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Abstract

:

Dynamic thermo-hydraulic simulations of district heating networks (DHN) are essential to investigate novel concepts for their sustainable design and operation. To develop solutions for a particular case study, numerous long-term simulations are required. Therefore, computational effort for simulation is critical. Heat consumers (HC) are numerous and determine the dynamics of mass flows and return temperatures in the DHN. Thus, the way in which HCs are modeled has significant impact on the computational effort and the results of the simulation. This article presents a novel Modelica-based model for HCs that builds on an existing simplified modeling approach (open-loop design). The calculation of mass flow and return temperature is improved in terms of robustness, plausible behavior and low computational effort. In particular, the model reacts to limited differential pressure and supply temperatures to ensure plausible behavior across all operating conditions, including undersupply situations. The model is successfully tested using an exemplary DHN. The analysis proves that the HC model itself requires little time to simulate. Nevertheless, it significantly influences the simulation time for the entire DHN, which varies by a factor of five for the investigated system depending on the HC model. Fast dynamics, including a bypass in the model and correction of deviations between set point and actual heat load increase the simulation time, so users should sensibly choose how to use these options. HC models triggering many state events result in high computational effort. Compared to other simple HC models, the proposed model produces more plausible results while maintaining at least equal simulation performance (for models without bypass) or even improving it (for models with bypass, CPU time is reduced by at least 35%).
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1. Introduction


In light of the man-made climate crisis, a fast decarbonization of heating has to be achieved. Within this transition of the heat sector, district heating is a recommended solution for densely populated areas, and it is expected to be expanded to supply around 50% of the heat demands in Europe in 2050 [1]. District heating facilitates a combination of various renewable heat sources, excess heat usage and heat storage (even seasonal) and coupling to the electricity sector to reach an economically viable sustainable heat supply system, the so-called fourth-generation district heating [2].



The transformation towards fourth-generation district heating requires the development and successful implementation of novel concepts for heat supply and distribution, which raises numerous challenges: The integration of distributed renewable heat sources leads to a more decentralized feed-in and requires reduced temperatures in the district heating network (DHN) [3]. This may entail new hydraulic bottlenecks [4], (more frequent) flow reversals, formation of cold plugs, increased thermo-mechanical stress on the pipes, frequent changes of the hydraulically critical path and temperature undersupply of heat consumers (HC) that are far from heat supply units or require high supply temperatures. The need for densification and expansion of the existing DHNs makes things even more difficult.



These challenges require targeted reinforcement of the DHN or even novel network layouts [4], as well as novel concepts for design and placement of new heat supply and heat storage units, and innovative operation strategies for all components. To develop these concepts, simulations of the DHNs are required [3,5] using dynamic thermo-hydraulic models able to handle bi-directional flows [6]. Furthermore, the models need to be suitable for long-term simulations, even annual, if heat sources show seasonal fluctuations or if long-term heat storage is to be considered. In addition, the models must be applicable for the simulation of large DHNs, as existing DHNs are to be examined. Thus, good simulation performance is essential.



1.1. Simulation of District Heating Networks: Tools and Applications


A variety of proprietary and open-source tools exists for the simulation of DHNs. Brown et al. [7] present an overview on commercial modeling tools and their capabilities, concluding that they are limited with respect to computational time, level of precision and scalability, so that more research is needed towards integrated district energy models. Soons et al. [8] provide a comprehensive comparison of potentially appropriate modeling environments for dynamic simulations of DHNs, namely Modelica (using Dymola), Matlab/Simulink and TRNSYS. They conclude that Modelica performs better concerning modularity, multi-domain modeling, realistic control behavior and flexibility, which are important features to facilitate the development and assessment of innovative systems designs and operation strategies. Similarly, Giraud et al. [9] conclude, in a comparison of simulation tools for DHNs, that Modelica’s lower development effort and wider modeling possibilities overbalance the observed higher computational cost. Schweiger et al. [5] compare major multi-purpose tools and conclude that Modelica is best suited for the simulation of district energy systems with a limitation concerning the simulation of large scale systems. Other tools have no or limited suitability for power distribution systems and co-simulation (IDA ICE and TRNSYS) or limited suitability for district heating and building simulation (Simulink).



The simulation environment TRNSYS is used for the transient simulation of thermal components. Current studies examine substations for solar thermal feed-in into DHNs [10], complex heat supply systems with large solar thermal and seasonal storage [11] or small-sized DHNs and the connected buildings with the goal to find a minimal operation temperature at every instant [12].



