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Abstract

:

The decarbonization and decentralization of district heating networks lead to the shared use of on-site resources by multiple stakeholders. The optimal design of prospective equipment in such contexts should take into account the preferences and objectives of each stakeholder. This article focuses on the adaptation of a 4E multicriteria model (the criteria being energy, exergy, economic, and exergoeconomic) to include and compare the stakeholders’ performance criteria around the technical design. In addition, two graphical supports are proposed that represent and cross-analyze the different stakeholders’ preferred optima. A preliminary implementation of the methodology is illustrated through a study case in France, which features waste heat recovery for district heating utilization. After presenting the results, a discussion is offered on how to complete the methodology with an iterative negotiation procedure to determine the most suitable design. It was concluded, among other considerations, that the relaxation of the stakeholders’ optimality requirements can greatly enable the project’s feasibility. Such a relaxation could be implemented in the form of a joint consortium. In addition, the results showed that stakeholder relaxations of requirements can lead to new solutions that may outperform the best solutions pre-relaxation. Lastly, perspectives are suggested toward verifying whether relaxed requirements from upstream stakeholders might be more impactful than those of downstream stakeholders.
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1. Introduction


District heating networks are evolving toward renewable energies, low temperatures, decentralized production [1], and on-site exploitation of energy sources [2]. The potential of recovering industrial excess heat is large, as identified in the studied Swedish case, for example [3]. In the past, renewable energy-driven projects have been extensively studied through separate multi-objective [4], multi-agent [5], and multi-stakeholder [6] approaches.



The multi-objective approach has assisted in different parts of the energy chain, for example, with the optimal integration of solar resources on the production side [7], or for energy efficiency renovation measures on the demand side [8]. A classic example of multiple conflicting objectives is that of the economic and the environmental criteria as one seeks the best configuration that minimizes pollutant emissions while remaining cost-effective [9]. For district energy networks, such problems are usually approached through mixed-integer linear programming (MILP) [10], sometimes with a rolling horizon [9]. Multi-objective optimization is often used during the development of decision-making frameworks, as demonstrated by numerous case studies internationally, for example, in China [11] or Germany [12], just to name a few.



Most of the time, the diversity of energy sources and demands implies a variety of stakeholders and decision criteria. The natural consequence of that variety is the arrival of new types of decentralized agents and/or markets [13] and of prosumers, with a notable impact on the structure of energy systems and the modeling approaches [14]. One stakeholder’s choices have consequences, sometimes unintended, for other stakeholders [15]. For instance, industrial actors tend to be reluctant to share data about their waste streams [16]. This is understandable, for the sake of public image, and defendable by confidentiality laws. And yet, keeping those data a secret makes it difficult to model new recovery processes accurately. In other instances, new environmentally friendly systems may be socially rejected [17].



An active search for engagement by the stakeholders is identified as a key point for policy changes in order to accelerate the approval of renewable energy projects [18]. Traditionally, studies on the development of energy communities have focused on citizens as the main stakeholders, but some studies have analyzed the motivations of other stakeholders in joining an energy community [19]. In addition, past studies have found that institutional cooperation at different levels has different effects on the efficiency of multi-stakeholder partnerships for the deployment of renewable energies [20].



Socio-technical considerations are more and more frequently included in energy projects from the initial design stage, such as social or urban factors [21,22]. Some approaches, such as the assembly theory [23], model the consequences of one stakeholder’s choices on the other stakeholders. In the particular case of industrial heat recovery, this (and the concept of synergies) has also been illustrated [24]. Elsewhere, the concept of a socio-technical optimality gap has been suggested [15], which quantifies the distance between a calculated optimum and the actually desired socio-technical optimal solution.



Decentralized renewable energy projects need to involve the different stakeholders in the planning [25], implementation, and management stages, in order to avoid critical issues in governance [26]. A multi-stakeholder approach can also solve socio-technical barriers in the reconfiguration of district heating towards low-carbon configurations, and the perception that the different stakeholders have on those barriers [27]. Besides, technical models adapted to multi-stakeholder problematics can assist in encouraging investment in more environmentally friendly technologies. For example, the evolutionary multi-objective optimization algorithm proposed by Simeoni et al. [28] considered multiple types of stakeholders (investors, consumers, citizenship, etc.) and indicators (energy, economic, and environmental) to identify Pareto-optimal configurations for an industrial waste heat-driven smart energy system in Italy. Multi-stakeholder approaches could unlock the potential of large-scale heat pumps for district heating in some countries (e.g., Denmark, with an estimated potential of 100 M EUR/y within 2025 [29]).



Several models have been proposed that take into account the variety of criteria, decision-makers, and disciplines. For example, Taylor et al. [30] proposed an interdisciplinary methodology for the planning and operation of future multi-vector energy networks, taking many aspects into account: new technologies, innovative business models, policy and societal changes, and cyber security. Höfer and Madlener [31] proposed a multi-criteria group decision model combining value-focused thinking with multi-attribute utility theory, which evaluates different energy transition scenarios through holistic approaches and involves stakeholders at every step of the decision-making process. Turcksin et al. [32] built a multi-actor multi-criteria (MAMCA) framework to support the implementation of biofuels in Belgium, taking into account all stakeholders of the biofuel supply chain. Hettinga et al. [33] proposed a multi-stakeholder decision support system for energy planning at the local level, identifying boundary conditions that could have been missed at wider scales.



As demonstrated by the above studies, the current state of the art proposes several tools for multi-stakeholder analysis of energy projects. Some of those tools can consider multiple scenarios with varying interactions between stakeholders: ownership over shared equipment, selling/buying prices of boundary resources, etc. Oftentimes, different optimal solutions will be identified depending on the scenario, the stakeholder, and the performance indicators. In such cases, the discussion is up to the stakeholders. However, such a discussion can be very difficult, especially for real energy projects where multiple criteria are involved. Decision support tools are, thus, needed to evaluate the distances between the different optimal solutions and the possibilities for an agreement. Those tools should also support the negotiation process by providing updated results while taking into account the stakeholders’ choices.



With the abovementioned research gap in mind, the authors of this article propose a set of decision support tools to facilitate the technical design of on-site energy projects involving multiple stakeholders, through iterative negotiations over quantified solutions [34]. The methodology applies the notion of a “socio-energetic node” proposed by Tabourdeau and Debizet [35]. Socio-energetic nodes represent parts of a complex energy system, defined as “a set of elements that harvest, convert, or distribute energy and are managed by a decision-maker interacting with other agents” [35].



The methodology relies on the evaluation of multiple quantitative decision criteria for the considered scenarios that are related to the stakeholders’ share of the equipment. Then, the stakeholders are asked to convey the weight (or importance) that they give to every decision criterion. In the end, two visual tools cross-evaluate the optimal solution preferred by each stakeholder with the decision criteria of the other stakeholders. The possibility that stakeholders might relax their objectives and be more tolerant of suboptimal solutions is also considered. For each decision by a stakeholder, the visual tools are updated.



Therefore, the methodology is sensitive, responsive, and adaptive to the stakeholders’ decisions. It can guide them through iterative negotiations by contrasting the different socio-energetic nodes, and answering questions like: Which design is the most promising among the feasible ones? Which scenario is the most favorable one for all stakeholders? Which are the most constraining and the most conciliating criteria? Can relaxation of the stakeholders’ constraints yield solutions that are more promising? Thus, negotiations are guided toward an agreement when possible.



The first part of the methodology is demonstrated in this article through a case study on a district heating system driven by industrial waste heat. The case study involves a multicriteria 4E model (energy, exergy, economic, and exergoeconomic), four possible stakeholders, and the relative scenarios based on the possible ownership of the prospective equipment by stakeholders. An added value of this case study is the exergy criterion and its exergo-economic variant. Despite not yet being included in decision support tools, exergy is slowly but surely gaining its place in energy decision-making and in the planning of low-temperature urban heat networks [34].



Section 2 of this manuscript presents the case study, the prospective energy system, the negotiation support algorithm, the simulation and optimization tools, and the criteria considered (energy, exergy, economic, exergoeconomic, and multi-stakeholder). Section 3 presents and analyzes the main results. Section 4 presents the specific conclusions of this case study, along with more general conclusions concerning multi-stakeholder technical projects.




2. Materials and Method


The case study focuses on the on-site valorization of waste heat from a French laboratory of high-intensity magnetic fields (LNCMI), working in order to cover the heating demand of the Presqu’Île district in Grenoble [36].



2.1. System Description and Ownership Scenarios


Figure 1 presents the case study and the socio-energetic nodes considered for modeling. The LNCMI’s electro-intensive processes reject considerable amounts of waste heat that is currently dissipated within the Isère River. Thus, the LNCMI’s socio-energetic node is made up of their laboratory experiences (noted as “EXP” in the diagram) and heat dissipation (noted as “DISS”). A nearby district heating network (“DHN”) has thermal needs of the same order of magnitude. That network and its substations (“NS”) are managed by the CCIAG, an aggregator that also manages a heat supply plant (“HS”). The LNCMI wants to valorize its waste heat, and the CCIAG wants a higher share of renewables in its energy mix. Both decision-makers are interested in a project that connects their needs.



