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Thermocline thermal energy storage is one of the most promising solutions for recovering waste heat in industrial plants. This paper aims to optimise the shape of a thermal energy storage to minimise its environmental impacts and maximise its exergy efficiency. The reference storage is an existing industrial high-temperature air/ceramic packed-bed heat storage called EcoStock®. The physical model used to determine the performances of the tank is a one dimensional model with two equations: one for the heat transfer fluid and one for the filler material. The environmental impacts are analysed using a life cycle assessment through four selected indicators: cumulative energy demand, global warming potential, abiotic depletion potential and particulate matter. To solve this multicriteria problem, a particle swarm optimisation algorithm was applied with several exergy and environmental weighting factors. A Pareto set is obtained, bounded by the single exergy or environmental optimisations. Favouring exergy efficiency reduces the volume of the tank. However, environmental footprint of the tank is increased: the indicators of cumulative energy demand and abiotic depletion potential are considerably higher. The shape of the tank evolves with the exergy weight, from a square shape (environmental optimisation) to a tapered shape (exergy optimisation).

Introduction

Successfully overcoming the energy and environmental transition challenges relies on three successive steps: reducing needs, increasing process efficiency and massively deploying renewable energies. Thermal Energy Storage (TES) systems should address the last two steps.

On one hand, Concentrated Solar Power (CSP) plants grew strongly in 2019, with an 11% increase in the global fleet, reaching a capacity of 6.2 GW out of the 2 588 GW of renewable energy installed worldwide. Electricity generated by CSP has been estimated at [START_REF] Lavan | Experimental study of thermally stratified hot water storage tanks[END_REF] TWh of the 27 011 TWh of total global electricity production in 2019 [START_REF]Renewables[END_REF]. A major advantage of CSP is that it produces heat which can be more easily stored than electricity. Therefore, a TES can be integrated into CSP plants to temporarily store excess thermal energy and release it later for delayed electricity generation. This system improves the competitiveness and availability of the electricity produced and promotes the deployment of renewable energies.

On the other hand, industrial energy demand is mostly supplied by fossil fuels and consumed as heat (70% worldwide) [START_REF] Jouhara | Editorial: Industrial waste heat recovery[END_REF]. However, up to 50% of this energy is wasted in processes: above 100 • C, 52.9 TWh/ year are lost in France [START_REF]Excess heat[END_REF] and 370 TWh/year in Europe [START_REF] Panayiotou | Preliminary assessment of waste heat potential in major European industries[END_REF], which represents almost 17% of total industrial consumption [START_REF]Eurostat, Energy balance sheets -2017 data[END_REF][START_REF] Papapetrou | Industrial waste heat: Estimation of the technically available resource in the EU per industrial sector, temperature level and country[END_REF]. Most of the high temperature waste heat is lost in hot fumes [START_REF]Excess heat[END_REF], especially in steel, cement and fuel cell industries [START_REF] Su | Opportunities and strategies for multigrade waste heat utilization in various industries: A recent review[END_REF]. This waste heat needs to be recovered to increase the efficiency of industrial processes and provide lowimpact and low-cost heat [START_REF] Papapetrou | Industrial waste heat: Estimation of the technically available resource in the EU per industrial sector, temperature level and country[END_REF]. A TES system would promote the recovery of this heat by matching energy supply and demand [START_REF] Miró | Thermal energy storage (TES) for industrial waste heat (IWH) recovery: A review[END_REF].

Those two technology fields (CSP and industrial waste heat recovery) should integrate similar TES systems, operating on the same temperature range (200-600 • C) [START_REF] López-Sabirón | Environmental profile of latent energy storage materials applied to industrial systems[END_REF]. A TES system can temporarily store excess energy (for CSP) or waste heat (for industry) for later use [START_REF] Rahman | Assessment of energy storage technologies: A review[END_REF]. Among the different TES systems available, two-tank technology with molten salt is the most widely used. However, the use of two tanks is costly and space consuming. These drawbacks may be improved by combining the two tanks into a single one, named a thermocline tank [START_REF] Fasquelle | Numerical simulation of a 50 MWe parabolic trough power plant integrating a thermocline storage tank[END_REF][START_REF] Heath | Life Cycle Assessment of Thermal Energy Storage: Two-Tank Indirect and Thermocline[END_REF]. In addition to reducing the storage envelop, Thermal Energy Storage Materials (TESM) partially replace Heat Transfer Fluid (HTF) in the thermocline system. This change reduces the cost of the thermal storage media by up to 70% and the cost of the storage envelop by almost 65% [START_REF] Galione | Numerical evaluation of multi-layered solid-PCM thermocline-like tanks as thermal energy storage systems for CSP applications[END_REF][START_REF] Pacheco | Development of a molten-salt thermocline thermal storage system for parabolic trough plants[END_REF]. As a result, the cost of the TES can be reduced down to 35% compared to two-tank storage [START_REF] Brosseau | Testing of thermocline filler materials and molten-salt heat transfer fluids for thermal energy storage systems in parabolic trough power plants[END_REF].

