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The efficiency of a District Heating (DH) network depends among other things on the quality of its design and more precisely on the sizing of the distribution network pipes. Providing DH designers with relevant methodology to select appropriate pipes is crucial to maximize the utility of those systems. This paper presents a methodology focusing on the optimal sizing of pipe diameters in DH networks: the methodology uses a genetic algorithm to generate a set of Pareto-optimal sizing choices. An implementation of the methodology is presented, and is validated on three test cases, each of them corresponding to an elementary configuration, which can be encountered in real-world DH network. As a result, the performance of the results provided by the optimization for each test case are as good or better than the best reference solutions we could provide. The last part of this paper addresses the scalability of the proposed sizing methodology.

The interest of the presented methodology is lies in the typology of optimal solutions provided for the test cases that could not be devised with traditional sizing methods and by the scalability of the method that makes it suitable for optimal sizing at city scale.

Introduction

Energy consumption reduction in buildings features various efficiency measures in heating systems, and in particular district heating (DH) networks. As DH networks evolve toward lower temperatures, inspired with 4GDH [START_REF] Lund | 4th Generation District Heating (4GDH): Integrating smart thermal grids into future sustainable energy systems[END_REF] and 5GDHC [START_REF] Buffa | 5th generation district heating and cooling systems: A review of existing cases in Europe[END_REF] concepts, the design of such systems is more and more complex and is crucial to maintain a high thermal and economic performance. Among the components of the DH networks, an adequate sizing of the energy distribution system, and specifically of the pipes, enables to transport efficiently heat from the production units to the customers. Development of different computational methods made it easier to design well-suited networks; nevertheless, common practice for the design of the distribution system remains to use local sizing rules for the pipes. Different regulations and industry recommendations, available in [START_REF] Frederiksen | District Heating and Cooling[END_REF] refer to regular pressure losses and fluid velocity to select a pipe diameter. Those recommendations mostly avoid having high speeds in the pipes, which would result in a high pumping power. A more elaborated design strategy, also presented in [START_REF] Frederiksen | District Heating and Cooling[END_REF], and in Figure 1, relies on simple optimization of the total pipe cost. This approach enables to find a tradeoff between the construction and the operational costs, but it remains a local approach, applied independently on each pipe. Therefore, it eludes the interactions that can occur at the system level in a DH network.

Figure 1 : Simple optimization approach for the sizing of distribution pipes in DH network, from [START_REF] Frederiksen | District Heating and Cooling[END_REF] Further works focused on the same problem yet with a system level perspective, relying on optimization methods. In 2007, [START_REF] Söderman | Optimisation of structure and operation of district cooling networks in urban regions[END_REF] used Mixed Integer Linear Programming (MILP) formalism in order to size a district cooling network, by minimizing a global cost combining the construction and operation of the network. [START_REF] Tol | Improving the dimensioning of piping networks and network layouts in low-energy district heating systems connected to low-energy buildings: A case study in Roskilde, Denmark[END_REF] compared 3 approaches for sizing the distribution pipes in a DH network : the first one aimed to bound pressure loss for the network critical route, the second one generalized this constraint to all routes in the network and the last one aimed at minimizing the DH network heat losses. Optimization method enabled to lower the heat loss of the network and this paper is to our knowledge the first approach that proved the interest of such methods. Further works used optimization methods in order to size optimally the piping system with an emphasis on minimizing economic cost. [START_REF] Dorfner | Large-Scale District Heating Network Optimization[END_REF] used a MILP optimizer in order to size the individual power capacity of the 1630 pipes composing a DH network, while minimizing the global cost, which includes the operational, and the investment costs. This approach is limited to linear cost functions, over-simplifies the DH system behavior and is hardly applicable to DH network containing hydraulic loops. [START_REF] Best | A novel approach to district heating and cooling network design based on life cycle cost optimization[END_REF] used MILP to optimize the piping design of a DH network with MILP formalism while enabling hydraulic loops : they showed a rapid increase of the computational burden even with a simplified network, when targeting a 40 nodes network.

Other approaches, such as [START_REF] Mertz | A MINLP optimization of the configuration and the design of a district heating network: study case on an existing site[END_REF] and [START_REF] Marty | Simultaneous optimization of the district heating network topology and the Organic Rankine Cycle sizing of a geothermal plant[END_REF], used a Mixed Integer Nonlinear Programming (MINLP) to size the distribution system of a DH network with 19 and 9 consumers, respectively. The global costs was minimized, and the opportunity of expansion for the network was evaluated in [START_REF] Mertz | A MINLP optimization of the configuration and the design of a district heating network: study case on an existing site[END_REF]. [START_REF] Blommaert | An adjoint optimization approach for the topological design of large-scale district heating networks based on nonlinear models[END_REF] used an adjoint optimization method to select the diameter of the pipes that minimize the pumping and the piping costs: they managed to size optimally 632 pipes in a low temperature DH network at a predefined static design point. Such methods are efficient to generate an optimal piping diameter selection along DH network considered as a self-interacting system. However, these papers are restricted to the minimization of a single objective, possibly obtained by an aggregation of multiple objectives.

