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Abstract
A number of different technologies have been proposed so far as power production cycles, but none of them is able to efficiently convert heat at temperatures lower than 100°C into electric power. Reverse Electrodialysis (RED) is a promising technology to convert the chemical potential difference of a salinity gradient into electric energy. This technology can be implemented within a closed loop including a heat-driven regeneration unit in order to convert low-grade heat into electricity. In the present work an overview of the possible regeneration methods is presented; the technological challenges for the development of the RED Heat Engine (REDHE) are identified. . The potential of this power production cycle has been mathematically investigated through a simplified mathematical model. In the first part of the work, a number of salts were singularly modelled as possible solute in aqueous solutions feeding the RED unit and the corresponding optimal conditions were recognized via an optimization study. In the second part, three different RED Heat Engine scenarios were studied.
Results show that power densities much higher than those relevant to NaCl-water solutions can be obtained by using different salts, especially those based on lithium ion (i.e. LiBr and LiCl). Results on the closed loop show that the operating conditions maximizing the RED power output might be different than those maximizing the cycle efficiency (calculated as the ratio between the electrical power produced and the thermal power required). For the case of the perspective scenarios, efficiencies up to about 15% were found corresponding to an exergetic efficiency of about 85%, thus suggesting that the RED Heat Engine could potentially be a promising power production cycle.
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INTRODUCTION
[bookmark: _Toc351457095][bookmark: _Toc351457152][bookmark: _Toc351457616][bookmark: _Toc351457874][bookmark: _Toc351458056][bookmark: _Toc351458517]Background
Nowadays the issue of sustainable energy production requires the reduction of fossil fuels dependency through the development of alternative routes based on renewable energies and the optimal use of all the available sources of energy. A special interest is growing towards heat recovery technologies for the utilisation of waste heat from industrial processes [1, 2]. The industrial sector discharges approximately one/third of the energy consumed as thermal losses directly to the atmosphere or to cooling systems [3]: just as an example, in internal combustion engines, cooling water heat does not always find use due to its low temperature, typically around 90 °C, and usually is rejected to the environment despite its high thermal power [4]. There are so many processes where heat is released into the atmosphere without any recovery that a large number of concept ideas have been recently proposed [5-8]. In general, in the world energy scenario, the use of low-grade heat sources is gaining interest in order to increase the overall energetic efficiency of production cycles and provide a low-cost and widely available new source of energy [4, 6, 9, 10]. 
As a matter of fact, interest in renewable energies has grown in the last decades [11] as an alternative to fossil fuels exploitation. In particular, energy from salinity gradient is currently spreading as a valuable alternative to other renewable energy sources. One distinctive advantage of salinity gradient is that it is a dispatchable form of energy, as opposed to the variable and unpredictable nature of the solar and wind energy resources.  The conversion of the chemical potential difference between two solutions with different salinities into energy (Salinity Gradient Power, SGP) is a concept known from a long time [12]. A number of different technologies have been proposed so far to perform such conversion [13-15]: the Pressure Retarded Osmosis (PRO) [16-19], the Reverse ElectroDialysis (RED) [20-26], the vapour pressure difference utilization [27], the capacitive mixing (CAPMIX) based on the double layer expansion [28, 29], the mixing entropy battery [30] and the hydrocratic generators [31]. Among the available SGP technologies RED is emerging as one of the most promising methods for capturing energy from salinity gradients. [32].
RED process is based on the adoption of ion exchange membranes to perform a “controlled” mixing of the two saline solutions, thus allowing the “direct” conversion of the chemical energy into electricity (additional details in section 2.1).
[bookmark: _Ref425004280][bookmark: _Ref388024588]State of the art of alternative thermodynamic cycles and heat engines
The use of low-grade heat sources is one of the main object of interest in the industrial sector as it allows to increase the overall energetic efficiency of production cycles with resulting lower costs. Waste heat from industrial applications is discharged in a wide range of temperature, which affects the potential recovery strategies. A generally accepted classification of waste heat based on temperature is rather difficult to identify. Nevertheless, four different levels of waste heat may be recognised: 
· High Temperature waste heat (> 650°C), essentially related to hot flue gases from industrial furnaces.
· Medium Temperature waste heat (230-650°C), mainly due to exhausted streams e.g. from boilers, heaters and ovens.
· Low Temperature waste heat (100-230°C), from exhausted gases in industrial processes.
· Very Low Temperature waste heat (< 100°C), from cooling water streams in a variety of industrial processes.
Although a large part of heat is generally released at low-temperature range (e.g. about 833 TWh between 50° and 100°C only in the USA [33]), recovery of waste heat has been essentially limited to high and medium temperature ranges, due to the lack of feasible technologies to recover low-T waste heat. In fact, recovery waste of heat at low temperature presents some additional challenges, e.g. a higher risk of fouling and deposition of corrosive substances due to water condensation from exhaust gases.
The traditional technologies proposed to recover waste heat by power generation are based on the production of mechanical energy, then electricity through a turbine, such as steam Rankine cycles and organic Rankine cycles. More recently, a number of novel technologies have been presented to obtain directly electric energy. These are briefly described in the following and summarized in Table 1.
[bookmark: _Ref424303761]Table 1. Current technologies to recover heat via power generation.
	
	Technology 
	Temperature range(*)
	Typical sources of waste heat 
	Ref.

	
	Stirling Engine (SE)
	L, M, H
	Not yet demonstrated in industrial applications
	[34, 35]

	Rankine Cycles
	Steam Rankine Cycle (SRC)
	M, H
	Exhaust from gas turbines, reciprocating engines, incinerators, and furnaces. 
	[36]

	
	Organic Rankine Cycle (ORC)
	L, M
	Gas turbine exhaust, boiler exhaust, heated water, cement kilns 
	[37, 38]

	
	Kalina Cycle (KC) 
	L, M
	Gas turbine exhaust, boiler exhaust, cement kilns 
	[39]

	
	Thermoelectric Generation (TEG)

	M, H
	Not yet demonstrated in industrial applications 
	[40]

	Direct electrical convertor devices
	Piezoelectric generation (PEPG)

	L
	Not yet demonstrated in industrial applications 
	[41]

	
	Carbon Carrier Cycle (CC)

	L
	Not yet demonstrated in industrial applications
	[42]

	
	Osmotic Heat Engine (OHE)

	L
	Not yet demonstrated in industrial applications
	[43, 44]

	
	Accumulator Mixing Heat Engine (AccMixHE)
	L
	Not yet demonstrated in industrial applications
	[45] [46]


(*) L (Low T range): 50 – 230 °C. M (Medium T range):  230 – 650 °C. H (High T range): > 650 °C.

•	Steam Rankine Cycle (SRC). The traditional Rankine Cycle is still the most convenient process for recovery of exhaust streams with relatively high temperatures (300-550°C).
•	Organic Rankine Cycle (ORC). The use of organic fluids is especially suitable for low and medium grade heat conversion (heat source temperature from 100°C to about 300°C), thanks to the vapour-liquid characteristics of such compounds [37].
•	Kalina Cycle (KC). It is a recent variation of the Rankine Cycle based on the use of an ammonia-water mixture as working fluid. The use of a binary mixture allows to increase the efficiency by 15-25% compared to ORCs at the same temperature level. The KC does operate well also at higher heat source temperatures around 500-600°C.
•	Stirling Engine (SE). It is an external combustion engine which may use different heat sources such as solar, geothermal or waste heat. This engine can be used when the heat source temperature is in the range from 120°C (i.e. Low Temperature SE) to 900°C (i.e. High Temperature SE).
•	Thermoelectric Generation (TEG). This technology is based on the property of semiconductors to create electric potential due to a temperature differential (Seebeck effect) [40].
•	Piezoelectric Power Generation (PEPG) with waste heat-powered expansion/compression cycle. Electricity is generated from mechanical vibration thanks to a piezoelectric thin-film membrane. The required ambient vibrations can created by a gas expansion/compression cycle fed by waste heat (150-200°C). Strong technological challenges are still linked to this process [47], such as the possibility of creating high oscillatory frequency.
•	Carbon Carrier Cycle (CC). The authors of the patent claim to achieve efficiencies up to the ideal Carnot efficiency by using this system. Instead of using a condenser, like in the CHP and ORC applications, this technology consists of a carbon dioxide chemical absorption process to create pressure reduction downstream of the turbine [42].
•	Pressure Retarded Osmosis Heat Engine (OHE). The concept is similar to the one presented in this work, but instead of RED the Pressure Retarded Osmosis process is used for converting Salinity Gradient into mechanical and then electrical energy. The oldest literature studies reported theoretical estimated efficiencies in the range of 1-2% with the use of (volatile) ammonia and carbon dioxide mixture and adopting heat at 50°C [43, 44]. More recently, efficiencies of up to 4% were also reported for the case of PRO-Membrane Distillation (MD) hybrid system operated with methanol and LiCl [48] and water and NaCl. 
•	Accumulator Mixing Heat Engine (AccMixHE) [45]. This heat engine is based on the conversion of low grade heat into electricity via the accumulator mixing technology which is used to exploit the salinity gradient between two solutions [46]. Only theoretical efficiencies have been reported in the literature, claiming to be close to the Carnot limit. These have been based on optimistic assumptions of reversible processes, complete utilisation of the theoretically available Gibbs free energy of the solutions and neglecting all sensible heat energy requirements. No figures of expected efficiencies taking into account the technological constraints have been reported so far. 