Many energy optimisations have been proposed on TES for CSP since the first experiments in the 1980s. First experiments on a thermocline tank showed that stratification is improved by increasing tank length to diameter ratio [START_REF] Lavan | Experimental study of thermally stratified hot water storage tanks[END_REF]. The first industrial thermocline storage was tested in Solar One CSP plant. This experiment proved that this technology was efficient and reliable [START_REF] Faas | MWe Solar Thermal Central Receiver Pilot Plant: Thermal Storage Subsystem Evaluation[END_REF]. Hoffmann et al. [START_REF] Hoffmann | A thermocline thermal energy storage system with filler materials for concentrated solar power plants: Experimental data and numerical model sensitivity to different experimental tank scales[END_REF] studied the impact of HTF mass flow rate and filler particle diameter on energy efficiency. Ammar et al. [START_REF] Ammar | Optimization of a sensible heat storage unit packed with spheres of a local material[END_REF] maximised the ratio between the stored and the pumping energies by considering three optimisation variables: tank length, particle diameter and HTF mass flow rate. Only a few studies have proposed a second law analysis to optimise thermocline systems, following Bejan [START_REF] Bejan | Entropy generation through heat and fluid flow[END_REF] who states that an optimal thermal system is "the least irreversible system that the designer can afford". Krane [START_REF] Krane | A Second Law analysis of the optimum design and operation of thermal energy storage systems[END_REF] sought the optimal design and operating conditions of a TES that minimise entropy production during an entire charge-discharge cycle. Using a lumped model, Biyikoglu [START_REF] Biyikoglu | Optimization of a sensible heat cascade energy storage by lumped model[END_REF] showed that second law efficiency can be improved by connecting TES systems in series with each other. Flueckiger et al. [START_REF] Flueckiger | Second-law analysis of molten-salt thermal energy storage in thermoclines[END_REF] studied entropy production due to conductive heat transfer, viscous dissipation and heat losses through CFD model. Rebouillat et al. [START_REF] Rebouillat | 2nd law analysis of thermoclineheat storage system[END_REF] performed similar analysis, but taking into account a supplementary entropy source: the convective heat transfer between the HTF and the packing bed. They showed that the optimal geometry results in a trade-off between convective heat transfer and pressure drop. Another relevant result was the high value of the exergy efficiency of the optimised tank reaching 95%. Haller et al. [START_REF] Haller | Methods to determine stratification efficiency of thermal energy storage processes -Review and theoretical comparison[END_REF] presented different indicators to assess thermal stratification in thermocline storage, based on second law analysis. Better stratification in thermocline tank increases the exergy content as well as the exergy storage capacity [START_REF] Rosen | The exergy of stratified thermal energy storages[END_REF].

The lack of detailed environmental study of thermocline TES has been highlighted by Miro et al. [START_REF] Miró | Thermal energy storage (TES) for industrial waste heat (IWH) recovery: A review[END_REF]. In order to propose alternative energy efficient solutions, it is important to quantify and check environmental benefits by a Life Cycle Assessment (LCA). This is a standardised method (ISO 14040) that assesses the quantifiable effect of products or services on the environment throughout their life cycle [START_REF]ISO 14040 -Environmental management -Life cycle assessment -Principles and framework[END_REF]. LCA was firstly developed on TES in the late 2010s. The first environmental analysis on a thermocline tank proved that greenhouse gas emissions are halved compared to a two-tank storage in CSP plant [START_REF] Heath | Life Cycle Assessment of Thermal Energy Storage: Two-Tank Indirect and Thermocline[END_REF]. A comparison of three different TES for CSP showed that sensible storage based on solid media (concrete) presents the smallest environmental footprint compared to latent storage and sensible storage using liquid media (molten salt) [START_REF] Oró | Comparative life cycle assessment of thermal energy storage systems for solar power plants[END_REF]. The use of waste materials, such as recycled ceramics [START_REF] Lalau | Comparative LCA between current and alternative waste-based TES for CSP[END_REF], considerably reduced the environmental impact of TES. Natural rock can also be used as solid filler in thermocline storage, which reduced the environmental footprint compared to molten salt [START_REF] Nahhas | Life cycle assessment of air-rock packed bed storage system and its comparison with other available storage technologies for concentrating solar power plants[END_REF]. Although exergy and environmental optimisations exist for thermocline storage, as mentioned above, no study combines both optimisations. This is the objective of this work, which aims to evaluate and optimise the exergy and environmental performances of a thermocline TES using air as HTF and ceramics as filler material. The studied system is supposed to store waste heat from an industrial firing furnace and to release it for later use. A Particle Swarm Optimisation (PSO) algorithm [START_REF] Garg | Economic optimization of Organic Rankine cycle with pure fluids and mixtures for waste heat and solar applications using particle swarm optimization method[END_REF] will be used to solve the multi-criteria optimisation problem coupling exergy efficiency maximisation and environmental impact minimisation.
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Methodology and Data