Increasing concern on other performance indicators, such as CO2 emissions [START_REF] Fazlollahi | Multi-objective, multi-period optimization of district energy systems: IV -A case study[END_REF], in DH networks led to the use of multi-objective optimization methods. Among those multi-objective optimization methods, genetic algorithms (GA) are widely used in DH network optimization [START_REF] Sarbu | A review of modelling and optimisation techniques for district heating systems[END_REF], [START_REF] Talebi | A Review of District Heating Systems: Modeling and Optimization[END_REF]. GA are efficient to deal with problems where the underlying physics is complex and with a large and potentially discrete decision space. It makes it efficient to deal with the sizing of the distribution system of a DH system as it was proposed by [START_REF] Vesterlund | Design Optimization of a District Heating Network Expansion, a Case Study for the Town of Kiruna[END_REF] who presented a method to design the distribution pipes and a heat generator for a new part of an existing DH network that includes 110 pipes. The authors optimized the operational cost (OPEX) and the investment cost (CAPEX) as separated objectives.

The authors of [START_REF] Zeng | Diameter optimization of district heating and cooling piping network based on hourly load[END_REF] used a GA to determine the diameters of 15 pipes in a small DH network with a dynamic evaluation on a whole year. Earlier, [START_REF] Li | District Heating Network Design and Configuration Optimization with Genetic Algorithm[END_REF] used a GA to figure out the diameters of 84 pipes but the approach was limited to a single objective summing the OPEX and CAPEX contributions to form the net present cost.

Meta-heuristics such as GA are then convenient methods for the sizing of DH network. However, the convergence of algorithms is generally hard to verify in a limited computation time [START_REF] Blum | Metaheuristics in combinatorial optimization: Overview and conceptual comparison[END_REF]. Moreover, convergence may depend on user-defined parameters of the chosen GA. Hence, verification and validation (V&V) is required to evaluate the quality of the results. A widely used V&V strategy is to run the optimization procedure on a set of test cases that either have an exact solution or are simple enough for the results to be self-explanatory.

In the transportation network field, many approaches based on GA are first tested on the network of Sioux-Falls that was proposed by [START_REF] Leblanc | An efficient approach to solving the road network equilibrium traffic assignment problem[END_REF]. In the water distribution system network field, the network from New York, Hanoi, Pescara and Modena are widely used as validation cases [START_REF] Farmani | Evolutionary multi-objective optimization in water distribution network design[END_REF], [START_REF] Monsef | Comparison of evolutionary multi objective optimization algorithms in optimum design of water distribution network[END_REF]. The authors of the present paper are not aware of the existence of such test cases for the district heating and cooling field of research. This paper presents two aspects of our contribution to the optimal sizing of DH networks. We first propose a methodology based on a GA to determine optimal diameters of pipe diameters in a DH Network with respect to multiple objective functions. The methodology is designed to tackle largescale problems, as we present in the last part of the paper. The second aspect is the validation of such a methodology: in order to carry out such a validation, we elaborate test cases that can be used to that end and in further research with similar problems.

The paper is organized as follows : section 2 details the methodology for multi-objective optimal sizing of pipe diameters in a DH network. Section 3 of the paper details the validation and verification procedure that we used to ensure the accuracy of the results provided by our optimal sizing framework. Finally, Section 4 presents results on the scalability of the method and the complexity of the problem that can be tackled with it.

Optimization methodology for DH network pipe sizing

In this section a multi-objective optimization methodology that aims to size pipe diameters in DH network will be presented. Part of the elements detailed in this sections are already presented in a previous work by the authors [START_REF] Merlet | Validation of a multi-objective optimization framework for the sizing of pipes in DH Networks[END_REF], but is reminded here for the completeness of this paper. This methodology features an optimization method combined with a nonlinear evaluation function using a DH network simulation engine. We will here describe first the optimization problem and then present the methodology. Finally, we will present technical choices that have been made for the implementation of the methodology.

Specification of the optimization problem

First, the decision parameters that can be optimized should be part of a DH network model. In this paper, we propose to consider the diameters of the pipe of the network, although we plan to include later further decision parameters such as sizing of the substations, the possibility to integrate new boilers, storage units or booster pumps in the network.