The project consists of implementing a waste heat recovery system capable of upgrading the LNCMI’s waste heat, i.e., increasing its temperature and injecting it into the CCIAG’s network. The recovery system is made up of a thermal energy storage unit (“TES”) to compensate for temporal mismatch and a heat pumping unit (“HP”) to increase the waste heat’s temperature. The technical pre-design of this system requires the user to determine the optimal waste heat temperature and storage capacity of the system. The potential owners of the prospective system are [37]: (1) the LNCMI; (2) the CCIAG; (3) an unidentified third party (named THIRD); (4) an LNCMI/CCIAG joint consortium.



Three choices exist for the input temperature, namely: 35 °C, which is the current rejection temperature by the LNCMI’s electro-magnetic processes; 50 °C, which is theoretically possible with the current cooling loop of the LNCMI’s magnets; and 85 °C, granted by a prospective technology for cooling the magnets (nucleate boiling [38]). In terms of storage capacity, five choices are investigated, namely, from 0 MWh (i.e., no storage) to 40 MWh in increments of 10 MWh. This leads to a total of 15 possible pre-designs for this system. The reference case involves heat rejection at 35 °C and complete dissipation to the Isère River.



In addition to the technical layer, this project also has a multi-stakeholder layer, through the notion of the “socio-energetic node” proposed by [35]. The perimeter of a socio-energetic node is defined by material and energy flows, as well as the socio-juridical governance models attached to them. The perimeter and borders of each socio-energetic node depend on the investments made by that stakeholder. The assembly of all socio-energetic nodes forms the overall system. Identifying socio-energetic nodes allows us to understand better the decision-making capacity of each stakeholder. Table 1 presents the socio-energetic nodes of this study for the four ownership scenarios considered. In this study, most of the stakeholders have an existing socio-energetic node that could be enlarged by acquiring a heat recovery system.



Thus, the heat recovery system (TES + HP) may become the property of the LNCMI (already the owner of EXP + DISS)—Scenario 1, or the property of the CCIAG (already owner/manager of HS + NTW + SST)—Scenario 2. It may also belong to an unidentified stakeholder (THIRD) that does not own any unit as yet—Scenario 3, or to an LNCMI/CCIAG alliance (CONSORTIUM) that would join their respective units into one unique node—Scenario 4. It was assumed that THIRD and CONSORTIUM may only be modeled as owners because acquiring the prospective equipment is the only reason for these actors to exist in this study.



Each stakeholder has their own optimization criteria, which suggest the design that would be most interesting for their socio-energetic node (i.e., their perimeter of responsibility [35,39]). Those designs will be interpreted as the stakeholder’s preferences in the negotiations. When confronted with other stakeholders’ preferences, each stakeholder can accept a degree of tolerance, which is understood as a maximal deviation from the optimal solution that they would prefer. Should tolerance not suffice to find a satisfying solution, a stakeholder can relax their constraints. These aspects of the study are further detailed in Section 2.3.2 (multi-stakeholder model).




2.2. Calculation Procedure and Simulation/Optimization Tools


The study presented in this article implements a portion of a larger method envisaged by the authors (Figure 2). The method consists of an algorithmic procedure for facilitating the technical design of a prospective energy unit that is of common interest to two or more stakeholders [40]. This subsection presents the specific work conducted in this article, which corresponds to Steps 1 and 2 and, partially, to Steps 0 and 4 (with a few assumptions) of the algorithm in Figure 2. Refer to Section 3.4 for a complete and generalized description of the whole algorithm.



The work in this article was conducted to:




	
Optimize the technical system’s yearly management. This was performed with an open-source tool called OMEGAlpes (v.0.4.0), which stands for “Optimization Model Generation as Linear Programming for Energy Systems” ([41,42]). This tool applies mixed-integer linear programming (MILP) to find the optimal management of energy flows in a study case. This optimization was applied to the 15 possible designs of the waste heat recovery system.



	
Apply multi-stakeholder and multi-criteria analysis. This was performed with the multi-stakeholder energy, exergy, economic, and exergoeconomic models presented in the next subsections. These models were applied to the results yielded by OMEGAlpes in the previous step. The analysis gives the system’s performance in terms of 4 indicators for each stakeholder, for each possible design.



	
Relax stakeholders’ constraints and repeat step 2. Some of the stakeholders may relax some of their constraints in order to facilitate the project’s feasibility. Those relaxations are detailed in Section 2.3.2. Only decisional or economic relaxations were considered. Thus, it was not necessary to repeat step 1, since OMEGAlpes accounts for technical or operational constraints that were not modified.



	
Generate the matrices and the radar chart. This was performed to identify the feasible designs without relaxations, along with the most promising designs after the relaxations were applied. The results presented in this article were selected for the sake of illustrating the method.



	
Analyze the negotiation possibilities. Reflections based on the matrices and radar chart inspired an iterative procedure for the conception of these kinds of projects, through cooperation between the stakeholders. That procedure is presented in Section 3.4.









2.3. Models


2.3.1. Energy, Exergy, Economic, and Exergoeconomic Models


A novel multi-stakeholder formulation model was applied to the energy, exergy, economic, and exergoeconomic (4E) sub-models used in previous articles for this case study. The 4E sub-models are only presented succinctly in this sub-section, for the sake of brevity. A slightly more developed description is available in the Supplementary Materials, and a detailed description is available in previous articles by the authors on this case study [36,43].



The energy model is the fundamental one, as the rest of the models were built on it. The general energy balance (Equation (1)) at a certain time step (Δt) was applied unit by unit, considering all heat inlets (      Q  ˙    i n    ), heat outlets (      Q  ˙    o u t    ), power inlets (      W  ˙    i n    ), power outlets (      W  ˙    o u t    ), and energy accumulations (ΔU). The term of accumulation was relevant for the thermal storage unit only.


  ∆ t ·  ∑        Q  ˙    i n   +     W  ˙    i n       = ∆ t ·  ∑        Q  ˙    o u t   +     W  ˙    o u t       + ∆ U  



(1)







The input energy data and the concretized formulation of the energy balances for each unit are presented, respectively, in Tables S1 and S2 (Supplementary Materials).



This energy model was built on the following hypotheses:




	
Potential and kinetic energy are neglected.



	
Temperature levels of the units remain constant throughout the year.



	
Pressure, temperature, and heat losses across the pipelines are neglected.



	
Perfect stratification is assumed in the thermal storage unit.



	
The initial and final states of charge of the thermal energy storage are the same.



	
Heat losses across the different components of the heat pump are neglected.



	
The heat production process by the heat supplier has a constant exergy efficiency.








The exergy model was built on the energy model. Thus, it encompasses all the equations, hypotheses, and input parameters mentioned previously and adds additional ones. Its most fundamental equation is for exergy balance (Equation (2)). It allows us to evaluate exergy destruction within a unit by knowing its inputs/outputs of exergy, as well as exergy accumulations within the unit (the latter was only relevant for storage units). It was assumed that all streams exchanging heat remain at a constant temperature. This allowed us to use Equation (2a) in order to evaluate the exergy associated with the heat stream. In order to keep thermodynamic consistency in the study, the dead-state temperature (T0) was kept at a constant value [44]. The exergy associated with work equals work, as its exergy factor is 1 (2b).


  ∆ t ·  ∑        E  ˙    i n       = ∆ t ·    ∑        E  ˙    o u t     +     E  ˙    D       + ∆   E   u    



(2)






  With       E  ˙    q   =   Q  ˙  ·   1 −     T   0       T   q        



(2a)






      E  ˙      W  ˙    =   W  ˙   



(2b)







The input parameters and unit-by-unit exergy balances are summarized in Tables S3 and S4 (Supplementary Materials), respectively. The exergy model was built on the following hypotheses:




	
Potential and kinetic exergy are neglected.



	
The heat production process by the heat supplier has a constant exergetic efficiency.








The economic and exergoeconomic models were built on cost flow balances (Equation (3)). These balances establish that the revenue from selling a unit’s product (      C  ˙    P    ) must cover the unit’s fuel costs (      C  ˙    F    ), investment amortization (      Z  ˙    C I    ), and operation and maintenance costs (      Z  ˙    O M    ). The costs of investment amortization were annualized by means of the capital recovery factor, or CRF (Equation (3a)). Operation and maintenance costs are typically assumed as a fraction of the investment amortization costs (Equation (3b)). The CRF (Equation (3c)) allows us to determine the equivalent yearly cash flows that a project should generate in order to compensate for present investments at a certain return rate (i) and throughout the project’s economic life (n).


      C  ˙    F   +     Z  ˙    C I   +     Z  ˙    O M   =     C  ˙    P    



(3)






      Z  ˙    C I   =   Z   C I   · C R F  



(3a)






      Z  ˙    O M   =     Z  ˙    C I   ·   c   k   O M    



(3b)






  C R F =   i   ·       1 + i     n         1 + i     n   − 1    



(3c)







The input data for the economic and exergoeconomic models, along with unit-by-unit cost flow balances, are provided in Tables S5 and S6 (Supplementary Materials), respectively.