This study seeks to optimally design a thermocline tank according to two criteria: maximising exergy efficiency and minimising environmental impacts. The exergy efficiency is evaluated using a dynamic numerical model and the environmental impacts are assessed by a LCA study. This thermocline storage is defined in the first part. Then, these two models are briefly described in this section.

Studied system

This study deals with thermocline tank system used for sensible heat storage. Fig. 1 illustrates the working principle of a thermocline tank where HTF flows through a filler material (e.g. rocks, ceramics, metals, etc.), called TESM. This HTF can be a gas, usually air, or a liquid, usually oil or molten salt. Gas is preferred for high working temperatures (above ~ 500 • C) while liquid is used for lower temperatures.

During the charging process, hot fluid is injected from the top of the tank and cold fluid is extracted from the bottom. As a result, three different zones appear: two zones have quasi-uniform temperatures (one hot at the top and one cold at the bottom), and one zone, called the thermocline, has a large temperature gradient. During the discharging process, the direction of the fluid flow is reversed. Cold fluid is injected from the bottom and hot fluid is extracted from the top. The same thermocline zone appears between the two quasi-uniform zones. In both processes, the thermocline zone moves into the tank until it is partially or completely extracted.

The objective of the present work is to optimise the environmental impacts and the exergy efficiency of an industrial tank, named Eco-Stock® [START_REF] Touzo | Experimental and numerical analysis of a packed-bed thermal energy storage system designed to recover high temperature waste heat: an industrial scale up[END_REF] (Fig. 2), developed and commercialised by Eco-Tech Ceram [START_REF] Ceram | ecotechceram.com[END_REF], to valorise industrial waste heat. This thermocline tank uses air as HTF and ceramic balls as filler materials.

Physical model

The dynamic model is detailed in [START_REF] Rebouillat | 2nd law analysis of thermoclineheat storage system[END_REF]. It has been developed to perform a second law analysis of thermocline TES used in CSP plant or waste heat recovery. It consists of solving transient balances of energy and entropy applied to a slice of the tank, taken as a Representative Elementary Volume (REV), as illustrated in Fig. 3. It is a onedimensional (radial gradients are neglected) and two-phase model (HTF and filler material) that has been validated for the studied industrial tank from experimental data provided by the manufacturer [START_REF] Rebouillat | 2nd law analysis of thermoclineheat storage system[END_REF]. The following assumptions are made: -Fourier's law describes conductive heat transfer in the axial direction, -Newton's law models convective heat transfer between HTF and TESM. The convective heat transfer coefficient is estimated from correlation developed for packed-bed by Wakao [START_REF] Wakao | Effect of fluid dispersion coefficients on particle-tofluid heat transfer coefficients in packed beds: Correlation of nusselt numbers[END_REF], -Ergun's law depicts the mass transfer in the axial direction, -The thermophysical properties of fluid and solid are constant, -The side walls are adiabatic.

For a given HTF/TESM pair, this model evaluates the exergy behaviour and performances of the thermocline system according to five design parameters and two dimensionless optimisation variables (Table 1). The design parameters are usually given from the storage specifications: upstream and downstream processes, storage capacity, power or charge/discharge times, etc. The two optimisation variables are dimensionless shape factors, related to the geometry of the tank (ratio of diameter to length) and the particle size of the filler (ratio of particle to tank diameters).

The theoretical volume of the tank is determined from the five design parameters: Operating temperatures: high TH and low TL (K)

V t = A t ⋅L t = Q th ( ε⋅(ρc) f + (1 -ε)⋅(ρc) s ) ⋅(T H -T L ) (1) 
With A t : section of the tank (m 2 ), L t : length of the tank (m), T: temperature (K), ρ: density (kg⋅m -3 ), c: heat capacity (J⋅kg -1 ⋅K -1 ).

The subscripts f and s refer respectively to the liquid and solid (filler) phases.