Objective functions should be computable from the outputs of the simulation of the DH Network model, and we chose first to implement two objectives functions in the first version of the optimization framework. Those objective functions are the investment cost associated with the selected diameters of the distribution pipes, and the pumping costs. The aim is to include at least a third objective function that is the operational cost associated to heat generation in the near future. Further objective functions are also considered such as the carbon content of the operation of the DH network.

Finally, any solution to the optimization problem has to verify constraints regarding the satisfaction of the consumers' heat demand, fluid velocity and absolute pressure in the DH network.

In this paper, the selected values for those constraints are summed up in Table 1. The maximum velocity criterion was selected in order to avoid the risk of premature deterioration of the pipes, minimum velocity in order to avoid long residence time of the water in the piping system. The range of velocity selected in those constraints is significantly wider, for any pipe diameter, than the one suggested in various design recommendations detailed in [START_REF] Frederiksen | District Heating and Cooling[END_REF]. The aim is to limit the optimization to a feasible part of the decision space rather than providing pipe diameter sizing guidelines. Maximum pressure was selected according to technical specifications of pipe manufacturer and the minimum satisfaction rate was selected high but not at 100% to increase the diversity of the proposed solutions. 

Evaluation function

The evaluation function includes two steps, which are are the calculation of the investment cost and the thermohydraulic non-linear simulation of the DH network.

The first part uses a function considering the diameters of each modified pipe and its length as inputs and which computes a total investment cost thanks to a database of prices per meter of the pipes.

Those price ratios can be easily modified in order to fit the users' data or a specific case.

The second part of the evaluation consists in running a thermohydraulic non-linear simulation engine for DH network called DistrictLab-H . This solver allows the dynamic simulation of a DH network with centralized supply units to various consumers through distribution pipes.

In DistrictLab-H, the thermal resolution is done thanks to a finite volume approach that discretizes the pipes in one dimension, while another dimension is considered for the thermal loss through the pipe envelope and insulation. For the resolution of the hydraulic problem, resolution is directly performed at each step in matrix inversion form.

The substation model consists in a heat exchanger, a control valve and a implementation of control regulation for the secondary supply temperature. When the attained primary differential pressure and inlet temperature are sufficient, the setpoint temperature on the secondary circuit is thus reached thanks to the regulation of the control valve. Various control strategies are possible in the software, including an advanced hydraulic strategy that aims to provide a given minimal hydraulic capacity at each substation by modifying the pumping power at each time step. Heat generators can be operated using supply temperature setpoints or production power setpoints. We chose in the paper to operate pumps with the advanced hydraulic strategy and to drive the heat generator with a setpoint temperature, as illustrated in Figure 3. The computational/CPU efficiency of DistrictLab-H makes it able to simulate large-scale DH networks at a reasonable computational cost.

Optimization method

The choice of the optimization method has been done with respect to the main characteristics of the problem, which are the discrete nature of the decisions parameters, the possible amount of decision parameters that can be greater than one hundred, and the nonlinear nature of the evaluation function.

In multi-objective optimization methods, GA are widely used to solve similar problems, and fits all the attributes of our problem.

Among GA, many papers show the robustness and the great performance of NSGA-II in the field of energy engineering [START_REF] Li | District Heating Network Design and Configuration Optimization with Genetic Algorithm[END_REF], [START_REF] Evins | A review of computational optimisation methods applied to sustainable building design[END_REF], [START_REF] Costa-Carrapiço | A systematic review of genetic algorithm-based multi-objective optimisation for building retrofitting strategies towards energy efficiency[END_REF]. Within multiple implementations, we chose the one from the Python library DEAP [START_REF] Fortin | DEAP: Evolutionary Algorithms Made Easy[END_REF] which features an improvement on the crowding distance calculation, increasing the performance of the algorithm [START_REF] Fortin | Revisiting the NSGA-II crowding-distance computation[END_REF].

Global structure of the methodology

The global structure of the methodology and the connections between all the components are summed up in Figure 4.

Figure 4: Global structure of the optimization methodology, from [START_REF] Merlet | Validation of a multi-objective optimization framework for the sizing of pipes in DH Networks[END_REF] This methodology was implemented in Python language and calls the external non-linear simulation engine described in section 2.2 to evaluate the individuals.

Validation of the optimization methodology

In this section, we propose a validation and verification methodology for optimization approaches in DH network. This methodology consists in formulating test cases representative of configurations found in complex DH networks yet simple enough to obtain exact or reasonably good solutions. The accuracy of the optimization can then be assessed using these references alongside the computation burden necessary to obtain those results.

