. In reality, it is questionable whether a higher quality 

factor can actually be achieved at higher temperature lifts, as losses in real-world operation tend to 

increase with higher temperature lifts and operating levels. Considering the deviations in the quality 

factor of R717, the maximum deviation of the minimum or maximum quality factor from the annual 

average quality factor is 4.13 %. To check the effect on the simulation results the average annual quality 

factor 𝜂̅𝑞𝑢𝑎𝑙𝑖𝑡𝑦,𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟  resulted from thermodynamic modelling – which is tracked every timestep due 

to enthalpy balances – is applied and used for the simulation in alternative mode. The results show 

that throughout the comparison of every operating mode in every category such as the heat generation 

𝑄𝑝𝑟𝑜𝑣𝑖𝑑𝑒, the electricity procurement costs, the total costs, the COP and further parameters there is no 

deviation higher than 1.5 % as the overestimation of the COP in warmer seasons equalizes the 

understimation of the COP in colder seasons. Only in one category, higher deviations occur. This is the 

case when it is tracked how redispatch-related heat energy has been provided in response to redispatch 

intervention. The tracking process is further detailed in chapter 5.2.2. However, it is pointed out here 

that the cause of deviations is that the redispatch-related energy which shall be taken into account for 

the heat production decision is scaled in every timestep 𝑖 according to the COP of the last timestep 𝑖 −

1. Therefore, the amount of redispatch-related heat energy in one timestep can differ more widely in 

alternative mode compared to thermodynamic modelling. Nevertheless, it can be stated that apart 

from the deviations in redispatch-related energy in individual timesteps the alternative mode aligns 
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with the thermodynamic model. A key advantage of the alternative mode is the optimized simulation 

speed. Excluding the time for loading and storing of data before and after the simulation, the modelling 

of individual timesteps over one year based on thermodynamic calculation takes between 27 and 12 

minutes, depending on the selected refrigerant. In contrast, the simulation in alternative mode for a 

one-year period requires approx. 1 minute. The alternate mode thus enables the simulation of several 

HP units within a larger power grid model without the simulation time becoming the bottleneck factor. 

 

 

 

 

 



5 Variation of Parameters and Scenario Optimization 

76 
 

5 Variation of Parameters and Scenario Optimization 

The following section presents and discusses the simulation results. In the first step, the 

thermodynamic model is used to determine the final HP design and to outline the impact of varying 

system parameters. Thereafter, the refined HP design is used to carry out simulations for each operating 

mode. The simulation results are discussed with a particular focus on heat generation, operating costs 

and contribution to grid support. Subsequently, operation mode 3 is enforced by varying the threshold 

price, and the corresponding simulation results are analysed. 

5.1 Performance-Based Comparison and Refrigerant Selection 

The subsequent chapter investigates the performance of different HP designs under variating operating 

conditions. Here, the performance of different refrigerants for distinct sink temperatures is evaluated. 

Furthermore, the impact of decreasing compressor efficiencies for various sink temperatures is 

analyzed and the effect of increasing auxiliary electricity consumption is examined. In the end, a final 

HP design is specified for the subsequent simulations, as defining the boundary conditions is essential 

for comparing individual system parameters [109]. 

As a restructuring of the district heating network resulting in a temperature drop is being discussed 

extensively [40, 110], the simulation under different temperature levels is carried out and the behavior 

of different refrigerants is analyzed. Apart from the temperature level assumed in the standard 

configuration, 90 – 100 °C, scenarios with lower heat supply temperatures are considered. Here 

constant heat supply temperatures are selected since a constant operating temperature is deemed 

more system friendly. The analyzation of refrigerants in chapter 3.4 has prefiltered the refrigerants 

R717, R290, R1234ze(E) and R1234yf for subcritical operation as well as R744 for transcritical operation. 

Refrigerants, which due to their high boiling point are only an option for the second stage of a multiple-

stage HP, are not take into account in the analysis. Figure 55 shows the performance development of 

the subcritical refrigerants for variating temperature levels of the heating grid assuming a constant 

compressor efficiency of 0.8 and no electricity consumption due to auxiliary units. 
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CO2 as refrigerant are also a likely option [113]. With the current model a transcritical HP design cannot 

be approximated. Compared to a transcritical cycle with CO2 the thermodynamic modelling of an R717 

HP cycle would result in unrealistically high efficiency values [112]. Nevertheless, as no literature values 

are known for large CO2 river-source HPs of this dimension, even the modelling in alternate mode is 

omitted here. Regarding cascade designs, if R717 is used in the first stage, it is plausible that a simplified 

R717 cycle may approximate the efficiency behavior of the full system to a certain extent.  