Modelica is an open-source modeling language with two core features that make the language well suited for dynamic simulations of DHNs. First, Modelica is equation-based and acausal. This means that the models consist of equations—not assignments—so that there is no predefined causality [13]. In consequence, the interfaces between component models must not be categorized into in- and output (unlike in Matlab–Simulink and TRNSYS). In DHN simulations, the pipe model must be able to handle flow reversals in order for the connectors from one to the other pipe to alternately act as in- or output, which can be easily implemented in Modelica. This is necessary in order to ensure that compared to causal modeling approaches, significant effort by the user is avoided [5]. Second, Modelica and its model libraries are designed to build multi-physics models across all domains. For DHN simulations, thermodynamics as well as fluid dynamics and potentially the electrical domain (if sector coupling is to be examined) are needed and inherently supported by Modelica (unlike TRNSYS which focuses on thermal modeling) [8].



In accordance with its good suitability, Modelica is used in many studies on DHN. Annual simulations of a small DHN with 25 HCs and decentralized prosumers were carried out using Modelica in order to evaluate different scenarios [14]. Waste heat integration was evaluated for a small DHN [15], as well as a medium-sized DHN with about 100 HCs [16]. The latter article demonstrates that dynamic simulations allow for identification of the share of waste heat that can be integrated into an existing DHN and to analyze hydraulic bottlenecks and temperature undersupply that arises from lower supply temperatures. Neirotti et al. [17] evaluate the potential for lowering the temperatures in a small existing DHN using Modelica. Using test cases with about 100 HCs, Schweiger et al. [18] and O’Donovan et al. [3] demonstrate that Modelica is well-suited for the simulation of medium-sized DHNs.




1.2. Fast Simulation of District Heating Networks


Simulation performance depends on a multitude of factors. In general, modeling of DHNs requires a reasonable compromise between accuracy (and thus the level of detail of the models) and simulation performance, with the optimal point depending on particular application [19]. Jorissen et al. [20] provide an analysis of simulation speed for building energy systems (including thermo-hydraulic systems). Important measures are to avoid algebraic loops (that may, for example, be introduced by the differential pressure control in a DHN model), inefficient code and to keep the number of evaluations as low as possible.



Aggregation is an important strategy to keep the simulation time of DHN models within reasonable limits. The so-called “German Method” [21] and “Danish Method” [22] are widely used aggregation algorithms. Larsen et al. [23] and Falay et al. [24] provide comparisons of the two methods, proving their ability to drastically reduce the computational effort while maintaining good accuracy of the results. However, both methods use a certain network state as a basis for the aggregation algorithm. Thus, the aggregation methods are valid for situations similar to that state, with the frequency of errors increasing the more the actual situation differs. Falay et al. [24] state that in the case of flow reversal, the aggregation is no longer valid and the procedure has to be repeated each time a flow reversal occurs somewhere in the DHN. Thus, the application of these aggregation algorithms to reduce computational effort is limited with respect to the current challenges in DHNs.



Boussaid et al. [25] apply a data-driven approach (graph neural network) as a surrogate model for DHN to be used in optimization tasks. This approach drastically reduces the simulation time compared to a physical model, but results with changed control parameters cannot be captured properly. Furthermore, the data-driven model does not compute and expose the physical states within the network, so that bottlenecks or temperature undersupply cannot be analyzed. Apart from that, data-driven models have an application range that is strictly limited to the range of operating conditions for which sufficient data exist, so the analysis of scenarios that extend beyond that is impossible.




1.3. Heat Consumer Models


In the literature, various HC models using Modelica are described. Giraud et al. [26] developed and validated a HC model with a heat exchanger model and a valve to control the primary mass flow. The model requires the secondary return temperature as an input, a quantity that is usually not known. Neirotti et al. [17] use a detailed HC model including component models for building heat loss and heat capacity, radiator, heat exchanger, pumps and control loops. Their simulation use case contains only nine HCs and the network model is reduced to only one pipe instance for flow and return line. Kauko et al. [14] present a HC model with heat exchangers, valves, regulators and even radiators to perform annual simulations of a small DHN without loops, reporting a simulation time of 3 h. Leitner et al. [27] present a Modelica HC model that includes separated heat exchangers for heating and domestic hot water, pumps, valves and radiators. Their annual simulation of a small simple radial DHN (14 HC) takes 4 to 10 h. A simplified HC model with instantaneous heat release and a balancing valve for mass flow is described by del Hoyo Arce et al. [19]. Stock et al. [16] use a strongly simplified HC model for Modelica that is intended to investigate waste heat integration and supply temperature reduction in large DHNs. However, their model neglects important effects (such as pressure undersupply) and seems to be too simple (constant bypass mass flow) (see Section 2.1.1). Brown et al. [7] mention that further research on how to model HC behavior in Modelica is required.