To model the overall performance of a thermocline tank, several cycles must be simulated to get a periodic stationary behaviour. The tank is initially discharged (T = T L uniform at t = 0 s). The charging and discharging processes end when the output fluid temperature reaches the cut-off temperature respectively T c,cutoff and T ds,cutoff . These temperatures are arbitrarily set at a cut-off ratio of 20% defined as follow [START_REF] Hoffmann | A thermocline thermal energy storage system with filler materials for concentrated solar power plants: Experimental data and numerical model sensitivity to different experimental tank scales[END_REF][START_REF] Rebouillat | 2nd law analysis of thermoclineheat storage system[END_REF]:

ΔT c,cutoff = T H -T c,cutoff = 0.2⋅(T H -T L ) (2) 
ΔT ds,cutoff = T ds,cutoff -T L = 0.2⋅(T H -T L ) (3) 
The thermal energy charged/discharged Q can be obtained by estimating the internal energy of the tank from the two temperatures limit profiles (i.e. begin and end of a given cycle).

Q = ΔU = U final -U initial (4)
For incompressible liquid and solid, internal energy of the TES write:

U = ∫ Lt 0 [ ε⋅(ρc) f ⋅A t ⋅ ( T f -T L ) + (1 -ε)⋅(ρc) s ⋅A t ⋅(T s -T L ) ] ⋅dz (5) 

Performance indicator

The exergy efficiency will be used in the optimisation study defined below. It is evaluated when the stationary regime is reached. It compares the thermal power extracted from the TES by the HTF during the discharging process with that supplied to the TES by the HTF during the charging process:

η ex = - ∫ tds 0 ṁ⋅Δex⋅dt ∫ tc 0 ṁ⋅Δex⋅dt (6) 
where t ds and t c are respectively the duration of the discharging and charging processes, ṁ the HTF mass flow rate and Δex the specific exergy change experienced by the HTF while crossing the storage tank. For an incompressible fluid, it writes:

Δex = c f ⋅ [ T out -T in -T ∞ ⋅ln ( T out T in ) ] + 1 ρ f ⋅(P out -P in ) (7) 
where T in and T out are the inlet and outlet temperatures of the HTF, T ∞ the ambient temperature and P in and P out the inlet and outlet pressures.

Environmental impacts

Environmental impacts are calculated by a LCA, a standardised method (ISO 14040) evaluating the quantifiable effects of products or services on the environment throughout their life cycle (from "cradle-tograve" or "cradle-to-cradle" in circular economy) [START_REF]ISO 14040 -Environmental management -Life cycle assessment -Principles and framework[END_REF]. The International Reference Life Cycle Data System (ILCD) 2016 mid-point method is used to calculate the LCA indicators using EcoInvent v3.5 database [START_REF] Ecoinvent | ecoinvent.org[END_REF] and OpenLCA v1.8 software [START_REF]openLCA.org[END_REF].

Functional unit

This study aims to quantify the environmental benefits of the optimised thermocline storage system. First, the environmental impacts of a reference case, is assessed. Then the influence of varying the optimisation variables is investigated. In this study, the reference tank is the industrial thermocline tank named Eco-Stock® (ES) [START_REF] Ceram | ecotechceram.com[END_REF]. The LCA of this thermocline tank with bauxite as filler material and air as HTF is based on the previous work of Lalau et al. [START_REF] Lalau | May an energy efficiency system be environmentally detrimental? An LCA and net energy approach[END_REF]. A fair comparison requires a same functional unit to refer for all calculated impacts. Based on the exergy performances, the functional unit is defined as follows:

Provide a discharged thermal exergy equal to that of the reference tank (Ex * ds = (Ex ds ) ES = 707 kWh/cycle), during its span life (25 years) considering 1 cycle a day and 15 days off a year for maintenance.

According to this definition, the volume of the simulated tank must be determined to provide the same service defined by the functional unit. This volume is corrected from the exergy performance indicators to produce the required discharge exergy, as explained below.

The exergy utilisation ratio is used to deduce the required system size to ensure a given discharge exergy. It compares exergy charged/discharged during a cycle and the maximum exergy that can be extracted from the tank.

τ u,ex = ΔEx ΔEx th = ΔU -T ∞ ⋅ΔS ΔU th -T ∞ ⋅ΔS th ( 8 
)
ΔS is the real entropy change of the system, which can be deduced, as ΔU, from the pressure and temperature profiles obtained at the beginning and the end of the cycle:

ΔS = S final -S initial (9) 
For incompressible liquid and solid, entropy of the tank writes:

S = ∫ Lt 0 [ ε⋅(ρc) f ⋅A t ⋅ln ( T f T L ) + (1 -ε)⋅(ρc) s ⋅A t ⋅ln ( T s T L ) ] ⋅dz (10) 
For the theoretical value ΔS th , the same expressions apply using T f = T s = T L for S initial , leading to S initial = 0, and T f = T s = T H for S final .