Only some of these cycles/engines are able to operate at very low temperature level (<100°C). So far, none of these technologies has demonstrated conversion of heat at temperatures below 100oC to electricity at efficiencies and/or costs acceptable by the industry. In this regard, a closed cycle based on the use of Reverse Electrodialysis and theoretically able to operate at very low temperature might be a valid alternative. Therefore, aim of the present work is that of illustrating the technological potential of this closed loop by building up a modelling tool able to provide the first estimations of its efficiency. This will be compared with those relevant to the other technologies described so far.
CONCEPT IDEA: THE REVERSE ELECTRODIALYSIS HEAT ENGINE (REDHE)
The generation of electricity from salinity gradients using a Reverse Electrodialysis device implemented in a closed-loop system here named Reverse Electrodialysis Heat Engine (REDHE) is the focus of the present work. In this concept a limited amount of artificial saline solutions will be used as the working fluids in a closed-loop. The solutions exiting from the RED unit are then regenerated, in order to restore the original salinity gradient (Figure 1).
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[bookmark: _Ref387918184]Figure 1: Simplified scheme of the RED Heat Engine process.

[bookmark: _Ref425090175]RED Heat Engine fundamentals
The RED Heat Engine represents a novel approach to generate electricity from low grade heat in the temperature range of 50 to 100°C (e.g. solar and geothermal energy or waste heat). Foundation of the concept is the Reverse Electrodialysis technology able to convert the salinity gradient into electric energy. A simplified RED process sketch is reported in Figure 2.
When two saline solutions are fed into the stack, the concentration gradient between them forces the ions to move through the membranes. This ionic flux is regulated by ions mobility and membrane permselectivity, i.e. the selectivity towards cation/anion transport through Cation Exchange Membranes/Anion Exchange Membranes, respectively, which generate a net ionic current through the stack. Finally, this ionic current is converted into electric current by means of redox reactions at the electrodes, located at the two ends of the stack, and can be collected by an external load.

[image: ]
[bookmark: _Ref387919150]Figure 2: Sketch of a Reverse Electrodialysis stack.

Many literature works [14, 49-54] have shown that the RED technology can achieve very good performance and reach high power production under specific conditions. For example, high power density values can be achieved by employing saturated brine as concentrated solution and brackish water as diluted solution [55-57], conditions naturally available near saltworks [58, 59].
On the other hand there are some limitations, such as:
-	geographic constraints for the plant location (i.e. availability of significant amount of both dilute and concentrated solutions in the same area); 
-	the potential for energy production is determined by the site conditions including: salinity, temperature and presence of multivalent ions in the natural streams;
-	pre-treatment of the streams aimed at avoiding membranes fouling results into additional costs and energy requirements of the overall process.
The concept idea of REDHE is to overcome these limitations through the development of a stand-alone RED system where a limited amount of purposely selected artificial saline solutions will be used as the working fluids in a closed-loop. 
[bookmark: _Ref387932986]RED Heat Engine challenges
Although the concept of REDHE has been already presented in the recent literature [60, 61], the real potential of such technology is still far from being explored in detail. In this regard, the use of artificial salinity gradient in a closed-loop allows to investigate a variety of non-conventional salt or solvent for the working fluids. Highly soluble salts can be promising alternatives of sodium chloride, provided that optimised membranes for such new salts will be developed. A more detailed investigation on the selection of suitable salt is presented in section 2.2.1.
The selection of different solvents could be also taken into account to enhance the regeneration stage performance. In particular, some organic solvents such as methanol, ethanol, acetonitrile can be explored for such purpose. For instance, the use of a solvent with lower latent heat of evaporation or lower boiling point than water may reduce the regeneration costs, allowing to exploit waste heat at lower temperature range as thermal energy source. In this regard, Shaulsky et al. [48] recently proposed the use of methanol as solvent and LiCl as solute within a closed loop making use of PRO as SGP technology and Membrane Distillation (MD) as regeneration unit.
On the other hand, the use of “unconventional” artificial solutions within a RED unit requires the development of suitable ion exchange membranes. In fact, most of the IEMs currently available on the market are purposely designed for aqueous solutions of sodium chloride. The use of different salt/solvent, including the use of azeotropic water/organic mixtures, may require adaptations and new materials for the membrane compositions, in order to maintain low electrical resistance and high permselectivity in the new process conditions. 
The use of thin membranes has been already proven to benefit the RED process. The development of thinner membranes would allow to increase power densities [54, 62]. Moreover, profiled membranes [63, 64] can be taken into account to improve the overall system fluid dynamics and energy generation performance. In fact, avoiding the use of net spacers is also beneficial to eliminate a major cost element. 
New membrane structures can be also investigated to reduce the osmotic flux, which in fact causes a reduction of the RED process efficiency [65]. In general, the water permeability of the IEM is reduced by increasing polymer cross-linking: however, this causes also an increase of membrane resistance. An alternative approach to the solvent-flow management can be the use of charge-mosaic membranes, i.e. membranes constituted by parallel arrays of cation- and anion-exchange elements [66].
Using new membrane structures and process conditions, a different stack design may be needed for the RED Heat Engine. In particular, different geometrical configurations can be taken into account, in terms of width/length ratio, channel thickness, optimised geometry for profiled membranes, feed streams distribution systems. 
The likely increase of current density due to the artificial solutions may also require a further investigation of the electrode compartments. In this regard, capacitive electrodes [67] could be considered as a promising option for enhanced RED process: in this case, no redox couple is required, thus preventing gas evolution and production of unwanted species from electrode reactions.
Apart from the technological barriers related to the RED stage, a careful study of the regeneration stage is required to enhance the efficiency of the overall process. A separation process for regenerating the artificial salinity gradient can be based either on the extraction of salt from the outlet dilute solution (FLOW,out stream in Figure 1), or on the extraction of solvent from the outlet concentrate solution (FHIGH,out stream in Figure 1). Therefore, two different regeneration strategies can be identified: the “solvent extraction” and “salt extraction” processes which will be better described in the following section. 
The main technological challenges for the development of the RED heat engine are summarised in Table 2.
[bookmark: _Ref424726967]Table 2: Technological challenges for the development of RED heat engine.
	Component
	Technological challenges
	Possible alternatives

	Working fluids
	Increasing power density
and efficiency of the closed-loop process
	· high soluble salts (e.g. LiBr, LiNO3, KC2H3O2) (see next section)
· thermolytic salts (NH4HCO3)
· Use of organic solvents (e.g. methanol, ethanol, acetonitrile)

	Ion exchange membranes
	Development of suitable membranes for RED heat engine
	· new IEMs to be designed according to the adopted working fluids
· profiled membranes
· better membranes for controlling osmosis

	Stack design
	Improving design for RED heat engine
	· Modifying aspect ratio
· Improving geometry of profiled membranes
· Optimising feed streams distribution systems

	Electrode system
	Selection of new redox processes and electrodes for artificial solutions
	· new electrode system for reaching higher current density conditions
· use of capacitive electrodes

	Regenerative process
(see section 2.3)
	Selection of suitable process for regenerating working fluids by low-T waste heat
	· solvent extraction 
· salt extraction