2.3.2. Multi-Stakeholder Model


The multi-stakeholder model accomplishes two main functions. The first is defining the performance indicators for each of the actors, as a function of their perimeter of responsibility (considering possible ownership of the new equipment). These perimeter-dependent definitions concern the criteria presented above, i.e., energy, exergy, economic, and exergoeconomic. The second function of this model is to establish the stakeholders’ tolerance to sub-optimal solutions (for them) in order to facilitate the feasibility of the overall project. This tolerance was defined as a percentage deviation from each mono-criterion and mono-stakeholder optimal solution. In addition, NO-GO thresholds were considered for some criteria of some stakeholders, including relaxation possibilities on those thresholds for the sake of the project’s feasibility.



Perimeter-Dependent Performance Indicators


The preceding sub-section introduces a series of unit-by-unit balances that stay the same in each assessment. However, the decisional indicators change depending on who is the owner of the heat recovery system.



The energy criterion was assessed in all instances as a heat coverage rate but used a different reference point for each stakeholder. The exergy indicator refers to the overall exergy destruction, but its contributions depend on the frontiers of the socio-energetic node under study and, thus, on the units within it (see Table 1). The same consideration is applicable to the exergoeconomic indicator based on overall exergy destruction costs. The economic assessment used the net present value (NPV) as an indicator, but the investments and the economic frontiers differ for each stakeholder as a function of the scenario considered.



Table 2 shows how each indicator is defined for each stakeholder and if it is the owner of the WHRS or not. By definition, the stakeholders named THIRD and CONSORTIUM may only exist as owners of the equipment. The energy indicator for both the LNCMI and the CCIAG is the same, independent of whether they are owners or not. Further details on the chosen indicators are given in the following paragraphs.



For the LNCMI, recovering as much waste heat as possible is a priority energy-wise. The indicator named Recovery Factor (RF) quantifies that objective. Exergy-wise, their objective is to minimize overall exergy destruction within their perimeter of responsibility. That perimeter comprises their laboratory and the waste heat dissipation, plus the WHRS if they are the owner of it. The same applies exergoeconomic-wise but involves the costs of exergy destruction instead. Economy-wise, the non-owner LNCMI would sell waste heat to the WHRS’s owner, thus aiming at making some profit (    C   W H R S   Q , i n    ). If the LNCMI is the owner, they would sell upgraded heat to the CCIAG. Revenues should compensate for the investment, operation and maintenance, and electricity consumption, plus the price that the LNCMI estimates for their waste heat.



The CCIAG’s objectives are similar to those of the LNCMI, but their socio-energetic node is different. The Coverage Factor (CF) assesses the WHRS’s coverage of the network’s heat needs. Exergy destruction and exergy destruction costs are assessed on the heat production plant, the network, and its substations, plus the WHRS if it is the CCIAG’s property. Economy-wise, the CCIAG’s profits from this project come from fuel savings with respect to the reference scenario. From these profits, they must subtract the cost of acquiring upgraded heat at 85 °C. If they are not the owner, these costs are simply the purchase price fixed by the owner. If they are the owner, the costs include investment, operation, maintenance, electricity to run the WHRS, and the purchase price of LNCMI’s waste heat.



The stakeholder named THIRD represents an external party that is interested in owning the WHRS. Accordingly, this stakeholder was only modeled as an owner, since otherwise they would not be involved in the project. Energy-wise, an important thought for the THIRD stakeholder is that electricity is always available, while waste heat is intermittent. Accordingly, the Valorization Factor (VF) quantifies the ratio of output heat to input heat, and it should be maximized. Exergy-wise and exergoeconomic-wise, their objectives are the same as those of other stakeholders, but the perimeter reduces to just the WHRS. Economy-wise, this stakeholder buys waste heat from the LNCMI and sells upgraded heat to the CCIAG in order to recover the investment in the WHRS. This imposes a double constraint on this stakeholder, who must negotiate the costs of both input and output heat.



The CONSORTIUM represents an agreement between the LNCMI and the CCIAG. Accordingly, its indicators account for the objectives and perimeters of both stakeholders. Energy-wise, the Recovery and Coverage Factor (RACF) is the product of the RF and CF presented in the previous paragraphs. The objectives of minimizing exergy destruction and exergy destruction costs comprise all the LNCMI’s and CCIAG’s units, plus the WHRS. Economy-wise, the project’s benefits correspond to the CCIAG’s savings on primary fuel. The CCIAG shares those benefits with the consortium. Additionally, the LNCMI does not claim a cost for their waste heat since they are part of the consortium. By definition, this consortium may only exist as an owner, since the sole purpose to form it would be to acquire the new equipment as shared value.



The results for all criteria in each scenario are shown in Table A1 (in Appendix A).




Stakeholder’s Tolerance and Relaxation Possibilities


The performance indicators described in the previous subsection will most likely suggest divergent optimal designs. During negotiations, it is improbable that any stakeholder will manage to convince the others in favor of their own optimal design. A compromise will be necessary. This subsection introduces parameters for assisting negotiations. The purpose is not to delve into multi-stakeholder dynamics, which would require expertise in the social sciences. Rather, the objective is to render the mathematical model sensitive to such dynamics. The stakeholders’ capacity to search for a compromise was modeled here by means of two concepts:




	
Tolerance, understood as a stakeholder’s capacity to accept a design that is inferior to the optimal design that they would prefer, from the standpoint of a specific criterion.



	
Relaxation, understood as a stakeholder’s capacity to decrease or eventually drop a constraint of theirs, potentially increasing the project’s feasibility for themselves and for other stakeholders.








It was assumed that a stakeholder’s tolerance and relaxation capacity are independent of who is the owner of the prospective system. It was also assumed that the stakeholders’ decisions would be based on the rational, quantifiable indicators presented in the previous subsection. Table 3 shows the tolerance limits, NO-GO criteria, and relaxation possibilities per stakeholder and optimization criterion. A NO-GO is a threshold that, if violated, forces a solution to be discarded. Detailed explanations follow in the next paragraphs.



The LNCMI engages in this project to reduce their waste heat emissions. This can be understood as an energy-focused motivation, with underlying ecological notions. Accordingly, the tightest tolerance of this stakeholder was supposed to be on the energy indicator (ENER). More than 10% of underperformance with respect to their energy-optimal design was understood as heavy tolerance. The exergy (EXER) and exergoeconomic (EXEC) criteria are less widely known by industrial partners, but in waste heat recovery, they can be correlated to ecological advantage. Therefore, the heavy tolerance threshold was assumed as 25%. The economic criterion (ECON) was assumed as the least important for this stakeholder since: (1) the LNCMI is a scientific organization, and its waste heat is a by-product; (2) they currently dissipate that waste heat at zero profit. Thus, the heavy tolerance threshold was set at 50%.



Since the CCIAG is a commercial organization, its economic criterion was given the tightest tolerance (a heavy threshold of 10%). The other criteria were assumed to be less important. Still, an operator of a district energy network is sensitive to energy efficiency, renewable sources, and, in the case of district heating, the quality (temperature) of heat and, thus, its exergy. Therefore, the ENER, EXER, and EXEC criteria were given a heavy tolerance threshold of 25%.



The THIRD was modeled as an external party that seeks profit, with an accordingly tight tolerance on the economic criterion (a heavy threshold of 10%). The rest of the criteria were given a large tolerance (a heavy threshold of 50%).



The CONSORTIUM combines the priorities of both the LNCMI and the CCIAG. Accordingly, for each criterion, the most constraining tolerance was selected among both actors. The result is tight tolerance (heavy threshold of 10%) for the energy and economic criteria, and medium tolerance (heavy threshold of 25%) for the exergy and exergoeconomic criteria.



Some NO-GO thresholds were also considered. Economy-wise, for all stakeholders, if the NPV is negative, then the project is a NO-GO. Exergy-wise, if the new system causes an increase in total exergy destruction within a stakeholder’s perimeter with respect to the reference scenario, then that design is a NO-GO. The same consideration was applied in the exergoeconomic criterion, although for exergy destruction costs. These considerations were not applied to the THIRD, as it has no exergy destruction in the reference scenario.



It was assumed that the LNCMI would accept relaxing (dropping) the price of their waste heat by 50%. Since the LNCMI’s waste heat is currently dissipated, with zero revenue, it should not be an issue for them to be flexible on its price, as long as they make some profit from it.



It was assumed that the CCIAG would accept relaxing (disregarding) the amortization requirements on their existing facilities by 50%. In the current, real negotiations for this project, the CCIAG marked a maximum buying price for the valorized heat. That maximum corresponds to the price of the heat produced by their own production plants and is, of course, lower than the selling price to end-users. This means that the CCIAG demands that the project respect its current amortizations on the district network. Should that constraint be relaxed, the CCIAG would be able to buy the heat at a higher price, thus facilitating the project’s feasibility for the system’s owner (be it another stakeholder or themselves).



One general relaxation was assumed for all stakeholders: that exergy- and exergoeconomic-related NO-GOs may be disregarded. In the current world situation, exergy analysis is a useful tool for comparing the thermodynamic performance of different systems. This allows us to select the most promising ones on a relative basis. However, defining   ∆   E x   D   ≤ 0   or   ∆   C   E x D   ≤ 0   as feasibility requirements for a project is a strong condition, like the   N P V ≥ 0   requirement. This application of exergy would be somewhat of an innovation, and it stems from a research question: How might exergy re-shape energy projects if it was just as precisely defined as economy? The above are not only reasons for modeling such NO-GOs but also for countering them with relaxation possibilities.