Case studies

The verification and validation (V&V) process has been carried out on three test cases: those test cases were selected because they are elementary parts of a complex DH network. Pipe catalogue  Case study 1 : a main line feeding equally distributed consumers (Figure 5),  Case study 2 : a main line with branches feeding equally distributed consumers (Figure 6),  Case study 3: a main line forming an hydraulic loop feeding equally distributed consumers (Figure 7).

The choice of those networks has also been motivated by the fact that a reference (or exact) solution for test case 1 can also be used to generate a close to exact solution for the second test case by describing with the physics the behavior of the branches, and for the third test case with a symmetry.

The next sections detail for each test case the modelling parameters, the selected optimization parameters and the generation of the reference solution. Then, results are presented first by detailing the convergence of each optimization and then by describing the DH network layouts proposed by the optimization. 
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Figure 7: Case study 3: A two-tube network with one production unit and one main line forming an hydraulic loop feeding equally distributed consumers. Legend is the same as Figure 5 3

.2 Specifications for the test cases' optimization

The decision space of the optimization and the selected parameters for the optimization algorithm are the same for the three test cases. They are detailed in this section.

Decision space

The decision space is composed of a set of possible pipes corresponding to the catalogue of manufacturer Isoplus [START_REF] Isoplus | Isoplus Design Manual -Chapter 2 : rigid compound systems[END_REF]. Their roughness height is 45µm, as given by the pipe manufacturer. For these test cases, the pipes are supposed to be adiabatic. The methodology could technically study the heat losses, but would not enable an easy calculation of reference solutions in the V&V methodology, specifically for the second test case. Possible pipe diameters are given in Table 2. 

Parameters of the optimization algorithm

When using GA, and specifically NSGA2, some parameters describing the population size, and mutation rate have to be set.

The settings used for the GA are selected thanks to a literature search on recommended parameters for the mutation rate from studies [START_REF] Mousavi | A bi-objective inventory optimization model under inflation and discount using tuned Pareto-based algorithms: NSGA-II, NRGA, and MOPSO[END_REF], [START_REF] Sadeghi | A hybrid vendor managed inventory and redundancy allocation optimization problem in supply chain management: An NSGA-II with tuned parameters[END_REF]. The influence of the population size is hard to evaluate, and no generic recommendations have yet been proposed in the field of evolutionary computation [START_REF] Eiben | Parameter Control in Evolutionary Algorithms[END_REF] and specifically for NSGA2 [START_REF] Hort | The effect of offspring population size on NSGA-II: a preliminary study[END_REF]. Therefore, we chose to overestimate the population size in order to facilitate the convergence and avoid a lack of diversity in the evolutionary process when compared with other work with NSGA2 on energy engineering [START_REF] Evins | A review of computational optimisation methods applied to sustainable building design[END_REF].

The summary of the selected parameters is available in Table 3. 

Objective functions

In this case study, two objective functions are considered: the CAPEX and the pumping cost.

The CAPEX corresponds to the sum of the cost for each pipe for each layout. The piping cost for a linear meter depends on the diameter of each pipe.

The pumping cost is calculated from the pumping power from the static simulation at peak power.

According to French agency CEREMA, the total demand for a district heating network can be roughly approximated to 2000 to 5000 hours at peak power, with the most usual value being 2500h equivalent full power hours [START_REF] Cerema | Réseaux de chaleur : Notions techniques[END_REF]. We also chose to calculate the pumping cost as the net present value of this yearly pumping cost on 20 years, with a discount rate of 5%. As a consequence, the pumping cost (𝑃𝑢𝑚𝑝𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 20 𝑦𝑒𝑎𝑟𝑠 ) is calculated with the pumping power (Ρ 𝑝𝑢𝑚𝑝𝑖𝑛𝑔 ), and equal to :

𝑃𝑢𝑚𝑝𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 20 𝑦𝑒𝑎𝑟𝑠 = ∑ Ρ 𝑝𝑢𝑚𝑝𝑖𝑛𝑔 * 2500 (1 + 0.05) 𝑦 20 𝑦=0 1 
3.3 Case study 1: "Main line" network

Description of the network

The first case study used for the validation of the optimization framework is a network composed of a supply and return lines with substations in between, as displayed in Figure 5. The heat is provided by an ideal boiler and the pump is automatically regulated in order to provide at least a pressure difference of 1 bar in all the substations of the DH network.

Further detailed modelling parameters are given in Table 4. Even if a dynamic simulation is possible with our evaluation function, we chose to evaluate the DH network on a static point, corresponding to the higher heat demand. The static simulation makes it possible to generate a reference solution.