The discharge exergy efficiency may be defined as the ratio between the discharge exergy quantity and the exergy charged/discharged during the cycle:

η ds ex = - ∫ tds 0 ṁ⋅Δex⋅dt ΔEx (11) 
The real exergy being discharged from the tank is then:

Ex ds = - ∫ tds 0 ṁ⋅Δex⋅dt = η ds ex ⋅ΔEx = η ds ex ⋅τ u,ex ⋅ΔEx th ( 12 
)
Where ΔEx th writes, using Eqs. ( 4), ( 5), ( 9) and ( 10):

ΔEx th = (A t ⋅L t ) ⏟̅̅ ̅⏞⏞̅̅ ̅⏟ Vt ⋅ [ ε⋅(ρc) f + (1 -ε)⋅(ρc) s ] ⋅ [ (T H -T L ) -T ∞ ⋅ln ( T H T L ) ] (13) 
In order to produce the given discharge exergy of the reference system Ex * ds = (Ex ds ) ES , the volume of the real tank (V t ) * must be corrected with the exergy utilisation ratios and the discharge exergy efficiencies related to the reference tank and the optimised tank:

(V t ) * = (V t ) ES ⋅ (η ds ex ⋅τ u,ex ) ES (η ds ex ⋅τ u,ex ) * ( 14 
)
where the volume of the Eco-Stock® tank (V t ) ES is determined with Eq.

(1).

System boundaries

The scope considered in this study is "cradle-to-grave" analysis (Fig. 4). It includes all the steps from raw material extraction to the endof-life management of the thermocline storage, through manufacturing, transport, construction, use and dismantling. All inputs and outputs of materials and energies to and from the TES system throughout its life cycle are taken into account.

The production step (raw materials + elaboration) includes the materials transport to production site. The system perimeter ends with the landfill or transport of recycled waste to the recycling plant gate. The French energy mix is considered in this study.

The inventory of the different phases of the life cycle is proportional to the optimisation variables. If the tank dimensions and/or the fluid or filler material change, so do the amount of raw materials and pressure losses.

Four LCA indicators have been selected from previous LCA concerning CSP plants and storage systems [START_REF] Heath | Life Cycle Assessment of Thermal Energy Storage: Two-Tank Indirect and Thermocline[END_REF][START_REF] Lalau | May an energy efficiency system be environmentally detrimental? An LCA and net energy approach[END_REF]:

-Cumulative Energy Demand (CED) in MJ eq , -Global Warming Potential (GWP) in kg CO 2 eq , -Abiotic Depletion Potential of mineral, fossil and renewable resources (ADP) in kg Sb eq , -Particulate Matter (PM) in kg PM2.5 eq . Each indicator represents one impact category that assesses effects on resource depletion, climate change, ecosystem quality and human health.

To compare the relative importance of each indicator, it is necessary to normalise them according to the coefficients given in Table 2. This normalisation gives the environmental impacts of the system in equivalent European habitants per year [START_REF]International reference life cycle data system (ILCD) handbook general guide for life cycle assessment: provisions and action steps[END_REF].

Optimisation of the thermocline storage system

Overall structure of the multi-criteria optimisation

Fig. 5 shows the link between the physical and the environmental models, described in the previous sections, based on different inputs and outputs of each model.

Optimisation algorithm

The optimisation problem is to find the optimal values of both shape factors according to given design parameters (Table 3). The parameters are set from the specifications of the thermocline tank to be optimised given in Table 1, i.e. the existing industrial thermocline tank (Fig. 2).

To solve this problem PSO algorithm [START_REF] Kennedy | Particle swarm optimization[END_REF][START_REF] Wang | Particle swarm optimization algorithm: an overview[END_REF], available in Matlab®, was chosen and the default parameters are kept.

The objective function, called the fitness function, includes the two criteria with their respective weighting factors (Eq. ( 15)). The algorithm tries to minimise this function to find the best geometry of the TES system according to the chosen HTF and TESM. LCA criterion includes the four indicators chosen for this study: GWP, CED, ADP of mineral, and PM. It is defined as the sum of these normalised indicators in order to have a single environmental optimisation criterion. In the following sections, this environmental criterion is given for the lifetime of the thermocline TES. fitness = LCA⋅ω LCA -η ex ⋅ω ex [START_REF] Brosseau | Testing of thermocline filler materials and molten-salt heat transfer fluids for thermal energy storage systems in parabolic trough power plants[END_REF] The weight of each criterion allows the relative importance of the two criteria to be varied. In this study, different weighting factors will be used to plot the Pareto fronts of the optimised solutions. The LCA weight is set to unity while the exergy weight ranges from 1 to 10 000 (Table 4).

