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ABSTRACT
A Reverse ElectroDialysis Heat Engine (REDHE) system operating with “thermolytic” ammonium hydrogen-carbonate (NH4HCO3) aqueous solutions as working fluids is studied. The engine is constituted by (i) a RED unit to produce electric power by mixing the solutions at different salinity and (ii) a thermally-driven regeneration unit including a stripping and an absorption column to restore the initial salinity gradient thus closing the cycle. In the present work only the RED unit and the stripping column are taken into account. In particular, a simplified integrated process model for the whole cycle was developed: it consists of (i) a lumped parameter model for the RED unit validated with experimental data and (ii) a model developed via a process simulator to assess the thermal duty of the stripping column. The effect of operating conditions as solution concentrations and velocities was investigated by a sensitivity analysis. Under optimized conditions, a power density of about 9 W/m2 was predicted for the RED unit, and a maximum exergetic efficiency of about 22% was found for the whole cycle.
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1 INTRODUCTION
Given the quick evolution of human civilization, the need of renewable and sustainable energy is growing as an issue of crucial importance. Electric energy is traditionally produced by heat engines, which commonly convert heat at high temperature into energy. Recently, heat engines based on salinity gradient technologies have been presented as a valuable method for the conversion of low-grade heat into available power [1,2]. Such systems take advantage from a Salinity Gradient Power (SGP) unit, which is devoted to converting the chemical potential difference between two solutions at different concentration into usable power [3]. Different SGP technologies have been proposed so far: among these, Pressure Retarded Osmosis [4,5] and Reverse Electrodialysis [6–8] are the ones, which have reached the highest technological readiness level. Just as an example, a prototype able to produce almost 1kW has been recently installed and efficiently operated for a few months without any performance decrease in a real saltworks in Sicily (Italy) [9,10]. PRO and RED perform the “controlled mixing” between the two solutions necessary for the energy generation taking advantage from transport through suitable membranes. In PRO, osmotic membranes are used to guarantee the passage of pure water from the diluted solution (feed) channel towards the concentrated solution (draw) channel, which is pressurized at a pressure equal to one-half of the osmotic pressure difference between the two solutions. As a result, at the outlet of the draw channel, an additional amount of water (i.e. the water flux through the membrane) at the applied pressure is available: this quantity represents a mechanical power which can be exploited as it is or converted into electric power within a hydroturbine [11–13]. In RED, the two solutions are fed in alternatively arranged channels, the one series fed by the concentrated solution, the other fed by the diluted one. The channels are separated by alternatively arranged anionic and cationic exchange membranes. Ions move from each concentrated solution channel towards the two adjacent diluted solution channels crossing the membranes: positive ions pass through cationic exchange membranes moving in a one direction, negative ions pass through cationic exchange membranes moving in the opposite direction. Such ionic flux is converted into an electrons flux at the electrodes via redox reactions thus generating electric current supplying an external load [14–17]. Interestingly, some authors have recently harvested salinity gradient energy via reverse electrodialysis by employing anodic alumina nanopores instead of the traditional ionic exchange membranes [18,19].
Independently of the SGP technology employed, once the two streams at different salinity have been partially mixed to generate power, they are sent to a “Regeneration unit” which employs waste-heat to restore the initial salinity gradient thus closing the loop. This closed loop has been named Salinity Gradient Power Heat Engine (SGPHE) [2]. The restore of the salinity gradient can be obtained according to two ways which can be summarized as follows.
1) The concentrated solution exiting from the SGP unit is integrated with a quantity of diluted solution containing the salt transferred in the unit thus restoring the initial salt content. The water content can be restored by integrating the diluted solution with the necessary amount of water, which can be separated from the concentrated solution via a suitable thermal separation (e.g. Multiple Effect Distillation, Membrane Distillation). This scheme has been named “solvent extraction strategy” [2].
2) The quantity of salt transferred in the SGP unit can be restored by separating the same amount of salt from the dilute solution to restore the concentration of the concentrated solution. This scheme has been named “salt extraction strategy” [2].
Among the possible regeneration procedures belonging to the “salt extraction strategy”, the use of thermolytic salts along with aqueous solutions appears as the most promising. At ambient temperatures, these salts are soluble in water, while at a given higher temperature, these becomes gases that can be easily separated from the concentrated solution through a stripping process. A subsequent absorption process at lower temperatures is needed to let the concentrated solution to absorb the salt. Ammonium bicarbonate is considered as the most suitable salt for the SGPHE as it can be degraded at very low temperatures (about 60°C) into NH3 and CO2. Since 1964 Neff [20] proposed ammonium bicarbonate solutions as thermally-re-generable drawing agent to remove water from a salt-water stream. More recently McCutcheon in 2005 [21] and McGinnis et al. in 2007 [22,23] have intensified the research on this topic, providing some more insight in the regeneration process. In particular, McCutcheon et al. [21] described a new direct osmosis process for desalination of seawater, which uses ammonium bicarbonate concentrated solution to extract water through a semipermeable osmotic membrane. The osmotic pressure gradient generates a flow of fresh water through the membrane, which dilutes the drawing solution, to be eventually regenerated. For the regeneration, low temperature heat (about 60 °C) is needed to force the decomposition of the salt (NH4HCO3) into gaseous NH3 and CO2. The gas can be separated and recovered in a distillation/stripping column, thus obtaining desalinated water and pure NH3 and CO2 used to regenerate the draw solution. However, the regeneration step was described only qualitatively by the authors which just described a distillation column using waste heat. 