3. Results and Discussion


3.1. Stakeholder–Stakeholder Interactions (Cross-Analysis Matrix)


This subsection aims to identify the NO-GO thresholds infringed by otherwise optimal designs in order to facilitate agreements and relaxations. To that end, a cross-analysis matrix is proposed for clear visualization of the information.



Figure 3 presents the “cross-analysis matrix” for Scenario 1. It shows each optimal mono-criterion solution in a scenario and evaluates them from the viewpoint of other stakeholders and their decision criteria. The main purpose of this matrix is to spot which criteria render a mono-criterion optimum non-feasible. Its secondary purpose is to display the level of agreement between stakeholders.



Each row represents an optimal design that is preferred by a stakeholder according to a certain criterion. Each column displays the evaluation of the mono-criterion and stakeholder-optimal designs, from the viewpoint of each stakeholder, shown criterion by criterion. In each intersection between a row and a column, a colored cell indicates the possibilities for agreement (refer to the legend), according to the rules presented in Table 3. If a design does not encounter any red cells, that design is feasible. Note that with this layout, the matrix’s downward diagonal is always green, but the matrix’s content is not symmetrical with respect to that diagonal. Each colored cell has its own unique meaning.



Intersections between stakeholders define the quadrants within the matrix. The sizes of those quadrants are proportional to the number of criteria per stakeholder. Quadrants that confront two different stakeholders may be seen as “negotiation quadrants”. Those are the most important quadrants in the matrix since they will support negotiations. Quadrants that confront a stakeholder with I, i.e., quadrants on the downward diagonal, are rather informative. They give an idea of how complex it may be for stakeholders to decide on a multicriteria optimum for themselves. In general, the greener the matrix, the more favorable the scenario.



The matrix for Scenario 1 (Figure 3) indicates that the optimal designs preferred by the CCIAG encounter very difficult negotiations (see the lower-left quadrant). Most of the designs infringe NO-Gos or require heavy tolerance from the LNCMI. The {85 °C, 20 MWh} design is feasible, but it represents an economic NO-GO for the CCIAG itself. A specific conclusion would be that the CCIAG’s aspirations are difficult to meet in this scenario.



Conversely, the optimal designs preferred by the LNCMI require slightly easier negotiations (upper-right quadrant). They require a generally lesser tolerance from the CCIAG, although most encounter an economic NO-GO. In addition, in this scenario, the LNCMI is meant to be the system’s owner; therefore, their preferences should be prioritized. Without relaxations by the stakeholders, the {85 °C, 10 MWh} design is the only feasible solution.



The conclusions for Scenario 1 (without relaxations) would be as follows. First, only the {85 °C, 10 MWh} design is feasible. Second, the LNCMI’s preferences have better chances of prevailing after negotiations. Third, the biggest limitations are exergy- and exergoeconomic-related for the LNCMI and are economy-related for the CCIAG. Relaxations are needed to facilitate a technical compromise. Fourth, the LNCMI prefers designs at 85 °C if they are the owner of the WHRS.



Figure 4 presents the cross-analysis matrices for the other scenarios. The most evident conclusion is that Scenario 4 (i.e., a consortium) is the most feasible scenario. It does not encounter any NO-GO. Another conclusion is that in Scenarios 2 and 3, none of the mono-criterion preferences are feasible. The {85 °C, 10 MWh} solution is feasible, but it is not mono-criterion optimal and, thus, is not displayed in the matrix. It can also be observed that none of the solutions at 50 °C are represented in either of the matrices, which means that they are not very promising.



The following subsection displays the matrices after relaxations and analyzes the influence of each type of relaxation.




3.2. Relative Optimality (Multicriteria Radar)


Figure 5 presents the multicriteria evaluation (energy, exergy, economy, and exergoeconomics) of the different technical designs in each ownership scenario. The data are represented in the form of a radar chart.



Each angular position within the chart represents one performance criterion for one stakeholder in one scenario. In each scenario, the owner of the technical system is highlighted with a yellow star. The radial axis represents relative optimality, wherein the values of 1 and 0 correspond to the most and least efficient designs, respectively. Relative optimality is assessed for each criterion and amongst all available designs, before and after relaxations. Only feasible designs are represented, i.e., those that do not violate any NO-GO from the stakeholders. Designs represented with continuous lines are optimal for at least one criterion. Those represented with dotted lines are not; therefore, they are dominated by other designs. For every criterion, there exists at least one optimal design (value = 1). Mono-criterion optimums not displayed in Figure 5 are unfeasible, due to NO-GO violation on another criterion (see Table A1 in Appendix A). Some of those unfeasible optimums are accessible through relaxations, as Section 3.3 will later prove.



Out of 15 designs analyzed, just 8 are feasible. Of those 8 designs, 7 are feasible if, and only if, a multi-stakeholder consortium is built (the “CSRT” scenario). This approach enables more designs because it enlarges the socio-energetic node. For example, a design may be locally non-feasible for the LNCMI or the CCIAG but may be feasible for the consortium as a whole. It is concluded that a joint consortium is the approach that most contributes to the project’s feasibility prior to relaxations. It should be noted, however, that agreeing to form a consortium is, in itself, a sort of relaxation.



Only the {85 °C, 10 MWh} design is feasible without a consortium. In fact, this design is feasible in any scenario. It may be concluded that it is the most versatile design. Nevertheless, its overall performance may be insufficient for agreement. In all scenarios other than “CSRT”, this design has serious shortcomings. Those are exergy-related for the LNCMI and are economy-related for the other stakeholders. The feasibility of the project will depend on the weight (importance) that each stakeholder gives to each criterion.



All designs that involve a waste heat temperature of 85 °C are feasible in at least one scenario. Furthermore, all mono-criterion optimums that are feasible are granted by a design at 85 °C. It is, thus, concluded that 85 °C is the most promising design temperature prior to relaxations. In addition, the radar chart allows us to check the influence of storage capacity at 85 °C in Scenario 4, since all designs are feasible in this scenario at this temperature. Increasing storage capacity from 0 MWh to 10 MWh improves performance in all criteria. After that, the energy and exergy indicators improve consistently with storage capacity, while the economic indicator drops consistently. The exergoeconomic indicator reaches its optimum at 20 MWh and decreases past that point.



As expected, no design meets all mono-criterion optimums. This is due to the large variety of scenarios involved, which justifies the need for this type of diagram. The definitive solution would depend on the weight attributed to each criterion. The search for a definitive solution is not covered in this article, but Section 3.4 discusses it theoretically. Assuming the same weight for all criteria, the radar chart suggests {85 °C, 10 MWh} and {85 °C, 20 MWh} as the most balanced designs.



The paragraphs above have illustrated how to build, read, and interpret the radar charts. The authors think that this tool may help project leaders and policymakers in deciding on technical designs when non-technical specialists are involved.




3.3. Effects of Stakeholders’ Flexibility


Figure 6 presents the matrices for Scenarios 1, 2, and 3 after applying the relaxations described in Table 3. In each matrix, the new mono-criteria optimums are highlighted in ochre. Scenario 4 is not displayed because its matrix stayed the same as in Figure 4.



After the relaxations, many more solutions become feasible. The exergy-related NO-GOs have disappeared. The economy-related NO-GOs persist, but their effects have been mitigated. In fact, all designs that infringe the economic NO-GO imply maximal storage capacity (40 MWh). It is also noticeable that solutions at 50 °C are still not promising regarding mono-criteria, even after the relaxations.



For a more detailed analysis, Figure 7 presents the separate effects of the LNCMI’s and CCIAG’s relaxations on Scenario 1. As a reminder, the relaxations include: dropping the price of LNCMI’s waste heat by 50%; ignoring CCIAG’s amortization needs on the existing network by 50%; and disregarding the exergy- and exergoeconomic-related NO-GO thresholds for both stakeholders.



The LNCMI’s relaxations seem more impactful. They unlock all exergy-related NO-GOs and one economic NO-GO. Moreover, they mitigate some economy-related tolerance requirements for both them and the CCIAG. Meanwhile, the CCIAG’s relaxations do not seem very impactful. They only unlock a NO-GO with the {85 °C, 20 MWh} solution, which is also unlocked by relaxation by the LNCMI. That seems to suggest that relaxations from upstream stakeholders might have a greater impact than those of downstream stakeholders. However, there are insufficient results to assert, let alone generalize such a claim. Since further investigation is needed, the authors are planning on prospective works on the upstream/downstream effects of actors and their choices. Still, some economic NO-GOs can only be unlocked through both relaxations. That suggests that the feasibility of multi-stakeholder projects should be a collective effort. Synergies between stakeholders and their decisions should be maximized. In general, the stakeholders’ tolerance can unlock more and better solutions.



This study considered stakeholders’ flexibility in terms of relaxation on criteria and certain prices. However, other types of flexibility can be investigated. For instance, the LNCMI has a flexible energy profile, i.e., they can adapt their yearly schedule of experiments [45,46]. This way, they can match their heat rejection more closely with the district’s heat needs [37]. The LNCMI’s energy flexibility is currently a subject under investigation by the authors, along with some of their peers.



Figure 8 presents the radar chart after relaxations by the stakeholders. The scenarios, stakeholders, criteria, and axes are the same as those in Figure 5, but the relaxations described in Table 3 have also been applied. This discussion focuses on the effects of relaxations.