	Overall process
	High energy efficiency 
	· suitable working fluids to enhance power density
· cost-effective regeneration process



[bookmark: _Ref425098133]Selection of new salts for the RED Heat Engine
The performance of all electrochemical processes is strongly affected by the physical properties of electrolyte solutions, especially when highly concentrated solutions are used. In general, a suitable salt for RED applications should have:
· High solubility in water. Solubility in water defines a clear physical threshold to the maximum concentration exploitable for salinity gradient, thus increasing the driving force for RED process. The solubility of sodium chloride in water is sensibly high, being 5.5 M (36 gr. salt/100 gr. water) at 25°C [68]. Other inorganic salts, such as LiClO3 and LiCl have a remarkably higher solubility [68] than NaCl (i.e. about 3 times).
· High equivalent conductivity of the aqueous solution. The equivalent conductivity has a strong impact on stack resistance, being most likely the highest contribution to the overall internal resistance [69]. In this regard, it is worth noting that the NaCl gives rather highly conductive aqueous solution, compared to other common inorganic salts.
· Large activity coefficients ratio. The generated electromotive force within the RED unit is strongly dependent on the ratio between HIGH and LOW activities (see Nernst equation, Eq. 3.4). Some salts can present a very beneficial behaviour in terms of activity vs concentration, which tends to enhance the activity ratio and, thus, the e.m.f. of the generator.
Based on such properties, 16 monovalent salts have been selected (on the basis of their solubility and conductivity in water) and compared with sodium chloride (Table 3). The use of bivalent salts were not taken into account, as bivalent ions are generally responsible for increasing the membranes resistance [24, 70]. 
[bookmark: _Ref424743663]Table 3: List of suitable salts for use in RED engine.
	Salt
	Formula
	Molecular weight
	Solubility in water 
at 25°C *
(mol/l)
	Conductivity of saturated solution at 25°C *
(mS/cm)

	Ammonium Bromide
	NH4Br
	97.94
	6.39
	390.5

	Ammonium Chloride
	NH4Cl
	53.49
	5.74
	388.6

	Ammonium Bicarbonate
	NH4HCO3
	79.06
	2.68
	116.8

	Ammonium Nitrate
	NH4NO3
	80.04
	11.70
	353.1

	Lithium Bromide
	LiBr
	86.84
	13.13
	189.4

	Lithium Chlorate
	LiClO3
	90.39
	15.31
	14.9

	Lithium Chloride
	LiCl
	42.39
	14.76
	163.2

	Lithium Nitrate
	LiNO3
	68.95
	10.11
	81.7

	Potassium Acetate
	KC2H3O2
	9884
	12.32
	88.6

	Potassium Bromide
	KBr
	119
	4.97
	370.1

	Potassium Chloride
	KCl
	74.55
	4.15
	298.4

	Potassium Fluoride
	KF
	58.1
	13.88
	265.2

	Potassium Nitrate
	KNO3
	101.1
	3.31
	192.3

	Sodium Bromide
	NaBr
	102.89
	7.46
	262.3

	Sodium Chlorate
	NaClO3
	106.44
	7.27
	162.0

	Sodium Chloride
	NaCl
	58.44
	5.50
	239.7

	Sodium Nitrite
	NaNO2
	68.99
	10.15
	47.0


* Source: [68, 71].
In this regard, a model is proposed in section 3.1 to estimate the maximum power production by reverse electrodialysis using one of these different salt-water solutions.
[bookmark: _Ref425099574]Regeneration strategies
In the RED stack, a transfer of not negligible amount of salt and solvent occurs: the salt is transferred from the concentrated solution to the dilute one, while the solvent is generally transferred due to the lack in ideality of the ionic exchange membrane from the diluted solution to the concentrated one. Due to this transfer, the salt concentration of the solutions exiting the RED stack is different from that of the feeding solutions. The regeneration stage is devoted to restore the concentrations of the exiting solutions to the initial ones. This result can be achieved by extracting one of the two components constituting exiting solution, i.e. the either solvent or the salt. The component extracted is eventually employed to restore the solutions to the desired concentrations. The two possible extractions results into two possible schemes for the RED Heat Engine. 
Solvent extraction
The RED closed loop with the “solvent extraction” process layout is outlined in Figure 3. The amount of salt transferred in the RED stack from the concentrate solution to the diluted one is rebalanced by the preliminary addition of stream F1 to F2. Then stream F2 undergoes the necessary solvent excess extraction, which results into two exiting streams, i.e. a solute-rich stream (F5) and a solute-free (F4), which regenerate the two input streams necessary for RED system operation.
The by-pass stream F6 is included to allow the reduction of the flow rate entering the regeneration stage, thus resulting into a decrease of heating requirements.
[image: ]
[bookmark: _Ref387923229]Figure 3: Conceptual scheme of RED Engine process with solvent extraction as regeneration stage.

The following alternatives may be employed as solvent extraction strategies: 
a)	Evaporative separation processes. Both conventional and more innovative processes can be employed, such as Multi Effect Distillation (MED) and Membrane Distillation (MD). These are the most efficient and the most innovative technology in the desalination industry, respectively [72]. A well-known evaporative process such as MED may be considered as a benchmark technology for comparisons with other ground-breaking alternatives.
b)	Liquid-Liquid extraction process. This idea is based on the use of an organic solvent able to extract water from the concentrate loop. The water/solvent mixture has to be then separated by an energy-efficient thermal evaporative process.
c)	Azeotropic mixture separation. The use of homogeneous (organic solvent also present in the RED streams) or heterogeneous (organic solvent not miscible with the water solution present only in the regeneration stage as a water vapour pressure enhancer) azeotropic mixtures can also be used for reducing the temperature level and the energy requirements of the evaporation stage, allowing new possibilities for enhancing the thermal efficiency of the separation. In case of homogeneous azeotropic mixtures, also the effect of the presence of the organic solvent on the performance of the RED unit should be taken into account.
d)	Absorption/desorption and adsorption/desorption cycles (i.e. adsorption desalination [73]). These alternatives are based on the use of absorption/desorption or adsorption/desorption cycles typically developed for heat pumps and dewatering processes. Systems like LiBr-water solutions, or zeolitic adsorption beds in different configurations could be suitable for the coupling with the RED stage, aiming at a low energy consumption in the separation step.
e)	Extraction by Forward Osmosis using T-sensitive drawing agents. As suggested in literature [74-76], forward osmosis can be used for water separation and, using “T-sensitive” (smart hydrogels or organic drawing solutions or switching solubility solvents) as drawing agents, will allow water removal with low-T heat as energy input [77]. This allows for the recovery of the solvent at very low temperature (about 40°C).
Salt extraction
The RED closed loop with the “salt extraction” process layout is outlined in Figure 4. The amount of salt transferred in the RED stack from the concentrate solution to the diluted one is extracted from the dilute stream F2 in the salt extraction unit. This results in two exiting streams, i.e. F5 containing only the solute and F4, a solvent rich stream, which regenerates the two input streams necessary for RED system operation.
Notably, the same streams nomenclature as that of Figure 3 was employed for the sake of coherency: therefore, F5 represents the extraction stream (the solute-free stream in Figure 3, the solvent-free stream in Figure 4) in both cases, F4 is the other stream exiting from the regeneration stage, F1 is the recycle stream, F2 is the stream entering in the separator and so on.
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[bookmark: _Ref387923795]Figure 4: Conceptual scheme of RED Engine process with solute extraction as regeneration stage.