The decision parameters that are optimized are the diameters of each section of the supply and return line. On each section of the network, the supply and return line diameters are set to be equal. As a consequence, for a network of 10 substations, there are 10 decision parameters describing the diameters of each section.

Computation of an exact Pareto front

In order to evaluate the accuracy of the results obtained in the optimization, we generated an exact solution using brute-force search, i.e. by computing all the possible individuals with a systematic search in the decision space. This was made computationally possible because of the small amount of decision parameters, and by assuming that all of the optimal layouts for this test case have a decreasing pipe diameter when going downstream of the thermal production point.

The generation of this exact solution implied the simulation of 352 716 possible networks in order to explore the decision space exhaustively. Each evaluation can be from 2 to 10 seconds long, depending on the convergence speed of DistrictLab-H simulation engine, and the whole generation of the exact solution was 14 hours wallclock, thanks to the parallelization of the process on 24 threads of an Intel Xeon Gold 6154 processor.

Results

First, we will verify the good convergence of the optimization towards a global optimum. Then, we will present the general layout of the solutions as proposed by the optimization.

Convergence

In order to assess the convergence of optimization, we computed the hypervolume evolution, since this indicator is generally accepted as a suitable metric [START_REF] Zitzler | Performance assessment of multiobjective optimizers: an analysis and review[END_REF], and calculated the generational distance that illustrate the convergence with a value in euros [START_REF] Van Veldhuizen | Multiobjective evolutionary algorithms: classifications, analyses, and new innovations[END_REF].

The hypervolume shown on Figure 8 shows a stabilization after 40 generations close to the hypervolume of the reference Pareto front. This demonstrates the convergence of the optimization. 

𝐺𝐷 𝑚𝑜𝑑𝑖𝑓 (𝐴) = 1 |𝐴| ∑ 𝑑 𝑖 |𝐴| 𝑖=1
As a result, this indicator of the distance between the reference Pareto front and the optimization results is 57€, compared to an average total cost of the solutions of the optimization that is 8 481 k€. This also shows the convergence of the optimization.

Last of all, a qualitative view on the Pareto fronts of Figure 9 shows a near perfect match of the reference Pareto front and the optimization Pareto front.

Details on the solutions of the optimization

The proposed solutions of the optimization process all have the property of a decreasing pipe diameter when the distance to the production unit increases. The proposed diameters for the first pipe just downstream the production unit range between DN300 to DN500; at the end of the main line, pipe diameters range between DN 125 to DN450.

The objective function values range from 5 744 to 10 300 k€ for the investment cost and from 229 to 1 905 k€ for the Net Present Value of the pumping cost on 20 years.

As a conclusion on this test case, the results are showing a very good convergence of the optimization and the content of the proposed solutions is as expected and provides a solid validation of the optimization on this test case.

3.4 Case study 2: "Branched" network

Description of the network

The second case study we used to verify the results of the optimization framework is composed of the main line of the first test case complemented with branches. The aim of this case study is to check whether the optimization algorithm is capable of identifying critical routes in a DH network.

In order to be able to generate a reference solution based on the reference solutions used for the first test case, we opted for the layout detailed on Figure 6, with lateral branches plugged on each substation of the main line but the last one. Details about the generation of the reference solution are given in the next section.

As for the first test case, the boiler is ideal and the pump is set to maintain at least 1 bar of pressure drop at each substation. Further modeling details are available in Table 5. The decision space is composed of the pipe diameters for the main line and for the branches. In our case, the main line hosts 10 substations and 9 branches, so this second test case has 19 decision parameters.

Generation of the reference solution

In this test case, the computation of a reference Pareto front from a systematic search in the decision space is not an option. However, the previously calculated reference can be used to infer a reasonable solution for this more complex case. The reasoning detailed in the following paragraph explains how.

A reference solution can be obtained by the combination of the exact solution of test case 1 supplemented by branches whose diameters are fixed at the smallest possible values that do not change the critical route of the network. Consequently, in the reference solution for test-case #2 the critical route systematically includes the last substation of the main line. This may not be true so the reference solution should be viewed as a result that the optimization process should at least reach, and sometimes surpass.

Results

The convergence of the optimization was monitored with the evolution of the hypervolume. Various optimization runs show a similar convergence generation around generation 200, as shown on Figure 10. The repeated stabilization of the hypervolume enable to ensure of a convergence to a global optimum. First, we can see that the optimization result fits the reference solution on high CAPEX/low pumping cost solutions. Then the optimization results are slightly better than the reference solution. This is due to the limitation of the reference solution and more specifically to two reasons. The first explanation is that the reference solution assumes that the furthest substation 10 of the mainline is critical in the network: blue squares actually show that this is not true for the vast majority of the solutions proposed by the optimization with higher pumping cost and lower CAPEX. Secondly, the reference solutions are generated from optimal individual without branches, and it should be noted that those individuals, after adding branches to them, can be slightly suboptimal. According to us, this gap demonstrates the relevance of the proposed method in the task of sizing of complex DH networks.