Overall, relaxations increased the number of promising designs and the possibilities for agreement compared to the base case (Figure 5). The most remarkable example is the {85 °C, 20 MWh} design. It went from the suboptimal and only feasible choice in Scenario 4 (Figure 5) to pluri-criterion optimal and feasible in any scenario (Figure 8). Moreover, if the whole radar chart is scouted, this design is now the most efficient one in 17 out of 32 instances, 6 of which are mono-criterion optimums. Thanks to relaxations, this design has now become the most promising choice.



Meanwhile, the {85 °C, 10 MWh} design was relegated to the second-most promising choice. It went from being the most efficient and, often, the only feasible design (Figure 5) to only standing out in 4 out of 32 instances. It showed mixed effects from relaxations: although most of its performances rose, it was outperformed by newly feasible designs. Its economic indicators dropped for the LNCMI due to waste heat price reduction but rose for the rest of the actors, thanks to this relaxation. This design can still outperform the {85 °C, 20 MWh} design if economic criteria are given more weight than other criteria.



Relaxations unlocked feasibility for four more designs: {35 °C, 10 MWh}, {35 °C, 20 MWh}, {50 °C, 20 MWh}, and {50 °C, 30 MWh}. They also extended the feasibility of the already identified designs to new scenarios. However, most of the newly feasible solutions were dominated by the two favorites: ({85 °C, 10 MWh} and {85 °C, 20 MWh}).



In light of the discussion above, the following ranking of solutions is proposed. Assuming equal weights for all criteria, the most promising approach is Scenario 4 with the {85 °C, 20 MWh} design. Besides this, the {85 °C, 20 MWh} design is the most promising multicriteria candidate in all scenarios. The {85 °C, 10 MWh} design is a promising alternative, especially if the economic criterion is given more weight than the others. These two designs give a decent range of options for agreement between stakeholders, and the feasibility of the project is more likely to be secured than before relaxations were made. In Scenario 4, the {85 °C, 40 MWh} design might be the favorite if the energy and exergy indicators are given more weight than the others.



Besides the absolute and relative performances, the radar chart yields three important pieces of information. First, the density of the solutions points out the most favorable scenarios for reaching an agreement. In this case, these are Scenarios 2 and 4, as they admit 12 and 9 solutions, respectively, out of 15 possible solutions. Second, the flexibility of the different solutions can also be assessed. In this case, the {85 °C, 0 MWh}, {85 °C, 10 MWh}, {85 °C, 20 MWh}, and {50 °C, 0 MWh} solutions are the most flexible, as they are feasible in any scenario. Third, the distances from the outermost radius tell us that there is room available for further improvement. In this case, 14 monocriterion optimums have been unlocked out of 32 possible optimums.




3.4. Toward an Iterative Decision Procedure


The tools and methods presented in this article belong with the negotiation support algorithm presented in Figure 2. The algorithm starts by identifying the stakeholders involved in the project, the possible designs for the energy system, and the possible scenarios of ownership (Step 0). Then, the system’s operating performance is optimized for each design (Step 1). In this study, this step was performed by means of OMEGAlpes, an open-source MILP tool (mixed-integer linear programming).



The choice of an energy dispatch optimizer for Step 1 is open. While OMEGAlpes was used here, any other dispatch optimizer could have been used: non-linear (NLP, MINLP), energy management systems (EMS), etc. The only conditions are: (1) that it be state of the art and verified (through peer review); (2) that it considers all the optimization variables, objective functions, and performance indicators necessary to make decisions. Moreover, the robustness of this multi-stakeholder methodology depends on the underlying hypotheses and limitations of the energy dispatch optimizer. For that reason, prospective studies are planned by the authors to analyze the sensitivity of this multi-stakeholder method to other dispatch optimizers.



With the results given by OMEGAlpes, the analysis presented in this article is applied (Step 2). With the radar chart and the matrices, the project enters preliminary negotiations (Step 3) to verify whether at least one scenario and design respects all of the NO-GO criteria. The radar chart indicates whether more interesting solutions can be unlocked through relaxations, and the matrices point out the kinds of relaxations that would be necessary.



The assumption of stakeholders’ tolerance and relaxation capacities is a simplification with respect to real-world negotiation complexities. A stakeholder’s capacity to accommodate sub-optimal solutions (in terms of their interests) can be a very dynamic and volatile variable. It will depend on quantitative and qualitative factors, as well as on interactions with other stakeholders. The method described in this article is just a preliminary effort to bridge the gap between technical modeling and human decision-making. The goal, rather than governing negotiations through technical modeling, is to make technical models sensitive, adaptive, and responsive to human decisions. The authors’ perspectives include field validation of the methodology. This field validation will rely on interviews for an accurate representation of every stakeholder’s criteria, objectives, and tolerance.



Past Step 3, if more than one feasible design/scenario does exist, the decision support stage begins (Step 4). At this point, stakeholders must decide on the weight and tolerance thresholds that they will allocate to each criterion. A multicriteria decision analysis (MCDA) is then possible with any state-of-the-art method (for instance, ELECTRE [47]). These methods may be computationally costly if many alternatives are available, hence the importance of discarding non-feasible designs upon preliminary negotiations (at the end of Step 2). The results from the MCDA support the final negotiation stage (Step 5). At this point, stakeholders must select one design that suits their aspirations, oftentimes through a compromise.



Both preliminary and final negotiations are opportunities for redefining the project, if necessary. This auxiliary procedure may include changes in the ownership scenarios (Step 0), the relaxation of operational constraints (Step 1), the relaxation of NO-GO criteria (Step 2), or changes in criteria weights and thresholds (Step 4). If, despite all redefinitions, relaxations, and negotiations, the stakeholders do not agree on the project’s feasibility (Step 3) or optimality (Step 5), then the project will eventually be discarded.



This decision algorithm has two main innovations: (1) it accounts for the system’s operating life already in the design phase; (2) it is sensitive and adaptive to the stakeholders’ decisions.





4. Conclusions


This article investigated the preliminary implementation of a methodology to support the multicriteria technical conception of an energy project in a multi-stakeholder context. The methodology can consider various decision criteria with different weights, depending on the stakeholder. Then, the project’s operation is simulated over a set time period and a multicriteria and multi-scenario analysis is performed. The main innovations are: the multi-stakeholder definition of performance indicators, including the possible relaxations and tolerances; a multi-scenario analysis depending on equipment ownership; and the disposition of visual tools to facilitate negotiations between decision-makers. Thus, the methodology is sensitive, adaptive, and responsive to stakeholders’ choices.



This article illustrates the application of this methodology to a real case study, with a special focus on how relaxations of stakeholders’ preferences can facilitate the success of a project. The study relied on the use of a MILP optimization tool called OMEGAlpes to optimize yearly management of the energy flows, but any other optimizer could have been used as long as it is verified and state of the art. On top of the optimizer’s results, this methodology applies two visual tools to assist negotiations between stakeholders. The first one is a multi-criteria, multi-stakeholder, and multi-scenario radar chart that points out the most promising solutions, the non-acceptable ones, and the most flexible scenarios. The second tool is a multi-criteria and multi-stakeholder matrix that cross-analyzes the optimal technical solutions preferred by the different stakeholders and points out the most impactful relaxations.



For the study case presented in this article, it was found that relaxations by the stakeholders are highly recommendable and almost necessary. Before relaxations, in most of the scenarios, just 1 out of 15 technical designs was feasible. After relaxations, at least three designs were feasible in every scenario, including one that challenged the most suitable design pre-relaxations. It was found that relaxations on economy- and exergy-related indicators were the most impactful. The results of this article showed that the variety of stakeholders can shift the project toward different designs that, even if not ideal for some stakeholders, may be more beneficial in the bigger picture. Such designs may never be identified if some of the stakeholders or some of the criteria were excluded from the analysis.



This methodology can be extended to many types of stakeholders, as long as their involvement has consequences for the technical conception of the project. It can also be enriched with additional criteria, as long as they can be quantified in some way. The work planned by the authors after this article is to adapt existing multi-criteria decision analysis (MDCA) procedures in order to apply them to multiple-stakeholder scenarios. After that work is conducted, all tools will be ready for the iterative algorithm described in the last subsection of this article.