To resume, the optimisation problem is given by:

Min(fitness) with ⎧ ⎨ ⎩ (Ex ds ) * = (Ex ds ) ES ε = 40% and τ cutoff = 20% T H = 600 • C and T L = 20 • C (16)

Results and discussions

Application to the Eco-Stock® tank

The optimisation method is applied to an existing industrial thermocline tank depicted in Fig. 6. This is an air/ceramic packed-bed system with a maximum storage capacity of 10 GJ (2.8 MWh). Its specifications are reported in Table 5. The thermophysical properties of HTF and TESM are evaluated at average operating temperatures (310 • C). A lifetime of 25 years is assumed.

The physical model developed in [START_REF] Rebouillat | 2nd law analysis of thermoclineheat storage system[END_REF] is applied on this industrial thermocline tank to simulate successive charge-discharge cycles. Fig. 7a presents the simulated temperature profiles at the end of the charging and discharging processes for six successive cycles.

Starting from a fully discharged state (cycle 1), the temperature profiles become less and less steep, cycle after cycle, implying a widening of the thermocline zone, and consequently, a decrease of the thermal energy flowing in and out of the system (Fig. 7b). A stationary periodic evolution is reached after six cycles, with a cycle time (charge/ discharge) of 8.3 hours. The storage performances are evaluated on this last cycle.

LCA is also applied to the reference tank. Table 6 presents the exergy and LCA indicators obtained for the reference thermocline tank. LCA tot. is the sum of the four normalised indicators following the ILCD method [START_REF]International reference life cycle data system (ILCD) handbook general guide for life cycle assessment: provisions and action steps[END_REF].

Single-criterion optimisations

Fig. 8 shows the temperature profiles of the reference and the two optimised tanks as functions of their normalised lengths. The blue, green and red colours refer respectively to the reference tank, the exergyoptimised tank and the LCA-optimised tank. Same colour codes will be used in the following sections.

The two criteria lead to different optimised solutions. This is illustrated by the temperature profiles. The exergy optimisation leads to steeper temperature profiles than those obtained for the reference tank or the LCA-optimised tank. This results in a larger active storage zone, which is bounded by the two temperature profiles obtained at the end of the charging/discharging processes. Consequently, the utilisation ratio (Eq. ( 8)) is much better for the exergy-optimised tank (73.4%) than for the reference tank (56.8%). As the functional unit refers to the same amount of released exergy, better utilisation ratio will lead to smaller tank volume. Looking at the temperature profiles, the LCA optimisation appears to be a compromise between the exergy-optimised tank and the reference tank. A utilisation ratio of 67.5% is obtained. As a first conclusion, it can be stated that both optimisations result in the TES volume reduction, and that the exergy optimisation leads to greater decrease than the environmental optimisation. This better utilisation ratio also implies an increase in cycle durations passing from 8.3 h for the reference tank to 9.7 h for the LCA optimisation and 10.5 h for the exergy optimisation.

To clarify these trends, Fig. 9 presents the four LCA indicators for the reference tank, the exergy-optimised tank and the LCA-optimised tank. For each indicator, the impact of the different life cycle phases is indicated as well as the total normalised environmental impacts (LCA tot.). The transport and end-of-life phases are not very significant with less than 2% of the total environmental impacts. The tank construction accounts for almost 45% of the total impact while the filler material production and the use account for approximatively 29% for all three cases. Note that the use phase impact is much higher for the exergy-optimised tank than for the two other cases. It represents 31% of the total 

Cp f = 1047.6 J⋅kg -1 ⋅K -1 ρ f = 0.595 kg⋅m -3 λ f = 0.045 W⋅m -1 ⋅K -1 μ f = 2.1⋅10 -5 Pa⋅s TESM thermophysical properties (ceramic) Cps = 1076 J⋅kg -1 ⋅K -1 ρ s = 3005 kg⋅m -3 λs = 3.982 W⋅m -1 ⋅K -1
Cut-off rate τ cutoff 20% External shape factor Fe 0.6228

Internal shape factor Fi 0.0156 normalised impacts compared to 16% and 21% respectively for the reference and LCA-optimised tanks. For TESM production, the opposite is observed with 24% of the total impacts for the exergy optimisation and 33% and 29% for the other configurations. The LCA optimisation reduces the normalised environmental impacts to 86 habitants per year, which is 13% less than the impact of the exergy-optimised tank.