In 2007, McGinnis and Elimelech [22] described a forward osmosis process using ammonium salts as drawing agent and for the first time they provided a simplified energetic analysis indicating the requirements for the regeneration step. This analysis was carried out via a process simulator (Aspen Hysys) using a specific thermodynamic package for electrolyte solution with high concentration (OLI). The drawing solution is obtained by a mixture of ammonium salts, NH3 and CO2 gas in water. The authors described two different process diagrams: one using a single distillation column and the other one using several distillation columns in series. The regeneration scheme was chosen on the basis of the available heat temperature. In particular, using very low grade heat, a single distillation column, operating in a vacuum condition, allows lower energetic demand; while with temperature higher than 40 °C, the use of multiple columns was found to yield a greater thermal efficiency. 
In the same year, the same research group [24] described a method for converting thermal energy into mechanical work, in a closed cycle PRO called Osmotic Heat Engine (OHE), using draw solutions of ammonium salts at high concentration, namely a mixture of NH4HCO3 and ammonium hydroxide (NH4OH, i.e. hydrated ammonia). Also in this case, the properties of the electrolytic solutions are obtained using HYSYS process simulator with the OLI thermodynamic package. The simple model of this system provides power production exceeding 200 W/m2 yet requiring an operating pressure of the order of 100 atm on the draw solution side, which is still not affordable by the current PRO systems. The thermal energetic efficiency of the process is calculated as the ratio between the electrical power produced in the PRO device and the thermal power required for the separation and recovery of the draw solution. This efficiency was found to be of a few percent corresponding to an exergetic efficiency of about 16% percent.
In 2013, Shim et al. [25] carried out experiments for NH4HCO3 removal using for the first time a Vacuum Membrane Distillation (VMD) process. The results demonstrated a gas removal efficiency of around 95-99% when the column is fed by 0.8 l/min of solution at 50 °C and 60° C, respectively. Conversely, at 40 °C, it reached a lower removal efficiency of 85%. The species permeated (NH3, CO2 and steam) were sent to a condenser where the vapour was condensed, while non-condensable ammonia and carbon dioxide were sent to a dilute water stream for re-absorption. The authors demonstrated that the flow rate has a little effect on the gas removal, while the removal efficiency decreases significantly when the feed solution concentration decreases. However, no data on specific energy consumption are reported in their work. 
In 2015, Kim et al. [26] installed a 3 ton/day pilot plant for water desalination using the forward osmosis process with a draw solution of ammonium bicarbonate. The system consists of three units: FO, water-solute separation and draw solution regeneration. The water-solute separation was made in a column with structured packing operating at ambient pressure and fed with a solution previously heated in the reboiler at temperatures up to 100 °C. This column has a diameter of 0.2 m and a height of 3 m. The separation efficiency was equal to 99.7 % for the NH3 and 99.9 % for the CO2, while the thermal energy consumption required for producing 1 m3 of water ranged between 265 and 300 kWh.
In the same year, Zhou et al. [27] presented a model for a FO process with an integrated thermal separation process. In particular, they compared three different regeneration units: (i) distillation, (ii) stripping with steam, (iii) stripping with air. The analysis was conducted by means of the process simulator Aspen Plus®, using the thermodynamic package NRTL-RK. They aimed at finding the best regeneration system by an energetic point of view. According to the authors’ findings, the distillation system is considered the best choice. In fact (i) the stripping with air requires a higher thermal energy demand and a larger column to obtain the same target purity, while (ii) the stripping with steam, despite requiring a thermal duty similar to the distillation process, requires an additional compressor which increases the overall costs.
Shahid et al. [28] analysed the thermal decomposition process of aqueous NH4HCO3 and potassium persulphate (K2S2O8) solutions, using a bubble column with air at 150 °C continuously insufflated maintaining optimum bubble size between 1-3 mm. The hot air does not heat too much the bulk of the solution, but it generates a hot solution layer around each bubble, which causes the local thermal decomposition of the solute. NH4HCO3 solutions with variable concentrations between 0.5 and 2 molal together with 0.05 molal of potassium persulphate were used for the investigation. It is interesting to note that the decomposition of a 2 molal solution of NH4HCO3 can be obtained at 8 °C, which is much lower than the decomposition temperature reported in literature (approximately 40 °C). This probably occurs due to the continuous removal of gases released from the hot solution layer around bubbles. Clearly, also in this case, the higher the air temperature, the higher the degradation percentage obtained.
Very few works have been focused on the possibility of using thermolytic salts solutions for closed-loop RED applications. Very recently, ammonium bicarbonate aqueous solutions has been found as more promising than the ammonium carbonate ones [29]. Luo et al. [30] presented an experimental campaign on a RED unit fed with aqueous NH4HCO3 solutions. They obtained a power density of 0.33 W/m2 of membrane area, at optimized feed solutions concentrations (concentrate solution 1.5 M - dilute solution 0.02 M). Under these operating conditions, very similar power densities were obtained by Zhu et al. [31]. Kwon et al. [32] also presented the idea to convert waste heat into electricity by means of a REDHE with aqueous solutions of ammonium bicarbonate. They mainly focused on the experimental characterization of the RED process, investigating the effect of various parameters including the concentration difference, the membrane type, the inlet flow rate, and the compartment thickness on process performance. The authors found a maximum power density (0.77 W/m2 of membrane area) doubling that achieved by Luo et al. [30] maybe because of the different intermembrane distance. Finally, Bevacqua et al. [33] presented an experimental investigation performed on a RED system fed with NH4HCO3 solutions. Laboratory tests were carried out to find the best conditions for maximizing the power density and process performances of a RED unit by investigating a number of operating parameters such as fluid velocity and feed solutions concentration. Results have shown that at 2M as concentrate and 0.02M as dilute, power output is maximized. Under these conditions, the net power output was found three times higher than that of Luo et al. [30]. To the authors knowledge, no studies have been devoted to developing a model for the RED unit fed by ammonium bicarbonate.
Summarizing, the few scientific efforts so far devoted to a REDHE process fed by thermolytic salts solutions have dealt with either the RED unit or the regeneration unit, while no investigations have been performed on the whole process. In this regard, aim of this work is that of developing for the first time a suitable process model able to describe both the two units as well as the whole heat engine in order to recognize the operating conditions maximizing its efficiency.