The decision support tools proposed (a multi-criteria radar chart and cross-analysis matrices) provide visual negotiation aids, but their effectiveness in real-world decision-making processes needs to be empirically tested. Furthermore, the conditions and extent of relaxations by the stakeholders need careful consideration, as they significantly changed project feasibility and design preferences in this case study. They could also affect project sustainability and stakeholder buy-in. For these reasons, a prospective study is envisaged where the criteria, weights, tolerances, and relaxation capacities will be determined through direct interviews with the stakeholders. Then, the matrices and radar charts will be presented to the stakeholders for their feedback.
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Abbreviations


The following abbreviations are used in this manuscript:



	ch
	Chemical
	in
	Inlet



	chrg
	Heat charge of the thermal storage unit
	ini
	Initial



	CI
	Capital investment
	L
	Losses



	cooling
	Magnet’s cooling process
	magnets
	LNCMI’s high-intensity magnets



	CF
	Coverage factor
	max
	Maximal



	COM
	Costs of operation and maintenance
	min
	Minimal



	COP
	Coefficient of performance
	mono
	Mono-criterion



	D
	Destruction
	multi
	Multi-criterion



	dchg
	Heat discharge of the thermal storage unit
	NPV
	Net present value



	DHN
	District heating network
	OM
	Operation and maintenance



	DISS
	Dissipation
	out
	Outlet



	ECON
	Economic criterion
	P
	Product



	ENER
	Energetic criterion
	PEC
	Purchased equipment cost



	EXER
	Exergetic criterion
	piping
	Overall pipeline layout



	EXEC
	Exergo-economic criterion
	RACF
	Recovery and coverage factor



	elec
	Electrical
	REF
	Reference scenario



	ex
	Exergetic
	RF
	Recovery factor



	exo
	Exogenous
	SST
	Network sub-stations



	F
	Fuel
	TES
	Thermal energy storage



	f
	Final
	TCI
	Total capital investment



	GLOB
	Global
	use
	Useful exergy destruction



	HP
	Heat pump
	wh
	Waste heat



	HS
	Heat supplier
	WHRS
	Waste heat recovery system










Appendix A. Detailed Results for Each Technical Solution per Criteria and Scenario


Table A1 presents the results before relaxations.





 





Table A1. Results before relaxations, shown by scenario, stakeholder, and criterion for every possible system design.






Table A1. Results before relaxations, shown by scenario, stakeholder, and criterion for every possible system design.





	
Scenario

	
Stakeholder

	
Criterion

	
35 °C—Reference

	
35 °C—0 MWh

	
35 °C—10 MWh

	
35 °C—20 MWh

	
35 °C—30 MWh

	
35 °C—40 MWh

	
50 °C—0 MWh

	
50 °C—10 MWh

	
50 °C—20 MWh

	
50 °C—30 MWh

	
50 °C—40 MWh

	
85 °C—0 MWh

	
85 °C—10 MWh

	
85 °C—20 MWh

	
85 °C—30 MWh

	
85 °C—40 MWh






	
SCENARIO 1

	
LNCMI

[OWNER]

	
ENER

	
0.00

	
0.20

	
0.33

	
0.38

	
0.41

	
0.42

	
0.22

	
0.36

	
0.42

	
0.45

	
0.46

	
0.30

	
0.45

	
0.51

	
0.54

	
0.55




	
EXER

	
7.59

	
8.23

	
8.68

	
8.84

	
8.92

	
8.96

	
8.24

	
8.30

	
8.32

	
8.34

	
8.34

	
8.09

	
7.50

	
7.26

	
7.15

	
7.10




	
ECON

	
0.00

	
0.02

	
−0.61

	
−1.91

	
−3.40

	
−4.98

	
1.12

	
0.99

	
−0.14

	
−1.56

	
−3.10

	
2.81

	
3.53

	
2.95

	
1.63

	
0.13




	
EXEC

	
0.99

	
1.05

	
1.17

	
1.25

	
1.33

	
1.40

	
1.08

	
1.13

	
1.18

	
1.23

	
1.28

	
1.08

	
0.98

	
0.95

	
0.93

	
0.92




	
CCIAG

[NOT OWNER]

	
ENER

	
0.00

	
0.23

	
0.39

	
0.45

	
0.48

	
0.49

	
0.23

	
0.37

	
0.43

	
0.45

	
0.47

	
0.23

	
0.35

	
0.40

	
0.42

	
0.43




	
EXER

	
29.8

	
23.2

	
18.7

	
17.1

	
16.2

	
15.8

	
23.4

	
19.2

	
17.7

	
16.9

	
16.5

	
23.1

	
19.8

	
18.5

	
17.9

	
17.6




	
ECON

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.13

	
0.00

	
0.00

	
0.00

	
0.00

	
0.65

	
0.29

	
0.00

	
0.00

	
0.00




	
EXEC

	
1.86

	
1.57

	
1.38

	
1.35

	
1.37

	
1.40

	
1.54

	
1.37

	
1.34

	
1.36

	
1.40

	
1.48

	
1.35

	
1.33

	
1.36

	
1.41




	
SCENARIO 2

	
LNCMI

[NOT OWNER]

	
ENER

	
0.00

	
0.20

	
0.33

	
0.38

	
0.41

	
0.42

	
0.22

	
0.36

	
0.42

	
0.45

	
0.46

	
0.30

	
0.45

	
0.51

	
0.54

	
0.55




	
EXER

	
7.59

	
7.28

	
7.06

	
6.98

	
6.94

	
6.91

	
7.61

	
7.27

	
7.14

	
7.08

	
7.04

	
8.09

	
7.50

	
7.26

	
7.15

	
7.10




	
ECON

	
0.00

	
0.60

	
1.02

	
1.17

	
1.25

	
1.29

	
0.99

	
1.63

	
1.88

	
2.00

	
2.07

	
2.16

	
3.24

	
3.68

	
3.87

	
3.97




	
EXEC

	
0.99

	
0.93

	
0.90

	
0.88

	
0.88

	
0.87

	
0.99

	
0.94

	
0.92

	
0.91

	
0.90

	
1.08

	
0.98

	
0.95

	
0.93

	
0.92




	
CCIAG

[OWNER]

	
ENER

	
0.00

	
0.23

	
0.39

	
0.45

	
0.48

	
0.49

	
0.23

	
0.37

	
0.43

	
0.45

	
0.47

	
0.23

	
0.35

	
0.40

	
0.42

	
0.43




	
EXER

	
29.8

	
24.2

	
20.3

	
18.9

	
18.2

	
17.9

	
24.0

	
20.3

	
18.8

	
18.2

	
17.8

	
23.1

	
19.8

	
18.5

	
17.9

	
17.6




	
ECON

	
0.00

	
−0.58

	
−1.63

	
−3.08

	
−4.65

	
−6.28

	
0.26

	
−0.63

	
−2.01

	
−3.56

	
−5.16

	
1.30

	
0.57

	
−0.73

	
−2.24

	
−3.84




	
EXEC

	
1.86

	
1.69

	
1.65

	
1.72

	
1.82

	
1.93

	
1.62

	
1.56

	
1.60

	
1.69

	
1.78

	
1.48

	
1.35

	
1.34

	
1.36

	
1.41




	
SCENARIO 3

	
LNCMI

[NOT OWNER]

	
ENER

	
0.00

	
0.20

	
0.33

	
0.38

	
0.41

	
0.42

	
0.22

	
0.36

	
0.42

	
0.45

	
0.46

	
0.30

	
0.45

	
0.51

	
0.54

	
0.55




	
EXER

	
7.59

	
7.28

	
7.06

	
6.98

	
6.94

	
6.91

	
7.61

	
7.27

	
7.14

	
7.08

	
7.04

	
8.09

	
7.50

	
7.26

	
7.15

	
7.10




	
ECON

	
0.00

	
0.60

	
1.02

	
1.17

	
1.25

	
1.29

	
0.99

	
1.63

	
1.88

	
2.00

	
2.07

	
2.16

	
3.24

	
3.68

	
3.87

	
3.97




	
EXEC

	
0.99

	
0.93

	
0.90

	
0.88

	
0.88

	
0.87

	
0.99

	
0.94

	
0.92

	
0.91

	
0.90

	
1.08

	
0.98

	
0.95

	
0.93

	
0.92




	
CCIAG

[NOT OWNER]

	
ENER

	
0.00

	
0.23

	
0.39

	
0.45

	
0.48

	
0.49

	
0.23

	
0.37

	
0.43

	
0.45

	
0.47

	
0.23

	
0.35

	
0.40

	
0.42

	
0.43




	
EXER

	
29.8

	
23.2

	
18.7

	
17.1

	
16.2

	
15.8

	
23.4

	
19.2

	
17.7

	
16.9

	
16.5

	
23.1

	
19.8

	
18.5

	
17.9

	
17.6




	
ECON

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.13

	
0.00

	
0.00

	
0.00

	
0.00

	
0.65

	
0.29

	
0.00

	
0.00

	
0.00




	
EXEC

	
1.86

	
1.57

	
1.38

	
1.35

	
1.37

	
1.40

	
1.54

	
1.37

	
1.34

	
1.36

	
1.40

	
1.48

	
1.35

	
1.33

	
1.36

	
1.41




	
THIRD

[OWNER]

	
ENER

	
0.00

	
1.50

	
1.50

	
1.49

	
1.49

	
1.49

	
1.30

	
1.30

	
1.30

	
1.30

	
1.30

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00




	
EXER

	
2.05

	
0.96

	
1.62

	
1.86

	
1.98

	
2.05

	
0.62

	
1.03

	
1.18

	
1.26

	
1.30

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01




	
ECON

	
0.00

	
−0.58

	
−1.63

	
−3.08

	
−4.65

	
−6.28

	
0.13

	
−0.63

	
−2.01

	
−3.56

	
−5.16

	
0.65

	
0.29

	
−0.73

	
−2.24

	
−3.84




	
EXEC

	
525

	
122

	
272

	
369

	
450

	
525

	
83.1

	
189

	
261

	
324

	
381

	
0.00

	
0.20

	
0.44

	
0.71

	
0.98




	
SCENARIO 4

	
CONSORTIUM

[OWNER]

	
ENER

	
0.00

	
0.05

	
0.13

	
0.17

	
0.19

	
0.21

	
0.05

	
0.13

	
0.18

	
0.20

	
0.22

	
0.07

	
0.16

	
0.20

	
0.23

	
0.24




	
EXER

	
37.4

	
31.5

	
27.4

	
25.9

	
25.2

	
24.8

	
31.6

	
27.6

	
26.0

	
25.2

	
24.8

	
31.2

	
27.3

	
25.7

	
25.0

	
24.7




	
ECON

	
0.00

	
0.02

	
−0.61

	
−1.91

	
−3.40

	
−4.98

	
1.25

	
0.99

	
−0.14

	
−1.56

	
−3.10

	
3.47

	
3.82

	
2.95

	
1.63

	
0.13




	
EXEC

	
2.84

	
2.62

	
2.55

	
2.60

	
2.69

	
2.80

	
2.62

	
2.50

	
2.52

	
2.59

	
2.68

	
2.56

	
2.34

	
2.28

	
2.29

	
2.33









Table A2 presents the results after relaxations.