It is obvious from the literature that HCs in DHNs can be modeled at very different levels of detail. The exact implementation is an important factor for simulation performance for two reasons: First, the effort for simulating each of them is crucial for the overall simulation time because within a DHN, the HCs are very numerous. Second, the HCs have a major impact on dynamics of mass flows and temperatures within the network and thus determine the effort to compute the fluid and temperature propagation in the pipes.




1.4. Contribution of This Article


Based on the literature review, we see a relevant research gap concerning the models of HC for long-term simulations of large DHNs. It includes two aspects:




	
Known HC models are either too detailed (long simulation times, high effort for proper parameterization) or too simple (do not plausibly reflect the relevant effects).



	
To the best of our knowledge, the importance and influence of HC model design on simulation time has never been evaluated in detail.








Given this research gap, this article aims to answer the following two research questions:




	
How should a HC be modeled to yield plausible results at various operating conditions and enable robust and fast simulations of large DHNs?



	
How and to what extent does the HC model design affect the overall simulation time?








The novel HC model presented in this paper enriches an existing approach for simplified HC modeling (open-loop, described in [16]) with features that ensure robust and plausible behavior of the model under various operating conditions (including undesirable situations, such as excessively low supply line temperatures or differential pressures) while keeping the computational effort for simulations as low as possible. The influence of the HC model on simulation time is evaluated using this novel HC model with different configurations and simple models from two other Modelica libraries.





2. Simulation of DHN Using Modelica


This section offers a brief overview on Modelica libraries used in this research article and explains important strategies for fast simulations of DHNs with respect to HC models.



2.1. Models for DHN and HC


The Modelica Standard Library [28] provides a large number of base models (such as the fluid connector) and component models for thermo-fluid systems. Moreover, van der Heijde et al. [29] developed and validated a dynamic plug-flow pipe model that is freely available via the Modelica IBPSA Library [30] and which is used within other libraries with models specialized in the simulation of DHN.



2.1.1. AixLib


AixLib is an open-source Modelica library for the simulation of energy systems on building to district scale developed at RWTH Aachen University [31,32,33]. It extends the Modelica IBPSA Library and has a section DistrictHeatingCooling with models specialized for the simulation of DHN.



Within this section, the library provides so-called “open-loop” models for HCs. This means that the models do not contain a fluid model that connects flow and return line, which allows for decoupling the respective equation systems for fluid flow and pressures in the supply and return line of the DHN. Stock et al. [16] state that open-loop models reduce the computational effort and yield valid results when the research focus is on heat distribution and not on control of the HCs or heat sources. They successfully evaluate the hydraulic effects of the integration of a waste heat source into an existing DHN at different temperature levels.



The HC models determine the required mass flow based on a heat load input and the temperatures. The return line temperature is either a constant value or set to achieve a constant temperature difference to the supply line. A bypass that maintains a minimum mass flow may be included. It is active whenever the HC mass flow drops below a threshold (irrespective of temperatures and pressures), sets the heat flow to zero and triggers state events whenever activated or deactivated.



The strength of AixLib is its broad scope that covers the whole area of heat supply systems for buildings. The district heating HC models, however, are very basic and might produce implausible results, e.g., if inappropriate load time series are used (including steps or excessively high peaks) or in undersupply situations (insufficient differential pressure is ignored, and if the supply temperature is too low, a constant temperature difference is used instead of the set point return temperature; see Section 4.2.5). Furthermore, the bypass models result in an unstable return temperature that switches at an undetermined moment (see Section 4.2.3). Nevertheless, the HC model proposed in this article builds upon the open-loop design of these models and tries to overcome the described weaknesses.




2.1.2. DisHeatLib


Leitner et al. [27] describe a method to assess the operation of coupled heat and power networks. The authors published their Modelica models within the DisHeatLib library [34], which builds upon the Modelica IBPSA Library and contains a variety of models for DHN Simulations.