For medium-high temperature lifts of 75 °C the compressor efficiency of HPs is assumed to be 0.8 in 

comparative literature  [78]. However, it must be considered that for larger temperature lifts, 

compressor efficiency tends to decrease [114]. Thus, the assumption of a constant compressor 

efficiency of 0.8 across all temperature levels is a simplification. Figure 56 indicates the development 

of the COP with distinct compressor efficiencies for different grid temperature levels assuming no 

electricity consumption by auxiliary units.  

 

Figure 56: COP Dependency of Compressor Efficiency and Grid Temperatures (own illustration) 

As expected, the COP declines with higher grid temperatures and lower compressor efficiencies. At 

lower supply temperature levels, the decrease of compressor efficiency has a higher impact on HP 

performance. With higher temperature levels the impact of poor compressor efficiency declines. This 

corresponds to results from comparative literature [107]. When considering the effect of the 

compressor efficiency on the overall performance in the current model, it must be considered that the 

thermodynamic simulation assumes the HP as a hermetic system. As a result, the entropy generation 

in the compressor due to poor efficiency leads to a higher compressor outlet temperature. This in turn 

allows to reduce the pressure in the condenser while maintaining the heat flow weighed mean 

temperature. Thus, the loss effect of poor compressor efficiency can be thermodynamically somewhat 

mitigated. In case that lower compressor efficiencies would cause heat losses to the environment the 

COP dependency on the compressor efficiency would be much higher than in the thermodynamic 

modeling. Due to the large temperature lift when aiming for supply temperatures of 90 to 100 °C a 
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Figure 58: Demand and consumption profile 2024 for mode 1b in daily resolution (own illustration) 

In the colder seasons at the beginning and end of the year, the heat demand significantly exceeds the 

heat generated by the LSHPs. Nevertheless, in warmer seasons from May to October the LSHPs are 

able to fully cover the heat demand, and the storage capacity limit is reached during large periods of 

the year, thus preventing the LSHPs from further production.  

In Figure 59 the district heat demand and generation for mode 2b in 2024 in daily resolution is 

illustrated. 

 

Figure 59: Demand and consumption profile 2024 for mode 2b in daily resolution (own illustration) 

During the cold seasons the production profile of the LSHPs is equal to the one of mode 1 since mode 

2 primarily aims for heat demand heat demand coverage as well. In the warmer seasons the storage 

level fluctuates as the LSHP operation is mostly electricity-price driven.  



5 Variation of Parameters and Scenario Optimization 

82 
 

Figure 60 displays the district heat demand and generation for mode 3b in 2024 in daily resolution. 

 

Figure 60: Demand and consumption profile 2024 for mode 3b in daily resolution (own illustration) 

Here, the heat output fluctuates during the whole year due to the electricity price-led operation. It is 

observed that the profile of the storage level in mode 2b and 3b is almost the same. Thus, during 

warmer seasons an electricity price-led operation based on the annual average day-ahead market price 

is already sufficient to cover the district heat demand completely in 2024. Even though the graph of 

the storage profile for daily average storage levels never fully reaches the maximum level, it can be 

observed that the storage capacity indeed limits heat production in mode 3b when viewing the profile 

in 15-minute resolution. The profile showing the amount of energy and the storage level for every 

individual 15-minute timestep is presented in Figure 61. For better assessment the trimmed monthly 

average electricity price is shown as well. 

 

Figure 61: Demand and consumption profile 2024 for mode 3b in 15-minute resolution (own illustration) 
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5.2.2 Impact of Grid-Supportive Operation 

The following section investigates to what extent the different operating modes would have 

contributed to grid support in the year 2024. Here, a tracking parameter based on the explanations of 

grid-supportive operation in chapter 4.4.4 is introduced and the results are analyzed. 

As pointed out in the beginning of chapter 5.2, the redispatch-related heat energy was scaled too high. 

A comparison of the results of mode 3b and 3g with the results of the correct simulation for the 

corresponding modes shows that the values of redispatch-related heat energy presented in this 

chapter have to be taken with an uncertainty of up to 12 %.  A more detailed assessment of individual 

important values presented is made further below within this chapter. 