Two main alternatives were identified as possible solute extraction strategies: 
a)	Use of thermolytic salts [43, 78, 79]. Thermolytic salts can be converted into gaseous compounds (e.g. NH4HCO3 into NH3 and CO2) by increasing the temperature of the solution. Removal of gases, with a subsequent re-solubilisation in the concentrate loop can allow the regeneration of the two solutions adopting a heat source in the temperature range of 50-60°C [61, 80, 81].
b)	Salt precipitation processes. The addition of a compound (solid or liquid) with anti-solvent properties can generate salt precipitation from the dilute solution [82]. The anti-solvent agent has to be then thermally-separated from the solution and recycled back for the precipitation process. The agent could be a switchable-solubility salt, which can change its polarity and, therefore, its solubility in aqueous solutions within carbonation/de-carbonation and heating/cooling cycles [83].
RED HEAT ENGINE MODELLING
[bookmark: _Ref424743767][bookmark: _Ref351373093][bookmark: _Toc351457101][bookmark: _Toc351457158][bookmark: _Toc351457625][bookmark: _Toc351457883][bookmark: _Toc351458057][bookmark: _Toc351458526]Modelling of the RED process with different salts
In this section, a simplified model employed for the RED unit is presented. In particular, the aim of the model was to evaluate the optimal feed concentration for both dilute and concentrated streams that maximizes the power output, using each of the solutes reported in Table 3 and water as solvent. The properties of solutions were estimated through generalized correlations that allowed to take into account the use of different salts. As a result, the model provides a preliminary estimation of the potential applications of different artificial salt solutions for the RED heat engine. 
Given the large number of test cases investigated, a simplified model whose adopted, whose specific assumptions are detailed in the following:
a) all solutions and cell pairs variables are evaluated at the average conditions between inlet-outlet of the feed channels;
b) membrane properties (permselectivity, resistance) are kept constant (i.e. independent of the selected solute);
c) solvent transport through membranes is neglected;
d) polarization phenomena are neglected;
e) ideal current distribution (i.e. no parasitic currents).
Among the aforementioned assumptions, one of the strongest is certainly the definition of constant membranes properties. In fact, IEMs properties can change significantly when changing the type of salt [84] and its concentration. However, the lack of reliable information in the literature regarding membrane properties with different salt solutions, leads to the need of adopting the experimental information available for the case of NaCl solutions [55]. 
The physical properties of solutions have been estimated in terms of activity coefficients, equivalent conductivity and density. In particular, activity coefficients are calculated through the correlation proposed by Staples [85]:

								(3.1)
where Aγ = 1.17625 kg1/2 mol-1/2, m is the molality of the solution (equal to the ionic strength, for 1:1-valent electrolyte [86]), z+ and z- are the cation and anion valence numbers, respectively. The coefficients Bγ, Cγ, Dγ, Eγ are evaluated for each investigated salt by fitting experimental data collected from the literature [71]. 
The equivalent conductivity is estimated by means of Jones and Dole’ equation [87]{Jones, 1934 #1479}:

								(3.2)
where Λ0  is the equivalent conductivity of salt at infinite dilution, AΛ, BΛ, CΛ are model parameters used for fitting, and C is the molar concentration. The negative term proportional to the concentration in eq. (3.2) allows this correlation to be in good agreement with experimental data for highly concentrated solutions{Jones, 1934 #1479}. The agreement with the experimental data for some investigated salts is shown in Figure 5.
The solutions density has been estimated as a linear function of molal concentration for both dilute/concentrated solutions:

								(3.3)
where ρ0  is density of pure solvent at 25°C, and the slope of the line was evaluated by fitting experimental data from literature [71]{Lobo, 1989 #1498}.
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[bookmark: _Ref444870996]Figure 5: Estimated properties for some of the investigated aqueous solutions at 25°C. A) Mean activity coefficient. B) Conductivity. Symbols: experimental data [71]. Lines: model predictions.

The cell pair voltage (Ecell) is determined by Nernst equation [88]{Lakshminarayanaiah, 1965 #2}:


								(3.4)
where R, T and F have their usual meaning, αAEM, αCEM are the permselectivity of AEM and CEM, and the subscripts HIGH and LOW refer to concentrated and dilute streams, respectively. For the sake of simplicity, the effect of salt nature/concentration on permselectivity has been neglected, assuming constant values of 0.65 and 0.90 for AEM and CEM permselectivity, respectively. These values were experimentally measured for Fujifilm membranes using 0.5 M NaCl - 4 M NaCl solutions [55].
The electrical resistance of both solutions are evaluated according to Ohm’s law:


								(3.5)

							(3.6)
Where δLOW, δHIGH are LOW and HIGH compartment thicknesses, while sf (spacer shadow factor) is a geometric constant accounting for the presence of a non-conductive spacer inside the channels (sf = 1.56 for the adopted 270 µm woven spacer). Therefore, the electrical resistance of the whole cell pair is given by:

								(3.7)
where RAEM, RCEM are AEM and CEM resistance, respectively.
The total stack resistance is evaluated as:

								(3.8)
where N is the number of cell pairs, and Rblank is the electrode compartments resistance (blank), which is considered as a constant based on previous experimental results (Rblank = 0.4 Ω [55]{Tedesco, 2014 #1477}).
The Open Circuit Voltage (OCV) can be defined as the voltage arising from N cell pairs in zero-current conditions:

								(3.9)
The stack voltage is evaluated as sum of all cell pair voltage minus the internal ohmic losses:

								(3.10)
where j is the electrical current density through the stack, given by:

								(3.11)
where Rext is the external load of the system. It is possible to demonstrate that the maximum power output is approximately reached when the external load is equal to the stack resistance [69]{Veerman, 2009 #34}. Therefore, the following condition has been added to the model to estimate the maximum power output:

								(3.12)
The salt flux through membranes can be estimated as

								(3.13)
where Dsalt is the salt permeability coefficient through membranes and δm is IEM thickness. The salt permeability coefficient has been assumed as constant (Dsalt = 10-12 m2/s). In fact, in practical conditions of RED process with highly concentrated solutions,the diffusion term in eq. (3.13) has a minor role with respect to the migration term, due to the permselectivity of the membranes. Therefore, the assumption of a constant salt permeability coefficient can be assumed as reliable, as demonstrated in previous works [55].
The overall mass balance in the concentrate compartment is given by:

							(3.14)
In eq. (3.14), A is the membrane active area and Q is the volumetric flow rate in a single compartment, while CHIGH,out and CHIGH,in are the outlet and inlet concentration for the concentrated stream, respectively. Likewise, a mass balance for the dilute stream can be written (with opposite sign for salt flux).
Finally, the specific power per cell pair area (power density) is evaluated as:

							(3.15)
The overall set of equations  was implemented in a solver software especially suitable for optimization problems (GAMS [89]{, 2013 #1502}). This software allowed to find the optimal values of feed concentration (CLOW,in and CHIGH,in) that maximise the power density (eq. 3.15) for each investigated salt. The only constraint for this optimisation study is that CHIGH,in must be lower than the salt solubility limit. Relevant results will be discussed in section 4.1.
Notably, given the preliminary nature of the present work, simulations were arbitrarily performed on a typical lab-scale RED unit (10x10 cm2, 10 cell pairs): this choice leaves the possibility of a comparison with experimental data available on the RED unit and future data purposely collected on the closed loop.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Closed loop mass balances and constraints
The developed model for the RED stage (section 3.1) was used for evaluating the power production of a RED heat engine using different type of salt solutions. The same model is here coupled with simple additional mass balance equations for the process schemes presented (Figure 3 and Figure 4), in order to calculate the energy efficiency of whole RED heat engine.

Once the RED unit model of section 3.1 is used, all the streams ingoing and outgoing the RED stack are known. The other streams have to be calculated from the mathematical system resulting from the mass balances. As already mentioned in section 2.2, a by-pass stream (F6 for the solvent extraction scheme, F3 for the salt extraction scheme) is employed to reduce the flow rate entering the regeneration unit. The presence of this stream causes the system to have a degree of freedom. Therefore, a condition in the separation stage has to be fixed in order to close the mathematical system. Thus, “a” named separation ratio was defined as . A similar parameter was already chosen for the mass balances of a PRO-MD hybrid system [3]: in that case the parameter chosen is the ratio between the solvent extracted and the inlet of the regeneration unit.
The value of parameter a cannot be chosen arbitrarily as some different constraints have to be simultaneously fulfilled in order to obtain a physically sound mass balance closure. Such constraints depend on the specific closed loop scheme employed and are summarized in Table 4. 
[bookmark: _Ref476732601]Table 4: Constraints for the separation ratio “a” estimation
	Closed-loop scheme
	Constraint 1
	Constraint 2
	Constraint 3

	Solvent extraction
	F5 > 0
	F6 > 0
	c5 < csaturation 

	Salt extraction
	F3 > 0
	F4 > 0
	c4 > 0 



Closed loop efficiency
A theoretical estimation of the energy efficiency is presented in this section in order to demonstrate the potential application of RED heat engine systems, and provide indications for further development of the process. 
The energy efficiency of RED heat engine (η) has been evaluated as:

							(3.16)
where P is the electric power produced by the RED unit, while wh is the thermal power supplied as waste heat in the regeneration stage. 
Apart from the energy efficiency, the performance of RED heat engine has been evaluated also in terms of exergetic efficiency. Exergy (or “available work”) of a system is defined as the maximum theoretical amount of work achievable when a heat flow is converted into power in a generic thermodynamic cycle. Therefore, it can be seen as a form of energy that accounts for the “grade” at which the energy is available, providing a correct measure of the potential work of heat. 
For RED Heat Engine, the power output of the cycle (i.e. electric energy) can be considered as pure exergy. The power input (thermal energy) has an exergetic content that depends on the temperature level of the heat source: the higher the heat source temperature, the higher is the exergetic content of the heat and therefore the theoretical work obtainable. It can be demonstrated that the exergetic efficiency (ηex) is practically equal to the ratio of the energy efficiency of the heat engine (η) and the corresponding Carnot efficiency:

																				(3.17)
All the equations reported so far were implemented within a Microsoft Excel® spreadsheet along with macros purposely developed to carry out a sensitivity analysis of the cycle performance parameters (power density and efficiency): the effect of solution concentrations and flow velocities were investigated. 
RESULTS AND DISCUSSION
[bookmark: _Ref424746791]Performance of RED unit with different salts
The developed simplified model was used to investigate the maximum power density achievable with a lab-scale RED unit (10x10 cm2, 10 cell pairs) using different salts (Table 3). In particular, the model allows to compare the behaviour of different salts with respect to the case of sodium chloride.
Figure 6 shows both the maximum power density, the open circuit voltage (OCV) and the energy production per mole of transported salt (, achievable with different salt solutions: the case of sodium chloride is highlighted since it is adopted as a benchmark.
Figure 6 clearly shows that different salts solutions give a maximum power density significantly higher than NaCl case. In particular, the use of some salts, such as LiBr, can lead to power output more than 6 times higher than conventional NaCl solutions. In some cases, as for lithium nitrate (LiNO3) and potassium acetate (KC2H3O2), the significant enhancement in power output is due to a combined effect of higher OCV and lower stack resistance with respect to NaCl case. Figure 6C reports the energy production per mole of transported salt : it is a useful information as it indicates the limit for the specific energetic consumption required by the regeneration step. As it can be seen, the salts providing the highest OCV corresponds to those providing the highest  as expected.
These predictions strongly depend on the properties of the available membranes. As a matter of fact, commercial ion exchange membranes cannot operate with such high performance using non-conventional salts solutions. Therefore, the development of new membranes purposely designed for different salts could be crucial to exploit the benefit of artificial salinity gradients. 
Figure 7 shows the optimal feed concentrations evaluated by the model for both concentrate and dilute. As it can be seen, the simplified model is able to predict that, for the case of the NaCl, the maximum Pd is achievable at the highest value of CHIGH and at CLOW of about 0.08 M as expected on the basis of predictions from more detailed and experimetally validated models [55, 56]. For most of the investigated salts, the model predicts an optimal CHIGH equal to the solubility limit in water at 25°C. This limit was set as a physical constraint for the model in the optimisation study. As a result, a feed concentration as high as possible for the concentrate is preferable in most cases for enhancing the power output. However, such statement is not generally true, as some salts (e.g. LiClO3, LiCl, NaNO2) show an optimal concentration significantly lower than the solubility limit. For these salts, a further increase of the feed concentration would cause a reduction of the power output achievable: this is likely due to the formation of ionic couples leading to an increase of the stack resistance despite the higher salt concentration. Regarding the dilute stream, the optimal concentration lies in a relatively narrow range for all the investigate salts, i.e. between 0.01 M and 0.15 M.
The areal resistance of cell pair components (CEM, AEM, dilute and concentrate) are shown in Figure 8. While the resistance of the concentrated solution is practically negligible in all cases, the dilute channel resistance is the main contribution to the overall stack resistance for some salts. 
The model predictions shown in Figure 8 are obtained assuming constant resistance for the ion exchange membranes, according to the properties of Fujifilm membranes in 0.5M – 4M NaCl solutions [55].
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[bookmark: _Ref476733809][bookmark: _Ref424752021]Figure 6: Max power density (A), OCV (B) and gross energy production per mol of transported salt (C), achievable using different saline solutions. Simulations of a RED unit (10x10 cm2, 10 cell pairs) equipped with Fujifilm membranes (αAEM = 0.65, αCEM = 0.90; RAEM = 1.55 Ω cm2; RCEM = 2.96 Ω cm2, δIEM = 125 μm), 270 μm woven spacers. T = 25 ˚C; vHIGH = vLOW = 1 cm/s. NaCl case is highlighted as a benchmark.
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[bookmark: _Ref424752170]Figure 7:  Optimal feed concentration for concentrate (top) and dilute (bottom). Simulations of a RED unit (10x10 cm2, 10 cell pairs) equipped with commercial membranes (αAEM = 0.65, αCEM = 0.90; RAEM = 1.55 Ω cm2; RCEM = 2.96 Ω cm2, δIEM = 125 μm), 270 μm woven spacers. T = 25 ˚C; v = 1 cm/s.
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[bookmark: _Ref424752383]Figure 8: Area resistances of cell pair components using different salts. The electrical resistance of AEM and CEM is assumed as constant. Simulations of a RED unit (10x10 cm2, 10 cell pairs) equipped with commercial membranes (αAEM = 0.65, αCEM = 0.90; RAEM = 1.55 Ω cm2; RCEM = 2.96 Ω cm2, δIEM = 125 μm), 270 μm woven spacers. T = 25 ˚C; v = 1 cm/s.

[bookmark: _Ref424749847]Closed loop results
In this section some results relevant to the RED closed-loop are presented. Closing the loop means adding a regeneration unit to the RED stack to restore the salinity gradient. It is difficult to estimate the thermal requirements of a regeneration unit fed with unconventional salty solutions, and an erroneous estimate might weaken the soundness of the perspective analysis to be performed. Thus, for the case of the solvent extraction strategy, only NaCl solutions were investigated since thermal duties can be easily evaluated on the basis of conventional desalination technologies requirements. Conversely, for the case of the salt extraction scheme, where no conventional technologies exist, it was decided to investigate thermolytic salt – water solutions as amply suggested in literature [43, 61, 78, 80, 90]. 