To model HCs, the library provides models for demand (intended as a simple representation of a heat load) and substation (modeling heat transfer from the network to the HC). The substation models include a variety of technical configurations (with or without heat exchanger, optional heat storage and/or bypass), so that these technical options and their behavior within a DHN can be examined. However, all HC models in DisHeatLib include control loops, fluid models that connect supply to return line, and some have a high degree of detail as the various components are explicitly modeled, which results in high computational effort to simulate a DHN with numerous HCs. Thus, these HC models are useful to examine different substation configurations, but are not well suited for long-term simulations of large DHN, as intended in this contribution. Thus, the novel HC model uses a more simple approach, where the components are not modeled in detail.




2.1.3. DHNSim


At the Department of Solar and Thermal Engineering of the University of Kassel, Modelica models for long-term simulation of whole DHNs have been developed within the in-house DHNSim library. The pipe model in DHNSim builds upon the plug flow pipe model by van der Heijde et al. [29]. Furthermore, the library contains models for supply units, the HCs (described in this contribution; see Section 3) and the required environment to easily build a consistent DHN model. Zipplies et al. [35] present an overview on the structure, goals and general implementation of the models.



The strength of DHNSim are annual simulations of DHNs at low computational effort. The library is specialized for this application and currently has a limited number of component models. However, the models from DHNSim are compatible with those from many other libraries (including the Modelica Standard Library, IBPSA Library, AixLib and DisHeatLib), as the same connectors are used, so that suitable component models from these libraries may be combined with its models.





2.2. Strategies for Fast Simulations of DHN


The total CPU time of a simulation using variable step solvers can be approximated by a constant share for initialization and share that is the product of the number of steps and the time that is needed to compute one step [20]. Figure 1 illustrates a general consideration of the drivers for computational effort of DHN simulations. On the one hand, the pipe network model results in a large system of equations that has to be solved for each simulation step and numerous states to integrate. Thus, it determines the effort to calculate one simulation step. On the other hand, the models of the supply unit and HCs do not cause much computational effort themselves if they are simple. However, as they determine the mass flows, temperatures and pressures in the network (and their derivatives), they have a crucial impact on the number of steps that a variable step size solver has to calculate. Given this consideration, the following subsections describe general strategies for fast simulations of DHN that apply to the proposed HC model, which is described in detail in Section 3.



2.2.1. Simplified Modeling Approach of HCs


The simulation of a large branched or even meshed pipe network is a complex task that requires high computational effort. Therefore, it is recommendable, or even absolutely necessary, to limit the degree of detail of the models of the supply unit and the HCs in the DHN to a minimum extent that still leads to valid results. This applies especially to the HCs, as they are numerous and determine the mass flows and return temperatures for the pipe network. Thus, the proposed HC model does not contain detailed physical models for the actual components of substation and secondary side (pipes, valves, heat exchangers, pumps, heat storage, radiators, floor heating, etc). This simplified modeling approach allows for following the open-loop design implemented in AixLib (see Section 2.1.1). The evaluation of the simulation performance in Section 4.2.7 clearly indicates that this is an important measure, as the HC model from DisHeatLib (which does not follow the open-loop design and contains a few more component models including a control loop) has a substantially higher simulation time compared to the equivalent open-loop models without bypass.



The HC model simply uses a prescribed heat flow (or, optionally, a mass flow) as input and uses the actual temperature in the supply line and a prescribed return line temperature (constant value or as additional variable input) to calculate the mass flow. While this seems to be a very simple modeling task at first glance, some more details and features are needed to obtain fast, stable and valid simulations with such HC model. These are described in Section 3 and include major improvements compared to the open-loop models in AixLib.




2.2.2. Avoiding Events


Simulation models may include equations or algorithms that abruptly change the model behavior. Examples are flow reversals (mass flow changes the sign) or switching units on and off (boolean variable changes the value). Within Modelica, these moments are called “events”, and whenever the integration algorithm detects such an event, the integrator needs to determine the exact point of time when this abrupt change occurs and restart the simulation with the changed model behavior from this point so that the transition from one state to the other is simulated correctly.



While this approach avoids inaccurate results or even failures of the simulation that might occur otherwise, it also adds computational effort to the simulation [20]. Thus, models should generate events only if necessary, and high numbers of events should be avoided in the use case of long-term simulations of large DHNs. Typical triggers for events in simulations of DHNs are flow reversals in pipes, switching units on and off (event may be avoided depending on unit model formulation, see example below) or reaching limits of controllers.



If a variable is continuous at an event, it is possible to prevent the event using the Modelica built-in function smooth() [13]. Furthermore, Modelica Standard Library provides the function Modelica.Fluid.Utilities.regStep()media/file13.jpg
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