Secondly, we focus on the layouts obtained by optimization. To do so, we detail a typical individual taken from the solutions. This individual is represented by the orange square on Figure 11 having a pumping cost of 1 195 k€. Other details about this individual are given in Table 6, and proposed layout diameters is summed up in Figure 12. As shown on Figure 12, proposed layouts have a mainline that is similar in behavior as in the first test case, with decreasing diameters. For the branches, the optimization identifies that the further from the boiler the branch is, the lower can be the pressure drop without adding any burden to the pump.

Overall, all individuals share the same behavior as the one we detailed. This is expected when extrapolating them from the first case study with physical reasoning. Although these results do not establish a formal validation of the framework, the results show that the convergence is reached on this test case. Moreover, the typical layout proposed by the optimization is perfectly explainable and the optimization is able to identify crucial parts of the DH network and adapt the proposed diameters on it. Therefore, this test case provide evidence of the accuracy and the relevance of the results proposed by the optimization.

3.5 Case study 3: "Loop" network

Description of the network

The last test case used for the V&V relies on a two-tube network containing one production plant, a main line forming an hydraulic loop and feeding equally distributed consumers. The overall arrangement possesses on axis of symmetry. The aim of this study is to check whether the optimization algorithm can propose relevant solutions to all consumers in this specific topology, which is definitely one of the atomic constituents of a real-life DH network.

The layout of the DH network is pictured in Figure 7. Its specifics were set in the objective of deducing a reference solution from previous cases: since half of the present network corresponds to the "mainline" network of the first test case, we are able, by a symmetry argument, to use the reference solution of this first test case for comparison. Substation 10 is the furthest substation from the heat production plant. In order to apply the symmetry procedure, its heat demand is doubled to mimic the layout of the first test case on each half of the network. Other detailed modelling parameters are listed in Table 7. 

Results

The optimization results for this test case show a convergence around generation 265, as shown with the monitoring of the hypervolume of the Pareto front of the optimization on Figure 13. A small increase of the hypervolume is visible around generation 380: it is due to the convergence on one end of the Pareto front, which is related to solutions with a high investment cost and a low pumping cost.

Those solutions propose oversized pipes in the DH network and low water velocity (0.1-0.2m/s at nominal power), thus they are not quite realistic and mostly kept to improve the diversity of the solutions in the evolutionary process of the optimization.

Optimization has been carried out on 200 more generations and showed no improvement of the solutions. The solutions of the optimization are compared to a reference solution. This reference solution has been elaborated with the corresponding one from the first test case ("main line"): symmetrical DH networks are created with, for each side of the network, the corresponding diameters of the "main line" reference solutions. The proposed solutions obtained by the optimization show consistently non-symmetrical designs with a similar layout, that we present by describing a specific solution inside the Pareto front that is typical of the whole set of optimal solutions. We chose to detail a solution in the middle of the Pareto front to illustrate the solutions given. The diameters of the chosen solutions are detailed in Table 8, and an illustration with the layout of the pipes scaled to their diameters is proposed on Figure 15. As illustrated in Figure 15, the optimal network may not be symmetrical. The optimal design found leads to effective heat demand satisfaction through two quasi-independent subnetworks, one featuring 10 substations, and the other featuring 9 substations. Those two subnetworks are linked by a small diameter pipe (here a DN50) in with the fluid velocity is the smallest (here 0,2 m/s). All of the proposed networks correspond to this layout topology, which effectively enables to reach a better performance than a symmetrical layout.

Results of this work confirm the capacity of the proposed methodology to solve such problems, by obtaining better solutions than the ones which could be reached by the best reference we could think of. Moreover, the typology of solutions proposed by the approach shows an interest in the use of such a methodology to generate optimal solutions on complex problems.

Conclusion on case studies

This section detailed the validation and verificationwork conducted to ensure the quality of the results provided by the optimization methodology presented on section 2. First, we presented a validation procedure to compare the results provided by the framework to an exact solution that could be calculated for the first test case. Secondly we applied the same procedure to two other test cases in order to verify the quality of the convergence and of the results obtained. On this second part, the reference solution was not an exact solution, but rather a very good approximation of it, thus we can say that it provides a good verification of the quality of the results provided by the presented methodology.