Closed loop results are presented in the following in the form of three different case studies. 
CASE I) In the first case study, the solvent extraction scheme was adopted. The data input of the RED model are those relevant to a RED unit employing water-NaCl solutions with conventional (i.e. commercial [55]) membrane features. As concerns the regeneration step, the Multiple Effect Distillation (MED) technology was selected. Conventional MED plants require 40 to 50 kWhth/m3 of distillate [72]: for the present case, a value of 40 kWhth/m3 of distillate was adopted. 
CASE II) The second case study is similar to Case I, with improved features as inputs, such as: (i) membranes with higher efficiency (i.e. high permselectivity and low electrical resistance) for the RED unit and (ii) a MED regeneration unit with very low thermal energy requirements. Numerical details are reported in Table 5. In particular, the membrane properties reported in Table 5 for Case II are not so different from those of Case I and can be reasonably considered as achievable technological targets in the foreseen future. For instance, the permselectivity of AEM was increased from 0.65 (Case I) to 0.90 (Case II), which is the same value already achieved for CEM [55]. Similarly, the electrical resistance of the CEM could be reduced to that already achieved for the AEM. Also, the membrane thickness of 150m would be feasibly reduced of three times (commercial membranes even 10 m thick already exist), thus correspondingly reducing the electrical resistance. Notably, also for the case of the Osmotic Heat Engine, many perspective results are very often shown in the literature: such results are based on the development of membranes able to face very high pressure differences [3, 32, 48]. Some feasible targets could also be imagined for the case of the regeneration technology: the use of co-solvents or azeotropic mixtures reducing both the boiling temperature and requirements could reasonably lead the heating requirements to the value of 25kWhth/m3 of evaporated solvent at 90°C of the heat source: this value was obtained in the framework of the EU-H2020 RED Heat-to-Power project [91].
CASE III) The last case study is relevant to the salt extraction scheme. In particular, the use of thermolytic ammonium bicarbonate was taken into account. The selection of ammonium bicarbonate is related to its thermolytic properties: this salt decomposes below its melting point, dissociating into ammonia, carbon dioxide and water when heated at temperature above 36°C [92]. As a result, ammonium bicarbonate solutions can be ideally regenerated at very low temperature (~50°C). In a closed-loop RED system, the use of ammonium bicarbonate could be an interesting option to reduce regeneration costs and achieve interesting efficiencies. On the other hand, NH4HCO3 has a rather poor solubility in water (~2.7 mol/l at 25°C [68]), which limits the salinity difference for the RED process. In this regard, a maximum power density of 0.33 W/m2 of membrane was reached by Luo et al. [61] using 0.02 M NH4HCO3 and 1.5 M NH4HCO3 solutions as dilute and concentrate, respectively [61]. Conversely, an about four times higher value (i.e. ≈1.2 W/m2) was very recently achieved by Bevacqua et al. [80] for the case of 0.02 M as dilute and 2 M as concentrate. Intermediate values between the above were found by other authors [81, 90]. For its peculiar thermolytic properties, NH4HCO3 has been investigated also in other novel applications for power production, namely microbial RED cells [93, 94] and osmotic heat engines [43, 44]. The membrane features were set equal to those of Case II: such features may be considered feasible on the basis of data reported in the literature for membranes which are not optimized for the case of NH4HCO3-water solutions [80, 84].
Since the regeneration of NH4HCO3-water solutions is not a conventional process, its thermal duty was estimated based on the enthaply of formation of the salt. More precisely, the enthalpy of formation is +125 kJ/mol and the mixing enthalpy is -25 kJ/mol [92, 95]. Therefore, a total amount of energy of about 100 kJ/mol (i.e. 0.028 kWh/mol) of salt is required in the regeneration stage, which was assumed to operate at 60°C. Heating from 25° to 56°C for the dilute solution fed to the regeneration unit (stream F2 in Figure 4) could be obtained by a suitable thermal integration of the process, while the remaining temperature increase of 4°C can be provided by an additional fraction of thermal energy. The value of the separation ratio “a” was chosen according to the physical constraints reported in section 3.2.2 and in order to guarantee that F2 contains a 15% excess of salt concentration with respect to the salt content to be recovered in the regeneration unit. Numerical details are reported in Table 5.
For each scenario, a sensitivity analysis was carried out: the influence of feed solution concentration and velocity was investigated. The model input for the three different cases along with the sensitivity analysis data are detailed in Table 5.





[bookmark: _Ref424753507][bookmark: _Ref424757103]Table 5: Overall conditions for the sensitivity analysis of the three scenarios of the RED heat engine.
	
	
	Case study I

Section 4.2.1
	Case study II

Section 4.2.2
	Case study III

Section 4.2.3

	
	Case study typology
	Current state
	Foreseen future
	Foreseen future

	
	Waste heat source temperature (°C)
	90
	90
	60

	RED stage
	
	
	
	

	
	Salt
	NaCl
	NaCl
	NH4HCO3

	
	AEM permselectivity αAEM (-)
	0.65 [55]
	0.90
	0.90

	
	CEM permselectivity αCEM (-)
	0.90 [55]
	0.90
	0.90

	
	AEM electrical resistance RAEM (Ω cm2)
	2.96 [55] 
	0.50
	0.50

	
	CEM electrical resistance RCEM (Ω cm2)
	1.55 [55] 
	0.50
	0.50

	Regeneration stage
	
	
	
	

	
	Typology
	Solvent extraction
	Solvent Extraction
	Salt Extraction

	
	Technology
	MED
	MED
	Thermal degradation

	
	Energy consumption 
	40 kWhth/m3 of extracted solvent [72]
	25 kWhth/m3 of extracted solvent
[91]
	100 kJ/mol of extracted salt [92] plus an additional energy to heat F2 of 4°C

	Sensitivity analysis
	Parameters and variation range
	
	
	

	
	CHIGH,in (mol/l)
	1.0÷5.0
	1.0÷5.0
	1.0÷2.5

	
	CLOW,in (mol/l)
	0.01÷3.0
	0.01÷3.0
	0.01÷2.0

	
	vHIGH,in (cm/s)
	0.1*÷3.0
	0.1*÷3.0
	0.1*÷3.0

	
	vLOW,in (cm/s)
	0.1*÷3.0
	0.1*÷3.0
	0.1*÷3.0


*velocities lower than 0.1 cm/s were not investigated to avoid possible high concentrations polarization issues which are not taken into account by the present model [96].

[bookmark: _Ref424751711]Closed loop - CASE I: Conventional features of RED and MED technology
A bidimensional sensitivity analysis was performed. As a first case, the effect of the feed solution concentrations on power density and cycle efficiency was investigated (Figure 9). Figure 9A shows that the maximum Pd,corr is achievable at the same operating conditions (i.e. values of CHIGH,in and CLOW,in) provided by the optimization software GAMS® for the open-loop configuration. Data at CLOW,in > CHIGH,in were not reported as the constraints for the parameter a were not satisfied. At very low values of CLOW,in , the dilute channel resistance is prominent with respect to the higher OCV, while the opposite occours at larger CLOW,in. This results into a non-monotonic dependence of Pd,corr on CLOW,in, as expected. More interestingly, a different colourmap is observable in Figure 9B for the case of the cycle efficiency : the maximum is reached at highest value of CHIGH,in (i.e. 5M) and at CLOW,in of about 2.2 M. At a given CLOW,in value, the higher the CHIGH,in, the higher the efficiency (e.g. see Figure 9D), while at a given CHIGH,in value, the trend CLOW vs  exhibits a maximum (e.g. see Figure 9C). On the one hand, as CLOW,in increases, the salt flux through the IEM membranes decreases and there is a lower amount of salt to be restored; also, FLOW,out is more concentrated. These two factors lead to a reduction of F1 as CLOW,in increases, thus corresponding to a decrease of the Qwh required. On the other hand, an increase of CLOW,in corresponds to a reduction of the driving force as well as of Pd,corr. The co-existence of these two competitive results into the non-monotonic dependence of  on CLOW,in at a given CHIGH,in.
Figure 10 shows the dependence of Pd,corr (Figure 10A) and  (Figure 10B) on the solutions feed velocity. As it can be seen, there is not a significant effect, especially for the case of vHIGH,in: at a given value of vLOW,in, Pd,corr is very poorly dependent on vHIGH,in, while  is practically independent (e.g. see Figure 10D). The effect of vLOW,in on Pd,corr and  is also low, but it is more pronounced than that of vHIGH,in (see also Figure 10D). A strong effect is visible only at very low values of vLOW,in where both the two performance parameters exhibit a sharp variation: as vLOW,in decreases, Pd,corr rapidly decreases, while  strongly increases. As already observed for the case of CLOW,in, Pd,corr exhibits a non-monotonic behaviour with vLOW,in, the first derivative at low vLOW,in is positive because the electric resistance increase of the dilute channel due to the decreasing residence time is less prominent than the OCV increase. Conversely, at higher vLOW,in, the resistance increase due to the residence time reduction becomes more important. As concerns the cycle efficiency , the higher is vLOW,in, the higher the stream F1 flow rate, thus leading to an increase of the energy Qwh and to a consequent reduction of . In this case, the variation of Pd,corr, is so slight that the cycle efficiency is controlled only by the wh variation.
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[bookmark: _Ref424756031]Figure 9: Closed loop Case I sensitivity analysis: influence of solution concentration. (A) Pd,corr vs CHIGH,in and CLOW,in; (B)  vs CHIGH,in and CLOW,in; (C) Pd,corr and  vs CLOW,in at CHIGH,in = 5 M; (D) Pd,corr and  vs CHIGH,in at CLOW,in = 2.2 M. Simulations of a RED unit (10x10 cm2, 10 cell pairs) equipped with commercial membranes (αAEM = 0.65, αCEM = 0.90; RAEM = 1.55 Ω cm2; RCEM = 2.96 Ω cm2), 270 μm woven spacers. T = 25 ˚C; vHIGH,in = vLOW,in = 1 cm/s. Solvent extraction scheme. Regeneration requirements of 40 kWhth/m3 of extracted solvent. 