To track the contribution to grid support the adjustment in heat energy which would lead to an ‘actual 

compensation’ is considered. Here, the concept of one-sided fixation of the heat production level as 

described in chapter 4.4.4 is important. It was outlined that during redispatch intervention the energy 

which the LSHPs shall provide is determined based on the heat production level the LSHPs had before 

the redispatch intervention occurred. These reference points were referred to as ‘upper-base’ or 

‘lower_base’. The heat production level of the following timesteps were defined by the base value and 

the redispatch-related energy – which can also be negative – added up to the base value ‘upper-base’ 

or ‘lower_base’. When evaluating the grid supportive distribution during a redispatch intervention the 

difference between the heat production level and the base value is considered. If the difference is 

towards the right direction it is counted as grid-supportive energy which would compensate for 

redispatch related energy. In other words, the heat for ‘actual compensation’ is the heat generation 

adjustment which could lead to direct replacement of redispatch intervention by conventional power 

plants when the LSHP is located at the same grid node in the electricity grid. Thus, it can be measured 

if the behavior during the redispatch intervention would actually compensate for the power used by 

traditional power plants. Here, for every timestep at maximum the redispatch-related energy can be 

credited.  Figure 64 illustrates the heat quantities which have been actively considered in adjustment 

of HP operation and therefore did lead to actual compensation for redispatch-related energy in 2024.  
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does not provide a full picture of whether the LSHPs have been operated grid supportive as it only 

considers the operation adjustment referred to the operating point prior to the redispatch intervention, 

the results show that in a price-led operation mode 3g the LSHPs are much more flexible to react to 

commands regarding redispatch interventions. A recalculation of the heat quantities tracked into the 

actual compensated electrical power is not yet implemented in the model. However, a manual back-

calculation based on the thermal energy used for actual compensation measures and the annual 

average COP shows that in mode 3g, 44.1 GWhel of redispatch energy could ideally be compensated, 

which would otherwise have been provided by conventional power plants in 2024. In mode 1b it would 

have been 8.6 GWhel. Considering the total operating costs of mode 1b and mode 1g, this results in 

costs of 101,840 EUR per GWhel of redispatch energy compensated. As mentioned before, an error was 

made scaling the redispatch-related heat energy of every timestep with the COP without considering 

auxiliary consumption. Therefore, the simulation was repeated only for the modes 3b and 3g 

considering the auxiliary consumption correctly. When applying a manual back-calculation based on 

the average annual COP, it shows that here in mode 3g only 39.0 GWhel and in mode 3b only 7.5 GWhel 

of redispatch energy could ideally be compensated. Considering the total operating costs of mode 1b 

and mode 1g in these simulations, it results in costs of 104,008 840 EUR per GWhel of redispatch energy 

compensated. As most of the redispatch-related energy required an increase in production, the benefit 

of the associated heat generation is not accounted for in this figure. In addition, this figure must be 

considered with some uncertainty since the back-calculation based on the average annual COP does 

not take into account when the redispatch interventions occurred. Since the amount of heat 

adjustment due to redispatch interventions is scaled based on the COP of the previous timestep, the 

resulted heat energy presented here might not correspond exactly to the average annual COP of the 

year. 

5.3 Variation in Threshold Price 

The following chapter investigates the development of heat generation, system utilization, and 

operating costs under varying threshold prices in operating mode 3b. Since mode 3 represents the 

targeted operating strategy and an initial analysis in chapter 5.2.1 has shown that it provides the best 

trade-off between district heat demand coverage and operating costs, this mode is the focus of the 

subsequent analysis. For the generation of the simulation results presented in this chapter, the 

alternative mode was applied for reasons of time optimization. 

Based on future scenarios for 2045, the threshold price would have to be reduced below the average 

annual electricity purchase price in order to reflect operations as forecasted for 2045 [13, 115]. 

However, it cannot be ruled out that LSHPs in Hamburg will be expected to cover a larger share of 

district heating demand at the beginning of the transformation process. Therefore, the development 

of the operating profile is analyzed for both decreasing and increasing threshold prices. Here, the 

threshold price is changend in gradations due to a multiplicator applied on the trimmed annual average 
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considered favourable – is used to charge the storage and subsequent drop in the electricity price 

cannot be utilized for further heat production due to limited storage capacity. Therefore, a feedback 

loop has been implemented regulating the threshold price as a result of the current storage level 𝑠. It 

applies: 

𝑝𝑟𝑖𝑐𝑒𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝑝𝑟𝑖𝑐𝑒𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ∙ (1 − (𝑓𝑑𝑎𝑚𝑝𝑖𝑛𝑔 ∙ 𝑠)) (50) 