 





Table A2. Results after relaxations, by scenario, stakeholder, and criterion for every possible system design.






Table A2. Results after relaxations, by scenario, stakeholder, and criterion for every possible system design.





	
Scenario

	
Stakeholder

	
Criterion

	
35 °C—Reference

	
35 °C—0 MWh

	
35 °C—10 MWh

	
35 °C—20 MWh

	
35 °C—30 MWh

	
35 °C—40 MWh

	
50 °C—0 MWh

	
50 °C—10 MWh

	
50 °C—20 MWh

	
50 °C—30 MWh

	
50 °C—40 MWh

	
85 °C—0 MWh

	
85 °C—10 MWh

	
85 °C—20 MWh

	
85 °C—30 MWh

	
85 °C—40 MWh






	
SCENARIO 1

	
LNCMI

[OWNER]

	
ENER

	
0.00

	
0.20

	
0.33

	
0.38

	
0.41

	
0.42

	
0.22

	
0.36

	
0.42

	
0.45

	
0.46

	
0.30

	
0.45

	
0.51

	
0.54

	
0.55




	
EXER

	
7.59

	
8.23

	
8.68

	
8.84

	
8.92

	
8.96

	
8.24

	
8.30

	
8.32

	
8.34

	
8.34

	
8.09

	
7.50

	
7.26

	
7.15

	
7.10




	
ECON

	
0.00

	
0.40

	
0.20

	
−0.98

	
−2.42

	
−3.97

	
1.11

	
1.29

	
0.74

	
−0.62

	
−2.13

	
2.52

	
3.08

	
2.81

	
2.22

	
1.02




	
EXEC

	
0.85

	
0.93

	
1.06

	
1.15

	
1.22

	
1.29

	
0.91

	
0.98

	
1.04

	
1.09

	
1.14

	
0.86

	
0.81

	
0.79

	
0.78

	
0.78




	
CCIAG

[NOT OWNER]

	
ENER

	
0.00

	
0.23

	
0.39

	
0.45

	
0.48

	
0.49

	
0.23

	
0.37

	
0.43

	
0.45

	
0.47

	
0.23

	
0.35

	
0.40

	
0.42

	
0.43




	
EXER

	
29.8

	
23.2

	
18.7

	
17.1

	
16.2

	
15.8

	
23.4

	
19.2

	
17.7

	
16.9

	
16.5

	
23.1

	
19.8

	
18.5

	
17.9

	
17.6




	
ECON

	
0.00

	
−0.38

	
−0.81

	
−0.92

	
−0.98

	
−1.02

	
0.14

	
−0.29

	
−0.88

	
−0.94

	
−0.97

	
0.95

	
0.73

	
0.14

	
−0.59

	
−0.89




	
EXEC

	
1.86

	
1.55

	
1.36

	
1.33

	
1.34

	
1.38

	
1.52

	
1.34

	
1.31

	
1.32

	
1.36

	
1.44

	
1.29

	
1.26

	
1.29

	
1.33




	
SCENARIO 2

	
LNCMI

[NOT OWNER]

	
ENER

	
0.00

	
0.20

	
0.33

	
0.38

	
0.41

	
0.42

	
0.22

	
0.36

	
0.42

	
0.45

	
0.46

	
0.30

	
0.45

	
0.51

	
0.54

	
0.55




	
EXER

	
7.59

	
7.28

	
7.06

	
6.98

	
6.94

	
6.91

	
7.61

	
7.27

	
7.14

	
7.08

	
7.04

	
8.09

	
7.50

	
7.26

	
7.15

	
7.10




	
ECON

	
0.00

	
0.30

	
0.51

	
0.59

	
0.63

	
0.65

	
0.50

	
0.81

	
0.94

	
1.00

	
1.03

	
1.08

	
1.62

	
1.84

	
1.94

	
1.99




	
EXEC

	
0.85

	
0.83

	
0.81

	
0.80

	
0.80

	
0.79

	
0.84

	
0.81

	
0.80

	
0.80

	
0.80

	
0.86

	
0.81

	
0.79

	
0.78

	
0.78




	
CCIAG

[OWNER]

	
ENER

	
0.00

	
0.23

	
0.39

	
0.45

	
0.48

	
0.49

	
0.23

	
0.37

	
0.43

	
0.45

	
0.47

	
0.23

	
0.35

	
0.40

	
0.42

	
0.43




	
EXER

	
29.8

	
24.2

	
20.3

	
18.9

	
18.2

	
17.9

	
24.0

	
20.3

	
18.8

	
18.2

	
17.8

	
23.1

	
19.8

	
18.5

	
17.9

	
17.6




	
ECON

	
0.00

	
2.82

	
1.98

	
0.60

	
−0.93

	
−2.53

	
3.85

	
3.28

	
2.02

	
0.54

	
−1.03

	
5.48

	
5.30

	
4.21

	
2.80

	
1.24




	
EXEC

	
1.86

	
1.66

	
1.61

	
1.68

	
1.77

	
1.88

	
1.59

	
1.50

	
1.54

	
1.62

	
1.71

	
1.44

	
1.29

	
1.26

	
1.29

	
1.33




	
SCENARIO 3

	
LNCMI

[NOT OWNER]

	
ENER

	
0.00

	
0.20

	
0.33

	
0.38

	
0.41

	
0.42

	
0.22

	
0.36

	
0.42

	
0.45

	
0.46

	
0.30

	
0.45

	
0.51

	
0.54

	
0.55




	
EXER

	
7.59

	
7.28

	
7.06

	
6.98

	
6.94

	
6.91

	
7.61

	
7.27

	
7.14

	
7.08

	
7.04

	
8.09

	
7.50

	
7.26

	
7.15

	
7.10




	
ECON

	
0.00

	
0.30

	
0.51

	
0.59

	
0.63

	
0.65

	
0.50

	
0.81

	
0.94

	
1.00

	
1.03

	
1.08

	
1.62

	
1.84

	
1.94

	
1.99




	
EXEC

	
0.85

	
0.83

	
0.81

	
0.80

	
0.80

	
0.79

	
0.84

	
0.81

	
0.80

	
0.80

	
0.80

	
0.86

	
0.81

	
0.79

	
0.78

	
0.78




	
CCIAG

[NOT OWNER]

	
ENER

	
0.00

	
0.23

	
0.39

	
0.45

	
0.48

	
0.49

	
0.23

	
0.37

	
0.43

	
0.45

	
0.47

	
0.23

	
0.35

	
0.40

	
0.42

	
0.43




	
EXER

	
29.8

	
23.2

	
18.7

	
17.1

	
16.2

	
15.8

	
23.4

	
19.2

	
17.7

	
16.9

	
16.5

	
23.1

	
19.8

	
18.5

	
17.9

	
17.6




	
ECON

	
0.00

	
−0.38

	
−0.81

	
−0.92

	
−0.98

	
−1.02

	
0.14

	
−0.29

	
−0.88

	
−0.94

	
−0.97

	
0.95

	
0.73

	
0.14

	
−0.59

	
−0.89




	
EXEC

	
1.86

	
1.55

	
1.36

	
1.33

	
1.34

	
1.38

	
1.52

	
1.34

	
1.31

	
1.32

	
1.36

	
1.44

	
1.29

	
1.26

	
1.29

	
1.33




	
THIRD

[OWNER]

	
ENER

	
0.00

	
1.50

	
1.50

	
1.49

	
1.49

	
1.49

	
1.30

	
1.30

	
1.30

	
1.30

	
1.30

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00




	
EXER

	
2.05

	
0.96

	
1.62

	
1.86

	
1.98

	
2.05

	
0.62

	
1.03

	
1.18

	
1.26

	
1.30

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01




	
ECON

	
0.00

	
0.10

	
−0.31

	
−1.57

	
−3.04

	
−4.61

	
0.61

	
0.47

	
−0.19

	
−1.62

	
−3.16

	
1.43

	
1.46

	
0.97

	
0.28

	
−0.97




	
EXEC

	
499

	
110

	
251

	
345

	
425

	
499

	
67.8

	
163

	
232

	
292

	
349

	
0.00

	
0.10

	
0.22

	
0.35

	
0.49




	
SCENARIO 4

	
CONSORTIUM

[OWNER]

	
ENER

	
0.00

	
0.05

	
0.13

	
0.17

	
0.19

	
0.21

	
0.05

	
0.13

	
0.18

	
0.20

	
0.22

	
0.07

	
0.16

	
0.20

	
0.23

	
0.24




	
EXER

	
37.4

	
31.5

	
27.4

	
25.9

	
25.2

	
24.8

	
31.6

	
27.6

	
26.0

	
25.2

	
24.8

	
31.2

	
27.3

	
25.7

	
25.0

	
24.7




	
ECON

	
0.00

	
0.50

	
0.20

	
−0.98

	
−2.42

	
−3.97

	
1.72

	
1.76

	
0.74

	
−0.62

	
−2.13

	
3.95

	
4.54

	
3.78

	
2.50

	
1.02




	
EXEC

	
2.71

	
2.49

	
2.42

	
2.48

	
2.57

	
2.67

	
2.43

	
2.32

	
2.34

	
2.42

	
2.51

	
2.30

	
2.10

	
2.06

	
2.07

	
2.11
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Figure 1. Diagram of the case study, showing the stakeholder’s perimeters. 
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Figure 2. Decision support algorithm with the tools used in this study, plus any prospective ones. 