Summarizing, Pd,corr can be maximized by keeping CLOW,in and solution feed velocities in the proximities of the lower limit investigated here. Conversely,  is maximized by intermediate CLOW,in and vLOW,in as low as possible. For all cases, CHIGH,in must be as high as possible, yet lower than its saturation value to avoid undesired precipitation.
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[bookmark: _Ref424756213]Figure 10: Closed loop Case I sensitivity analysis: influence of solution velocity. (A) Pd,corr vs vHIGH,in and vLOW,in; (B)  vs vHIGH,in and vLOW,in; (C) Pd,corr and  vs vLOW,in at vHIGH,in = 2.98 cm/s; (D) Pd,corr and  vs vHIGH,in at vLOW,in = 0.45cm/s. Simulations of a RED unit (10x10 cm2, 10 cell pairs) equipped with commercial membranes (αAEM = 0.65, αCEM = 0.90; RAEM = 1.55 Ω cm2; RCEM = 2.96 Ω cm2), 270 μm woven spacers. T = 25 ˚C; CHIGH,in = 5 M; CLOW,in = 0.1 M. Solvent extraction scheme. Regeneration requirements of 40 kWhth/m3 of extracted solvent.

[bookmark: _Ref424751720]Closed loop - CASE II: Perspective analysis of the RED and MED technology
This section concerns the same salt-solvent (i.e. water-NaCl) case reported in the previous section, the only difference regards the use of more efficient membranes characterized by lower electrical resistance and higher perm-selectivity. The same sensitivity analysis of Case I was performed for comparison purposes. As it can be observed in Figure 11 and Figure 12, the dependences of Pd,corr and  on operating parameters (solution inlet concentration and velocity) are very similar despite the different membrane features and are not discussed. More important, Figure 11A and Figure 12A show that the high efficiency membranes, even with the use of NaCl-water solutions, could guarantee the achievement of power density of about 18 W/m2, practically doubling the power obtained in Case I.
Under these conditions, the efficiency could be greatly increased since it takes advantage from the increase of Pd,corr and the decrease of : Figure 11B and Figure 12B show values up to about 15.3%. 

[image: C:\Users\Alessandro\Google Drive\RED_Heat-to-Power\Dati & grafici matlab\NaCl BP\Pdcorr ch-cl 0-20.png][image: C:\Users\Alessandro\Google Drive\RED_Heat-to-Power\Dati & grafici matlab\NaCl BP\eta Ch_Cl.png]B
A 

[image: ] [image: ]D 
C 
CHIGH,in = 5 M NaCl
CLOW,in = 2.2 M NaCl

[bookmark: _Ref424756891]Figure 11: Closed loop Case II sensitivity analysis: influence of solution concentration. (A) Pd,corr vs CHIGH,in and CLOW,in; (B)  vs CHIGH,in and CLOW,in; (C) Pd,corr and  vs CLOW,in at CHIGH,in = 5 M; (D) Pd,corr and  vs CHIGH,in at CLOW,in = 2.2 M. Simulations of a RED unit (10x10 cm2, 10 cell pairs) equipped with high efficiency membranes (αAEM = 0.90, αCEM = 0.90; RAEM = 0.5 Ω cm2; RCEM = 0.5 Ω cm2), 270 μm woven spacers. T = 25 ˚C; vHIGH,in = vLOW,in = 1 cm/s. Solvent extraction scheme. Regeneration requirements of 25 kWhth/m3 of extracted solvent.

For the case of this scenario, where the heat source is at 90°C and cold sink at 25°C, the Carnot efficiency c is equal to 17.9%. According to Figure 12B, the exergetic efficiency ex may achieve values up to 85%.
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[bookmark: _Ref424757437]Figure 12: Closed loop Case II sensitivity analysis: influence of solution concentration. (A) Pd,corr vs vHIGH and vLOW; (B)  vs vHIGH,in and vLOW,in; (C) Pd,corr and  vs vLOW,in at vHIGH,in = 2.98 cm/s; (D) Pd,corr and  vs vHIGH,in at vLOW,in = 0.22 cm/s. Simulations of a RED unit (10x10 cm2, 10 cell pairs) equipped with high efficiency membranes (αAEM = 0.90, αCEM = 0.90; RAEM = 0.5 Ω cm2; RCEM = 0.5 Ω cm2), 270 μm woven spacers. T = 25 ˚C; CHIGH = 5 M; CLOW = 0.1 M.. Solvent extraction scheme. Regeneration requirements of 25 kWhth/m3 of extracted solvent.



[bookmark: _Ref424751728]Closed loop – CASE III: Perspective analysis of RED and NH4HCO3 thermal degradation
Also for the case of this third scenario the sensitivity analysis was performed. Results are reported in Figure 13 and Figure 14. Although the different salt employed in this case, the dependences of the performance parameters on the investigated variables are similar and are not further discussed. As concerns the values obtained, the Pd,corr maps exhibit values similar to those relevant to the Case I: in particular as it can be seen in Table 6 summarizing the performance of the three different scenarios, the maximum Pd,corr value achieved is 7.5 W/m2 which is very similar to the 7.7 W/m2of Case I. Also the values of the energetic efficiency are similar: 5.4% and 5.0% for Case III and Case I respectively. In the present scenario, the heat source temperature is fixed at 60°C thus leading to an exergetic efficiency c of 54.3% which is much higher than that of Case I. On the other hand, notwithstanding high efficiency membranes are employed in this case, the performances are not comparable to those of Case II which appears to be more promising. However, two advantages should be suitably considered for the present case: (i) the possibility of using a heat source at 60°C leaves room for a much larger amount of waste heat sources which could be employed, even if with a lower efficiency; (ii) as Figure 13 shows, as a difference from Case I and Case II, the maximum value of Pd,corr and  could be achieved at operating conditions characterized by similar values of CLOW,in and CHIGH,in.

[bookmark: _Ref424757632]Table 6: Performance parameters of the RED heat engine in the three different scenarios (additional details in Table 5).
	
	Case study I

Section 4.2.1
	Case study II

Section 4.2.2
	Case study III

Section 4.2.3

	Maximum Power density (W/m2)
	7.7
	18.3
	7.5

	Maximum Energy efficiency (%)
	5.0
	15.4
	5.4

	Carnot efficiency (%)
	17.9
	17.9
	10.5

	Maximum Exergetic efficiency (%)
	27.9
	86.0
	51.4
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[bookmark: _Ref424757726]Figure 13: Closed loop Case III sensitivity analysis: influence of solution concentration. (A) Pd,corr vs CHIGH,in and CLOW,in; (B)  vs CHIGH,in and CLOW,in; (C) Pd,corr and  vs CLOW,in at CHIGH,in = 2.5 M; (D) Pd,corr and  vs CHIGH,in at CLOW,in = 0.26 M. Simulations of a RED unit (10x10 cm2, 10 cell pairs) equipped with high efficiency membranes (αAEM = 0.90, αCEM = 0.90; RAEM = 0.5 Ω cm2; RCEM = 0.5 Ω cm2), 270 μm woven spacers. T = 25 ˚C; vHIGH,in = vLOW,in = 1 cm/s. Salt extraction scheme with a variable value of a. Regeneration requirements of: (i) 100 kJ/mol of extracted salt, plus (ii) 4°C thermal heating for F2.


[image: D:\GoogleDrive\RED_Heat-to-Power\Dati & grafici matlab\NH4HCO3 BP\Pd vs Vh Vl.png] [image: eta vs Vh Vl]
[image: ] [image: ]vLOW,in = 0.36 cm/s
vHIGH,in = 2.98 cm/s

[bookmark: _Ref424757893]Figure 14:  Closed loop Case III sensitivity analysis: influence of solution velocity. (A) Pd,corr vs vHIGH,in and vLOW,in; (B)  vs vHIGH,in and vLOW,in; (C) Pd,corr and  vs vLOW,in at vHIGH,in = 2.98 cm/s; (D) Pd,corr and  vs vHIGH,in at vLOW,in = 0.36cm/s. Simulations of a RED unit (10x10 cm2, 10 cell pairs) equipped with high efficiency membranes (αAEM = 0.90, αCEM = 0.90; RAEM = 0.5 Ω cm2; RCEM = 0.5 Ω cm2), 270 μm woven spacers. T = 25 ˚C; CHIGH,in = 2.5 M; CLOW,in = 0.1 M.. Salt extraction scheme with a variable value of a. Regeneration requirements of: (i) 100 kJ/mol of extracted salt, (ii) 4°C thermal heating for F2.