With this V&V procedure, we are now confident in the ability of the proposed optimization to provide optimal diameters for a DH network with fixed layout on complex DH systems.

Scalability of the optimization

When optimizing complex systems, an increase of the number of decision parameters and/or of objective functions can dramatically increase the computational burden necessary to obtain a solution approaching the global optimum. Consequently, the scalability of the optimization methodology presented in this paper is of interest.

Method

This section presents the method used to determine the computational cost associated to the increase of the number of decision parameters in the problem. A study is performed by varying the number of substations in the network of test case 1 in order to evaluate the scalability of the optimization. This is performed while keeping the main characteristics of the network, namely the total heat demand and the length of the network.

The number of substations used for this study is 20, 50, 100 and 200 substations. Results will be compared to the solution obtained with 10 substations.

In order to compare the convergence time for each optimization, we used a convergence criterion on the hypervolume [START_REF] Zitzler | Performance assessment of multiobjective optimizers: an analysis and review[END_REF] of the Pareto front as an indicator of the number of evaluations needed in order to converge. According to this criterion, convergence is effective when the relative evolution of the hypervolume on 20 generations is less than 0,1% and the obtained value of the hypervolume is less than 0.5% inferior than the hypervolume at the end of all of the computed generations.

For each optimization runs, the selected parameters for NSGA2 will be the same, and are detailed in Erreur ! Source du renvoi introuvable.. Those parameters are selected with the same process as detailed in section 3.2.2. The number of generation selected is 2000, except for the 200 substations' model for which we selected 2800 generations. 

Results

As a result, Figure 16 shows that for as far 200 decision parameters, with a trend line generated with a power law regression to determine 𝛼 and 𝑘 in 𝑓(N) = 𝛼𝑁 𝑘 , with for our results 𝛼 = 3000 and 𝑘 = 1.0033. Those values shows that the number of evaluation needed for the convergence scales as αN.

When looking closely to the results, it appears that most of the runs follow the global trend line.

The run with 150 decision parameters seems to converge faster than the trend would suggest. This is due to the randomness associated with the evolutionary process and an early exploration of an optimal zone in the decision space. Further runs with a partial convergence and less generation were carried out and they showed a slightly slower convergence speed between generations 100 to 200 compared to the run which is displayed on Figure 16. It could be noted that the run with 10 decision parameters seems a little off the trend as well: this can be due to the choice of the macro-parameters for NSGA2 that were selected for the runs with more decision parameters. Those NSGA2 parameters are consequently suboptimal for such problems.

The same kind of qualitative assessment of the variability of the convergence speed has been done for the other runs, and showed comparable convergence speeds.

Conclusion on the scalability of the optimization method

This scalability study shows the possibility to tackle problems with as much as 200 decision parameters with the proposed methodology. The study shows as well that until 200 decision parameters, the additional computation burden can be estimated to a linear relation between the number of decision parameters and the number of evaluation needed for the convergence.

The limitations of this study lie in two elements. First, the chosen parameters for NSGA2 for each run could be fine-tuned to compare different runs at their optimal performance. The difficulty would be transferred to the choice of the method to tune those parameters as many available methods would require a high "tuning budget" (ie. computation time allocated to tune the parameters) for each run [START_REF] Eiben | Parameter tuning for configuring and analyzing evolutionary algorithms[END_REF].

The second limitation is that in various multi-objective optimization problems solved with evolutionary algorithms, the scalability of the optimization becomes exponential when reaching a certain complexity. As we did not reach this limit for the linear trend, we cannot generalize the scalability analysis to more decision parameters at this point.

In this paper, we present a sizing methodology for pipe diameters in DH Networks based on multiobjective optimization. We also propose a validation and verification approach that we applied on this methodology. This approach is based on three different test cases that are representative of a DH network.

The process for the validation and verification methodology based on test cases was inspired from other fields of research such as water distribution system or transportation networks. The choice of such simple DH network as test cases was motivated by the possibility to elaborate exact or close to exact solutions to verify the results of the optimization. Those test cases can be used for further research focusing on the sizing of DH network distribution components with fixed layout.

The application of the V&V methodology showed the accuracy of the results proposed by our optimization methodology on all tree test cases. Moreover, on the second test case representing a branched network, and the third test case representing a network containing an hydraulic loop, the methodology was able to propose optimal solutions with a better performance than the reference solution we were able to generate. This validation demonstrate the capacity of our methodology to reach optimal solutions on various type of DH network.

The last part of the paper aimed to assess the complexity of the problems that can be addressed with our optimization methodology. The results show that the computation burden scales quasi-linearly with the amount of decision parameters until as much as 200 decision parameters (largest value tested).