The ADP indicator is the most impacting indicator with more than 66% of the total LCA impact. Indeed, the storage tank uses a lot of materials (steel, rock wool, aluminium, bauxite, etc.), components (piping, fans, pump, etc.) during the commissioning phase and energy to operate during its lifespan. The environmental impacts on the ADP indicator is detailed in Figs. 10 and11. The mass of the tank and the filler materials is compared to the normalised impacts of the design phases. The normalised impacts of the tank and the TESM production are proportional to the masses of the various components. The mass of the tank is almost equal for all three cases. The mass of the solid particles is significantly lower in the case of the exergy optimisation, which results in less ADP during the solid particles production phase (Fig. 10). Indeed, the real volume of the exergy-optimised tank is reduced by 23% compared to the reference tank and by 16% for the LCA-optimised tank. However, the ADP induced by the use phase shows substantial differences between the three cases: this indicator is 1.6 times higher for the exergy-optimised tank than for the reference tank and the LCAoptimised tank. This is due to a larger pumping energy consumed by the exergy-optimised tank, which requires a lot of abiotic resources (Fig. 11). This fact is highlighted by analysing the GWP and CED indicators, which each account for slightly less than 10% of the total LCA impact except for the exergy optimisation (Fig. 9). Both indicators are particularly influenced by the use phase of the TES (Fig. 9). In the exergy optimisation, the particle diameter is small (9.1 mm vs. 9.7 mm for the LCA optimisation) but the tank length is large (3.16 m vs. 2.23 m for the LCA optimisation), which leads to high pressure drop in the tank (almost 3 times higher than the LCA optimisation), and therefore a high pumping energy. Fig. 12 shows the evolution of the mass and the real volume of the tank and the energy consumed by the fans. It shows that the mass and volume reduction related to the exergy optimisation is paid by a large increase in pumping energy. As a consequence, the exergy optimisation increases the CED indicator by 1.8 times compared to the LCA optimisation.

The results of the different optimisations are given in Table 7.

Two-criteria optimisation

This section focuses on the combined exergy/LCA optimisation. Fig. 13 shows the Pareto set obtained by varying the exergy weighting factors, and the reference tank indicators. This Pareto set is bounded by the exergy optimisationon the right of the Pareto graphand the LCA optimisationon the left. The results of the reference tank do not belong to the Pareto set. This proves that it is possible to optimise the industrial tank to achieve better storage performances.

The different simulations indicate that the higher the exergy weight, the higher the exergy efficiency, with an exponential increase in environmental impacts. The influence of the exergy weight does not really begin until a value of 100. Looking at the Pareto set, the point [0.970; 87] seems interesting because the environmental impacts remain low for a good exergy efficiency. Indeed, this point is located before a strong degradation of the LCA criterion while being at 0.0017 points away from the exergy efficiency optimum. Thus, the exergy weight of 1000 seems to provide a good compromise for these two optimisation criteria. For this weighting factor, the diameter and the length of the thermocline tank are respectively 2.00 m and 2.31 m for a particle diameter of 8.6 mm. This geometry corresponds to an external shape factor of 0.865 as illustrated below. The different performance indicators and parameters of this tank, named exergy-LCA optimisation, are presented in Table 7 Fig. 14 shows the different shape factors of the 10 weighting factors, the optimised tanks and the reference tank. The internal shape factor evolves between 0.004 and 0.006 as the exergy weighting factor increases. Conversely, the external shape factor decreases from 0.93 to 0.53. As investigated in the single criterion optimisation, it is larger for the environmental optimisation and smaller for the exergy optimisation. Therefore, increasing the external shape factor leads to an increase in the tank length and a decrease in its diameter. To sum up, as the exergy weight increases, the tank and solid diameters decrease, while the tank height increases (Fig. 15). Thence, the tank changes from a square shape (LCA optimisation) to a tapered shape (exergy optimisation).

Conclusion

This work focused on thermocline TES optimisation, combining exergy analysis and LCA. The proposed method is applied to an existing industrial air/ceramic packed-bed TES taking as reference case. The functional unit of the LCA is defined from this reference tank: provide the same discharged exergy during its lifespan.

The exergy optimisation improves the exergy efficiency of the reference TES system by 1.7% but increases its environmental impact by 6%: the CED is twice as high and the other indicators are similar. The GWP, PM, CED and ADP indicators represent respectively 6%, 14%, 14% and 66% of the total environmental impacts of the exergy-optimised tank. With regard to the environmental optimisation, the exergy efficiency is slightly higher than that of the reference tank (96.9% vs 95.6%), and the environmental impact decreases by 5 habitants per year. The GWP, ADP and PM indicators are reduced by almost 9% while CED indicator increases by 12%. Both optimisations lead to decrease the particle diameter, that induces higher pumping power.

This study seeks to find the optimal geometry of the thermocline tank for a given fluid and a filler material. To solve the multi-criteria problem, a PSO algorithm was used. Different weighting factors were tested to find the Pareto set, bounded by the exergy and the LCA optimisation.

With regard to the shape factors, increasing the exergy weighting factor leads to a decrease in the external shape factor. As the internal shape factor remains constant (close to 0.005), this implies a reduction in particle diameter and an increase in tank height. Thence, the shape of the tank changes from a square shape (LCA optimisation) to a tapered shape (exergy optimisation). This also leads to a better utilisation ratio, and consequently to a decrease in the tank volume.