Thus, the threshold price gets lowered when the storage level rises allowing capacity for exploiting 

upcoming price drops. Here, the challenge is to finetune the damping factor. Furthermore, the question 

arises as to how often the feedback shall be applied. If applied to often it could lead to undesired 

switching behaviour during constant electricity price levels because threshold price fluctuates. If 

applied to rarely the feedback effect would not be effective and overcompensation could occur. The 

simulation has been carried out for different damping factors and storage sizes – since storage capacity 

is expected to increase in the future [13, 116] – while applying a feedback every four hours. At this 

point, it should be noted that a flexible adjustment of the threshold price requires a concept regarding 

module switching operations that differs from the one presented in chapter 4.5. As already emphasized 

in chapter 4.5 assigning switching operations at the beginning of a time horizon limits the operational 

flexibility too strongly. Therefore, an individual decision-making process regarding switching operation 

must be performed before every single timestep. This assumption holds true when adapting the 

threshold price as a result of the storage level. Here, the feedback loop must be executed in short time 

intervals. However, allocating switching operations over very short time horizons is not useful, since 

the maximum number of allowable switches per period would limit the system’s ability to react to 

significant changes. Accordingly, the control strategy for switching allocation was suspended in the 

simulations with a variable threshold price. Unfortunately, the results could not be sufficiently analysed 

and presented within the scope of this work and therefore omitted here.  
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6 Evaluation 

In the subsequent chapter, the simulation results are evaluated and put into context. 

Regarding the HP design it is shown that R717 performs best in thermodynamic modelling among all 

refrigerants and is therefore favored from a performance-based view. Furthermore, it is shown that in 

the thermodynamic model the effect of poor compressor efficiency on overall performance can be 

mitigated to a certain extent by increasing the compressor outlet temperature – especially at high 

supply temperatures. On the other hand, a percentage increase in auxiliary power use affects the 

overall efficiency more significantly. 

A comparison of the operating strategies in terms of district heat coverage and operating costs indicates 

that a price-led operation offers a better compromise between both criteria than a fully heat-led 

approach. Even with small cuts in heat generation as they take place when switching from mode 1b to 

mode 2b (2.28 %), a significant decrease in total operation costs is achieved (12.3 %). A similar outcome 

is produced when switching from mode 1b to mode 3b with a threshold price multiplicator of 2. Here 

a reduction in heat generation of 3.1 % percent and a drop in total operating costs of 11.2 % is the 

result. Therefore, a completely electricity market-independent operation is not recommended, even 

with a low penetration of LSHPs in the district heating grid. It is observed that during colder seasons 

mode 2 practically converts to mode 1 as the fluctuations in heat demand are not strong enough to 

allow price-led operation. Given this and the fact that a fixed electricity price threshold may cause 

inefficient operation by missing out on lower prices due to limited storage capacity, a more flexible 

operational approach appears necessary. This could be enabled by continuous adjustment of the 

threshold price. Here, a control strategy including an individual decision-making process regarding 

switching operations prior to each individual timestep is necessary. 

As expected, constant lowering of a fixed threshold price leads to a decrease in electricity costs and 

heat generation. Therefore, when a higher penetration of renewable energy sources in the heating and 

electricity grids allows the reduction of required full-load hours for LSHPs, a significant drop in 

operating costs can be achieved. However, in this regard, the optimal compromise highly depends on 

additional factors such as investment costs and the surrounding infrastructure including minimum 

requirements for heat generation or grid-friendly operation. Regarding the contribution to grid 

support, it is observed that in 2024 a price-led operation in mode 3 would’ve enabled a much more 

flexible HP response to avoid grid congestion than heat-led or partial heat-led operations due to mode 

1 or 2. This is caused by the fact, that in mode 1 and 2 during large periods of the year no further 

increase of electricity consumption in response to a grid congestion is possible compared to the prior 

operation point when the redispatch intervention occurred. However, in the accurate simulations of 

mode 3 – considering the auxiliary energy correctly when scaling the redispatch-related heat energy – 

due to an increase in total operation costs of 21.7 % the amount of redispatch-related heat that 

would’ve ideally led to direct relief for the power line increased from 19.3 GWhth to 100.8 GWhth, thus 
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covering 51.86 % of all redispatch-measures executed in 2024. That means with perfect position on the 

grid node of the electricity grid more than half of the energy provided by conventional power plants 

for redispatch intervention in Hamburg in 2024 could have been avoided due to adjustment in LSHP 

operation. However, it is very important to point out that the simplified modelling approach with one 

representative HP object and one aggregated data time series for redispatch interventions is a 

simplification that does not take into account the local position of each individual LSHP. As outlined in 

chapter 4.1.6 local position in the power grid is key when it comes to compensate for grid bottlenecks. 