Figure 2 :

 2 Figure 2: model of substation: connections to/from the DH network (left), heat exchanger (middle) and connections to the customer (right)

Figure 3 :

 3 Figure 3: control strategies used in Districtlab-H for the pump and the heat source

Figure 5 :

 5 Figure 5 : Case study 1: A straight two-tube network with one production unit and a main line feeding equally distributed consumers. SST stands for substation.

Figure 6 :

 6 Figure 6 : Case Study 2: A two-tube network with one production unit, one main line and branches feeding equally distributed consumers. Legend is the same as Figure 5

Figure 8 :

 8 Figure 8: evolution of the hypervolume of the Pareto front as a function of the generation number for test case #1.

Figure 9 :

 9 Figure 9: Optimization and reference Pareto fronts for the 1 st test-case with 10 consumers.

Figure 10 :

 10 Figure 10: Evolution of the hypervolume of the Pareto front as a function of the generation number for test-case#2 Then, we chose to compare the results of the optimization with the reference solution generated with the method proposed on the previous paragraph. The comparison is available with the plot on Figure 11. On this Figure, the blue points are issued from the optimization and the red points are from the reference solution.
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 11 Figure 11: Results of optimization compared to reference solution for test-case #2.
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 12 Figure 12: proposed diameters in detailed individual represented with the orange square on Figure 11

  substation 10 5MW Heat demand on other substations 2.5MW Total length of the network's mainline 20 + 20 km (supply + return) Boundary condition : pressure 2 bars on return line at the pump Temperature setpoint for the boiler 93°C Temperature levels primary circuit 90°C/45°C Temperature levels secondary circuit 70°C/40°C
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 13 Figure 13: evolution of the hypervolume of Pareto front as a function of generation number for test case 3
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 14 Figure 14: optimization results for test case 3.
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Figure 15 :

 15 Figure 15: layout of a typical optimal solution for test-case #3. Thickness of the lines representing the pipes are scaled with their diameter and colorized as a function of the fluid velocity. Black dots represent the consumers.

Figure 16 :

 16 Figure 16: Influence of the number of decision parameters on the convergence of the optimization for test-case#1

Table 1 :

 1 constraints values selected for this paper

	Maximum velocity	5 m/s
	Minimum velocity	0.02 m/s
	Maximum pressure	25 bar
	Global satisfaction rate of heat demand	98%

Table 2 :

 2 Decision space: possible pipe specifications

	DN	20	25	32	40	50	65
	Real diameter (mm)	22	28	37	43	54	70
	DN	80	100	125	150	200	250
	Real diameter (mm)	82	107	132	160	210	263
	DN	300	350	400	450	500	
	Real diameter (mm)	312	344	393	444	495	

Table 3 :

 3 parameters selected for NSGA2 algorithm for the test cases

	Mutation probability	0.2
	Crossover probability	0.8
	Population size	300
	Number of generations	500 (300 for test case 1)

Table 4 :

 4 modelling parameters for test case 1

	Total heat demand	50 MW
	Number of substation	10
	Heat demand per substation	5MW

Table 5 :

 5 modelling parameters for test case 2

	Total heat demand	50 MW
	Number of substation	19
	Heat demand in the last substation of mainline	5MW
	Heat demand per other substation	2.5MW
	Total length of the network's mainline	10 + 10km (supply + return)
	Length of each branch	1 + 1 km (supply + return)
	Boundary condition : pressure	2 bars on return line at the pump
	Temperature setpoint for the boiler	93°C
	Temperature levels primary circuit	90°C/45°C
	Temperature levels secondary circuit	70°C/40°C

Table 6 :

 6 Summary for the detailed individual represented with the orange square on Figure11

	Pumping cost	1195 k€
	Investment cost	8 880 k€
	Critical substation	Substation 10, on main line

Table 7 :

 7 modelling parameters for test case 3

Table 8 :

 8 Diameters for the detailed solution

Table 9 :

 9 selected parameters for NSGA2 in the scalability study

	Individuals in a generation	300
	Mutation probability	0.1
	Crossover probability	0.8
	Number of generations	2000 (2800 for 200 decision parameters)

The validation step, along with the scalability study are the first step of the application of this methodology on real DH networks that may need dynamic evaluation, and are often composed of a combination of hydraulic loops and branches, adding complexity to the problem. In further studies, other details of the DH model could be addressed, such as the evolution of the roughness of the pipes along their lifespan, in order to increase the accuracy of the pumping cost. Nevertheless, with the scalability of our methodology, and the features of the simulation engine are paving the way to tackle optimization problems applied on real-world DH networks with a realistic number of decision parameters for design.