A good compromise for these two optimisation criteria has been selected, corresponding to an exergy weighting factor of 1000. In this The next step will consist to select different HTF and solid filler materials and test them to find the best combination. In order to find the best and the most robust thermocline storage configuration on the Pareto set, multi-criteria decision support methods will be applied. TOPSIS [START_REF] Brans | How to select and how to rank projects: The Promethee method[END_REF], FUCA [START_REF] Mendoza | Selecting the best portfolio alternative from a hybrid multiobjective GA-MCDM approach for New Product Development in the pharmaceutical industry[END_REF] and PROMETHEE [START_REF] Hwang | Multiple attribute decision making: methods and applications : a state-of-the-art survey[END_REF] methods can be used. Thereafter, additional work will solve another multi-criteria 
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Table 1

 1 Independent variables to depict a thermocline TES Design parameters Optimisation variables Theoretical storage capacity Q th (J) External shape factor Fe = Dt/ Lt Porosity of the packing-bed ε (-) Charge or discharge time tc or t ds (h) (target values) Internal shape factor Fi = Ds/ Dt
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 5 Fig. 5. Overall structure of the multi-criteria optimisation with the inputs and outputs of each model
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 6 Fig. 6. Dimensions of the Eco-Stock® thermal storage system
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 7 Fig. 7. Temperature limit profiles (a), Internal energy of the tank (b) for Eco-Stock® tank

Fig. 8 .Fig. 9 .

 89 Fig. 8. Evolution of temperature limit profiles depending on the three studied tanks
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 10 Fig. 10. Environmental impacts of the conception phases (tank and TESM) for the ADP indicator
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 131415 Fig. 13. Pareto graph of exergy/LCA optimisations with different weights

  

  

Table 2

 2 Normalised coefficients of indicators chosen -impacts of annual consumption and waste of an average European

	Impact	Indicator	Unit	Normalisation	Source
	category				
	Energy	CED	MJeq	153 500	Bilan Produit -UE15
					(2011) [39]
	Climate	GWP	kg CO2 eq	9 220	ILCD recommended
	change				normalisation
	Resource	ADP	kg Sbeq	0.101	factors for the EU-
	depletion				27 [38]
	Particulate	PM	kg PM2.5eq	3.8	
	matter				

Table 3

 3 Optimisation problem definition

	Constraints	Variables	Type	Range
	Porosity	External shape factor	Continuous	[0.1; 3]
	Operating temperatures	Internal shape factor	Continuous	[0.0001; 0.5]
	Cut-off rate			

Table 4

 4 Values of the exergy weight tested with PSO algorithm

	Test	#1	#2	#3	#4	#5	#6	#7	#8	#9	#10
	ωex	1	100	200	400	800	1 000	2 000	4 000	8 000	10 000

Table 5

 5 Specifications of the industrial thermocline tank

Parameters of the tank Values Maximum

  

	Porosity ε	40%
	Charge or discharge time tc or t ds (target values)	7.05 hours
	Hot temperature TH	600	• C
	Low temperature TL	20	• C
	Ambient temperature T∞	15	• C
	HTF thermophysical properties (dry air)		

theoretical energy capacity Q th 10 10 J Discharge exergy Ex ds 707 kWh/cycle

Table 6

 6 Results of the two models on the reference tank

	Physical model		LCA	
	η ex	95.6%	GWP (kg CO2 eq )	56 600
	τu,ex	56.8%	CED (MJ eq )	1 080 000
			ADP (kg Sb eq )	6.44
			PM (kg PM2.5 eq )	52.7
			LCA tot. (hab/year)	91

Table 7

 7 Summary of the dimensions, the exergy performances and the environmental impacts of the four different tanks

		Reference tank	Exergy optimisation	LCA optimisation	Exergy-LCA optimisation
	Fe	0.6228	0.5250	0.9250	0.8652
	Fi	0.0156	0.0055	0.0047	0.0043
	Dt (m)	1.92	1.66	2.06	2.00
	Lt (m)	3.08	3.16	2.23	2.31
	Ds (mm)	29.9	9.1	9.7	8.6
	V (m 3 )	8.90	6.82	7.43	7.26
	η ex	95.6%	97.2%	96.9%	97.0%
	τu,ex	56.8%	73.5%	67.5%	69.1%
	t cycle (h)	8.3	10.5	9.7	9.9
	GWP (kg CO2 eq )	56 600	52 900	50 700	50 600
	CED (MJ eq )	1 080 000	2 120 000	1 210 000	1 350 000
	ADP (kg Sb eq )	6.44	6.45	6.04	6.07
	PM (kg PM2.5 eq )	53.7	49.7	47.7	47.7
	LCA tot. (hab/year)	91	97	86	87
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