Therefore, the figures regarding contribution to grid support should be interpreted with caution, since 

it is not guaranteed that a redispatch intervention covered by the full available power of one 

representative HP object could have been covered by the individual HP object on the site where the 

redispatch-related energy is needed. Nevertheless, the figures presented indicate the future potential 

of LSHPs to help alleviate grid congestion in Hamburg.  
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7 Conclusion and Outlook  

In the following chapter, the outcome of this study is summarized and an outlook is provided. 

In this study, the operation of the LSHPs planned in Hamburg was simulated throughout a year and the 

impact on the energy infrastructure with particular focus on the power grid was analyzed. In this 

process, the interdependencies between LSHP operation and the heating and electricity sector were 

outlined. Important aspects regarding HP plant design and the compatibility of refrigerants to the 

specific operating conditions in Hamburg’s district heating grid were examined. The input data time 

series with a 15-minute resolution for modelling the HP operation over the course of one year were 

generated and the system characteristics were determined. Thereafter, a simulation framework in 

Python was constructed and the HP model including thermodynamic modelling as well as an alternative 

mode were created. Different operating modes as well as a control strategy for switching operation 

regarding technical management were developed and integrated into the simulation framework. A final 

HP design was determined due to performance-based aspects and the aim of operational realism. The 

simulation using the final HP design was run and the simulation results of different operating modes 

were compared regarding operating costs, heat demand coverage and contribution to grid support. 

The results were discussed, evaluated and put into context regarding future LSHP operation in 

Hamburg.  

When considering the number and type of input parameters and system characteristics of the HP 

model, it becomes evident that the results generated in the scope of this work just cover a share of 

future scenarios regarding LSHP operation in Hamburg. A number of scenarios have been omitted to 

simulate and evaluate. This includes the increase in system and storage size, the assumption of less 

ability for part-load behavior and stricter technical constraints, the application of data input for 

different years, a fine-tuned operating mode with more flexible operation regarding economical and 

heat-sided signals and others. However, the current simulation framework enables flexible access to 

operating parameters and allows the variation of single parameters so that further future scenarios can 

be readily simulated. Due to the clear separation of heat output determination and thermodynamic 

modelling algorithms for new operating modes or finetuning of existing ones is possible without 

engaging in the thermodynamic calculations. Furthermore, the allocation of attributes to specific HP 

objects facilitates the integration of the HP model inside larger power flow analysis. This makes the 

developed model a powerful tool for future analysis of HP operation in power grids.  
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dic_df_hourly_factors 

 

Dictionary containing data frames for every day of the week 

which in turn contain the hourly factors in percent 

Utilizing the class ‘SLP_simulation_conditions’ and the class ‘SLP’ the data for the heat demand time 

series are generated according to the flowchart in Figure 68. 

 

Figure 68: General structure to create heat demand time series 

First the objects which describe the different simulation conditions are added to a list (step 1). Then 

the SLP objects which are relevant, that means they fit to the attribute ‘KW-year’ of at least one 

simulation condition object, are created with the function ‘create_objects_SLP’ (step 2). The function 

imports the parameters and 𝐾𝑊-values of the SLP objects stored in Excel files and assigns them to the 

attributes of the SLP objects to be created. To better access the SLP objects, they are stored in a further 

memory structure. To do so a parent dictionary ‘dic_of_dic_SLP_objects’ is initiated, as shown in Figure 

69.  
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Figure 69: Memory structure to create multiple heat demand time series  

The years which have been found in the attributes ‘KW_year’ of the objects for the simulation 

conditions are set as keys of the parent dictionary. The assigned item of every key is a subsequent 

dictionary which in turn contains all SLP objects as items. All items, SLP objects, of a subsequent 

dictionary fit to the relevant year which means to the key inside the parent dictionary. The SLP objects 

are stored as items of the subsequent dictionaries by setting their attribute ‘name’ as their key in the 

subsequent dictionary. Thus, every subsequent dictionary contains all SLPs as items for its 

corresponding year given in the key of the parent dictionary. After creating the SLP objects the data 

files containing the time series of the heat demand in a daily, hourly and 15-minute resolution can be 

generated for every simulation condition calling the function ‘create_files_heat_demand’ by iterating 

every object of simulation conditions (step 3). The data generation of the 15-minute district heat 

consumption time series for one object of simulation conditions due to the function 

‘create_files_heat_demand’ is carried out as described above. The simplified process is illustrated in 

Figure 70. 
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Figure 70: Generation of heat demand data time series 

 