Final qualitative comparison of power production cycles
On the basis of the results presented so far, a comparison with the other technologies reported in section 1.2 is performed in terms of the exergetic efficiency and shown in Figure 15. As it can be seen, there are some very promising technologies which allows to obtain exergetic efficiency of about 50-60%, as the Organic Rankine Cycle, the Kalina cycle and the Steam Rankine Cycle, but all of them operates at a temperature level higher than about 100°C, thus being not able to recovery heat at lower energy level as in the case of cooling water streams. Below this temperature level, heat engines based on salinity gradient power technologies could be promising technologies. At this temperature range a possible cycle which could be employed to recover waste heat is the Osmotic Heat Engine (OHE) based on the use of the Pressure Retarded Osmosis [3, 32, 43, 48]. In this regard, according to the very recent work by Shaulsky et al. [48], by employing methanol-LiCl solutions within a OHE engine making use of PRO and Membrane Distillation (MD), exergetic efficiencies up to about 40% could be achieved. In this regard, Lin et al. [3] stated that with the same OHE fed by NaCl-water solutions, exergetic efficiency up to 80% could be achieved by assuming a theoretical maximum energy conversion efficiency in the regeneration step. However, the OHE process involves the use of hydraulic turbines and electric generators for the conversion of mechanical energy into electricity (energy conversion chain) which may result into a reduction of the actual exergetic efficiency. As it concerns the AccMixHE, since figures of expected efficiencies taking into account the technological constraints have not been reported so far, it was not included in Figure 15. Conceptual results relevant to the RED-closed loop were used to include this technology in the same comparison figure (Figure 15). As it can be seen, higher efficiencies may be achieved by employing the RED Heat Engine. Also all the ranges reported in Figure 15 should be considered as qualitative, since it is not easy to find/define the exact limit of a given technology both in terms of efficiency and of operating temperatures.
Overall, this final comparison shows how much the SGP technologies and in particular the Reverse Electrodialysis could be promising as possible future converters of low-grade heat into electric energy, thus leaving room for future research and development.
Regarding the waste heat availability in the temperature range from 50 to 100°C in the USA where data for this range specifically are available, in 2011 it was reported to be 833,300 GWh/yr [33]. With the best efficiencies calculated above for the Case II, this corresponds to 128,328 GWhel/year similar to the amount generated with wind energy in the USA. Actually, the real resource that can be used by the proposed technology is much larger, since the waste heat at any temperature could be first used for other applications and then for the proposed RED Heat Engine, when adopting a cascading approach. Also geothermal and solar heat at such temperatures is available practically anywhere, providing a virtually limitless resource thus suggesting that the RED-closed loop heat engine could be a very promising power production cycle alternative.
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[bookmark: _Ref424757984]Figure 15: State of the art technologies for the conversion of heat into power. Grey circles refer to technologies at very early stage of development. The Carnot efficiency (on the secondary horizontal axis) is evaluated assuming a cold sink temperature of 25°C. Source: [37, 40, 97, 98]. SRC-hot gases: Steam Rankine Cycle integrated with gas turbine/other topping cycles; SRC-fuel: Steam Rankine Cycle directly fuelled by oil, coal or other fuels; KC: Kalina Cycle; ORC: Organic Rankine Cycle; TEG: Thermoelectric Generation; PEPG: Piezoelectric Power Generation with waste heat-powered expansion/ compression cycle; OHE: Osmotic Heat Engine. Grey circles indicate technologies non available at industrial level.


CONCLUSIONS
A number of different technologies have been proposed so far as power production cycles, but none of them is able to efficiently convert heat at temperatures lower than 100°C into electric power. Very recently, closed loop heat engines based on SGP technologies are proposed as viable processes to convert such low-grade heat into power. The present work deals with this topic and for the first time provides a general overview on the perspectives of a closed loop heat engine based on the Reverse Electrodialysis technology (named RED Heat Engine, REDHE). The first part of the work reports an optimization analysis of the RED unit only to identify the maximum power density obtainable by using different solutes in aqueous solutions, under the assumption of identical ionic exchange membrane properties for each salt. The obtained results show that power densities higher than those obtainable with NaCl-water solutions could be obtained with different salts, especially the monovalent ones based on lithium (i.e. LiCl, LiBr). On the other hand, the use of these high solubility salts leads to very high boiling-point elevation, thus possibly and significantly reducing the efficiency of the thermal regeneration unit, especially if a Multi Effect Distillation is adopted, leaving room for further studies and investigations.
In the second part of the present work, the RED model is coupled with mass balances concerning the proposed closed loop schemes, thereby allowing the estimation of the thermal power requirements of the closed-cycle (once the regeneration technology along with its specific heat demand is fixed). Three different scenarios concerning the RED closed loop were studied: the first two are based on the solvent extraction scheme, while the third one concerns the salt extraction strategy. 
Results show that with improved membrane features (lower thickness and high permselectivity) exergetic efficiency of about 85% could be achieved with NaCl-water solutions and with a RED-MED (Multi Effect Distillation) closed loop. 
Finally a qualitative comparison with other heat engines based on exergetic efficiency is provided. This comparison highlights that the SGP technologies could be very promising future converters of low-grade heat (temperature range of 50 to 100°C; e.g. solar and geothermal energy or waste heat) into electric energy, thus justifying large room for future research and development aimed at moving each theoretical case beyond conceptualization. 
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AΛ, BΛ, CΛ		Jones and Dole’ equation parameters
Aγ, Bγ, Cγ, Dγ, Eγ	Staples correlation parameters
a				separation ratio											[-]
C				molar concentration 									[mol/l]
Dsalt				Salt permeability coefficient								[m2/sec]
Estack			Cell pair voltage										[V]
F				volumetric flow rate										[m3/sec]
F				Faraday’s constant (96490)								[C/mol]
Jsalt				salt flux													[mol/m2 sec]
j					electrical current density									[A/m2]
m				molality												[mol/kg]
N				cell pairs number 										[-]
OCV			open circuit voltage										[V]
P				electric power											[W]
Pd				power density 											[W/m2]
Q				volumetric flow rate										[m3/sec]
				thermal power											[W]
R				universal gas constant									[l atm/(mol K)]
Rblank			blank resistance 										[Ω m2]
Rcells				cell pairs resistance 										[Ω m2]
RAEM			AEM resistance 										[Ω m2]
RCEM			CEM resistance 											[Ω m2]
RHIGH			resistance of concentrate solution 							[Ω m2]
RLOW			resistance of dilute solution	 							[Ω m2]
Rext				external load resistance 									[Ω m2]
Rstack			stack resistance 											[Ω m2]
sf				spacer shadow factor									[-]
T				temperature 											[K]
v				solution velocity 										[m/s]
z				ion valence													[-]

Greek letters
α				membrane permselectivity								[-]
				channel thickness										[m]
				energy production per mol of transported salt				[kWh/mol]
				equivalent conductivity									[S m2/mol]
				activity coefficient										[-]
ρ				solution density 											[kg/m3]
				efficiency												[-]

Subscripts
c	Carnot
corr	corrected value of power density (by subtracting the blank resistance as its contribution is negligible for large scale stacks)
ex	exergetic
HIGH	concentrate solution 
in	RED unit inlet
LOW	dilute solution
m	membrane
out		RED unit outlet
th		thermal
wh		waste heat

Acronyms
AccMix	accumulator mixing
AccMixHE	accumulator mixing heat engine
AEM 	anion exchange membrane												
CC	carbon carrier cycle											
CEM	cation exchange membrane									
IEM	ion exchange membrane		
KC	Kalina cycle
MD	membrane distillation										
MED	multi effect distillation										
OCV	open circuit voltage 										[V]
OHE	osmotic heat engine											
ORC	organic Rankine cycle
PEPG	piezoelectric power generation with waste 					
PRO	pressure retarded osmosis									
RED	reverse electrodialysis	
REDHE	reverse electrodialysis heat engine		
SE	Stirling engine						
SGP	salinity gradient power										
SRC-fuel	steam Rankine cycle directly fuelled by oil, coal or other fuels
SRC-hot gases	steam Rankine cycle integrated with gas turbine/other topping cycles
TEG	thermoelectric generation
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