Figure 2. Decision support algorithm with the tools used in this study, plus any prospective ones.



[image: Energies 17 02009 g002]







[image: Energies 17 02009 g003] 





Figure 3. Cross-analysis matrix for Scenario 1 (where LNCMI is the owner of the waste heat recovery system). 
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Figure 4. Cross-analysis matrix for Scenarios 2, 3, and 4. The legend is the same as that for Figure 3. 
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Figure 5. Multi-scenario, multi-stakeholder, and multi-criteria radar chart displaying the relative optimality of different designs. Only feasible designs are displayed. Optimal mono-criterion designs are plotted with continuous lines, the rest are shown with dotted lines. The yellow star indicates the owner of the equipment in each scenario. 
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Figure 6. Cross-analysis matrices for Scenarios 1 to 3, after relaxations by the stakeholders. The legend is the same as that in Figure 3. Scenario 4 is not displayed because its matrix remains the same as it was before the relaxations (see Figure 4). 
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Figure 7. Detailed effects of stakeholders’ relaxations on Scenario 1. The legend is the same as that in Figure 3. 
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Figure 8. Multi-scenario, multi-stakeholder, and multi-criteria radar chart after relaxations by the stakeholders. Only feasible designs are displayed. Designs plotted with continuous lines are mono-criterion-optimal (value = 1) in at least one instance. Designs plotted with dotted lines are never mono-criterion-optimal, and are, therefore, dominated by other solutions. The yellow star indicates the owner of the equipment in each scenario. 
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Table 1. Configuration of the socio-energetic nodes as a function of the scenario.
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	Scenario
	Stakeholder
	Socio-Energetic Node





	1
	LNCMI (Owner)
	EXP + DISS + TES + HP



	
	CCIAG (Not owner)
	CDCH + RES + SST



	2
	CCIAG (Owner)
	HS + NTW + SST + TES + HP



	
	LNCMI (Not owner)
	EXP + DISS



	3
	THIRD (Owner)
	TES + HP



	
	LNCMI (Not owner)
	EXP + DISS



	
	CCIAG (Not owner)
	HS + NTW + SST



	4
	CONSORTIUM (Owner)
	EXP + DISS + TES + HP + HS + NTW + SST










 





Table 2. Definition of the optimization criteria as a function of the system’s ownership.
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Stakeholder

	
Criterion

	
Indicator (Owner)

	
Indicator (Not Owner)






	
LNCMI

	
ENER

	
   R F =     Q   W H R S   i n       Q   W H       




	

	
EXER

	
     E x   L N C M I   D ,   T O T   =   E x   L A B   D   +   E x   T E S   D   +   E x   H P   D   +   E x   D I S S   D     

	
     E x   L N C M I   D ,   T O T   =   E x   L A B   D   +   E x   D I S S   D     




	

	
EXEC

	
     C   L N C M I   D ,   T O T   =   C   E X P   D   +   C   T E S   D   +   C   H P   D   +   C   D I S S   D     

	
     C   L N C M I   D ,   T O T   =   C   L A B   D   +   C   D I S S   D     




	

	
ECON

	
     N P V   L N C M I   =     C   W H R S   Q , o u t   −   C   W H R S   e l e c , i n   −   C   W H R S   Q , i n   −     Z  ˙    O M   −     Z  ˙    C I     C R F     

	
     N P V   L N C M I   =     C   W H R S   Q , i n     C R F     




	
CCIAG

	
ENER

	
   T D C =     Q   W H R S   o u t       Q   D H N   i n ,   t o t       




	

	
EXER

	
     E x   C C I A G   D ,   T O T   =   E x   T E S   D   +   E x   H P   D   +   E x   H S   D   +   E x   D H N   D   +   E x   S S T   D     

	
     E x   C C I A G   D ,   T O T   =   E x   H S   D   +   E x   D H N   D   +   E x   S S T   D     




	

	
EXEC

	
     C   C C I A G   D ,   T O T   =   C   T E S   D   +   C   H P   D   +   C   H S   D   +   C   D H N   D   +   C   S S T   D     

	
     C   C C I A G   D ,   T O T   =   C   H S   D   +   C   D H N   D   +   C   S S T   D     




	

	
ECON

	
     N P V   C C I A G   =       C   H S , R E F   E n , i n   −   C   H S   E n , i n   −   C   W H R S   e l e c , i n   −   C   W H R S   Q , i n   −     Z  ˙    O M   −     Z  ˙    C I       C R F     

	
     N P V   C C I A G   =       C   H S , R E F   E n , i n   −   C   H S   E n , i n   −   C   W H R S   Q , o u t       C R F     




	
THIRD

	
ENER

	
   V F =     Q   W H R S   o u t       Q   W H R S   i n       

	
N/A




	

	
EXER

	
     E x   T H I R D   D ,   T O T   =   E x   T E S   D   +   E x   H P   D     

	
N/A




	

	
EXEC

	
     C   T H I R D   D ,   T O T   =   C   T E S   D   +   C   H P   D     

	
N/A




	

	
ECON

	
     N P V   T H I R D   =       C   W H R S   Q , o u t   −   C   W H R S   Q , i n   −   C   W H R S   e l e c , i n   −     Z  ˙    O M   −     Z  ˙    C I       C R F     

	
N/A




	
CONSORTIUM

	
ENER

	
   R A C F = R F · C F   

	
N/A




	

	
EXER

	
     E x   C S R T   D ,   T O T   =   E x   L N C M I   D ,   T O T   +   E x   C C I A G   D ,   T O T   +   E x   T E S   D   +   E x   H P   D     

	
N/A




	

	
EXEC

	
     C   C S R T   D ,   T O T   =   C   L N C M I   D ,   T O T   +   C   C C I A G   D ,   T O T   +   C   T E S   D   +   C   H P   D     

	
N/A




	

	
ECON

	
     N P V   C S R T   =       C   H S , R E F   E n , i n   −   C   H S   E n , i n     −   C   W H R S   e l e c , i n   −     Z  ˙    O M   −     Z  ˙    C I     C R F     

	
N/A











 





Table 3. Stakeholders’ tolerance and relaxation possibilities, shown criterion per criterion.
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Stakeholder

	
Criterion

	
Tolerance

	
NO-GO

	
Relaxation




	
Light

	
Moderate

	
Heavy






	
LNCMI

	
ENER

	
<5%

	
<10%

	
>10%

	
N/A

	
N/A




	

	
EXER

	
<10%

	
<25%

	
>25%

	
if Δ(ExD) > 0

	
Disregard NO-GO




	

	
ECON

	
<25%

	
<50%

	
>50%

	
if NPV < 0

	
Cut C_WH by 50%




	

	
EXEC

	
<10%

	
<25%

	
>25%

	
if Δ(CD) > 0

	
Disregard NO-GO




	
CCIAG

	
ENER

	
<10%

	
<25%

	
>25%

	
N/A

	
N/A




	

	
EXER

	
<10%

	
<25%

	
>25%

	
if Δ(ExD) > 0

	
Disregard NO-GO




	

	
ECON

	
<5%

	
<10%

	
>10%

	
if NPV < 0

	
Disregard Z_NETW by 50%




	

	
EXEC

	
<10%

	
<25%

	
>25%

	
if Δ(CD) > 0

	
Disregard NO-GO




	
THIRD

	
ENER

	
<25%

	
<50%

	
>50%

	
N/A

	
N/A




	

	
EXER

	
<25%

	
<50%

	
>50%

	
N/A

	
N/A




	

	
ECON

	
<5%

	
<10%

	
>10%

	
if NPV < 0

	
N/A




	

	
EXEC

	
<25%

	
<50%

	
>50%

	
N/A

	
N/A




	
CONSORTIUM

	
ENER

	
<5%

	
<10%

	
>10%

	
N/A

	
N/A




	

	
EXER

	
<10%

	
<25%

	
>25%

	
if Δ(ExD) > 0

	
Disregard NO-GO




	

	
ECON

	
<5%

	
<10%

	
>10%

	
if NPV < 0

	
N/A




	

	
EXEC

	
<10%

	
<25%

	
>25%

	
if Δ(CD) > 0

	
Disregard NO-GO
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