2 RED WITH AMMONIUM BICARBONATE 
2.1 Model equations
A number of process models have been proposed in recent years for a RED unit [34–36], but all of them dealt with NaCl-water solutions. In this section, a model will be presented to manage for the first time NH4HCO3-water solutions. This model will be coupled with another for the regeneration unit thus allowing a sensitivity analysis for the whole process to be performed. Given the preliminary nature of this work and the broad sensitivity analysis carried out, a number of simplifying assumptions have been made during the model formulation. In particular, some non ideal phenomena were neglected:
- water transport through membranes due to osmotic and electro-osmotic flux;
- concentration polarization phenomena;
- parasitic currents in the manifolds.
Other simplifications:
- all solutions and cell pairs variables were evaluated at the average conditions between inlet-outlet of the feed channels;
- solutions flow rate variations between inlet and outlet were neglected. 

The evaluation of the physical properties of the ammonium bicarbonate solutions represents the first modelling step.
The equivalent conductivity was estimated using Jones and Dole’ equation [37]: 


									(1)

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. For ammonium hydrogen carbonate, the parameters were calculated by fitting with equation 1 the experimental results reported in the Handbook of Chemistry and Physics [38]: 

Λ0= 90; AΛ=41.55; BΛ=0.6023; CΛ=0

The solutions density was estimated as a linear function of the molal concentration m for both the dilute and concentrated solutions:


										(2)

where ρw  is water density (0.997 kg/l) at 25°C, and the slope of the line was evaluated by fitting experimental data from literature [39]: ∆/∆m=0.0324 kg2/(mol l). 
The activity coefficients were assessed by taking advantage from the process simulator Aspen Plus® along with the ENRTL-RK electrochemical thermodynamic package. The following linear dependence of the activity coefficients on salt molar concentration was found:

									(3)

Membrane resistance was considered as dependent on solution concentration, while, for the sake of simplicity, a constant membrane permselectivity (AEM , CEM) was used and equal for both membranes to 75.4% based on experimental measurements [33].
The relation between membrane resistance (RAEM and RCEM) and solution concentration was extrapolated by experimental data collected by our research group and published in a previous paper [33]: both RAEM and RCEM were found dependent on the dilute solution concentration Clow, as expected, according to the following empirical equation:


								(4)

Note that the equation reported above is the same for anion and cation exchange membrane because only the average value between the two membranes can be calculated via power density measurements [33]. 
The electric voltage generated by each cell pair was calculated by Nerst’s equation [40]:
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where R is ideal gas constant, T is temperature and F is Faraday’s constant.
The corresponding Open Circuit Voltage was estimated as:


										(6)

where N is the number of cell pairs composing the entire stack.
The channel ohmic resistances were calculated as follows:



								(7)

where δLOW, δHIGH are dilute (i.e. low) and concentrate (i.e. high) compartment thicknesses, f is the spacer shadow factor perpendicular to the membrane evaluated equal to 1.212. It takes into account the presence of a non-conductive spacer between two subsequent membranes. Note that the spacer is needed (i) to provide dimensional stability to the channel (by keeping adjacent membranes separated) and (ii) to enhance mixing within the channel thus minimizing the polarization phenomena (not accounted for by the model) [41–43]. The same woven spacer 270m thick was considered in the two channels.
Clearly, the electrical resistance of the cell pair can be easily estimated as:
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The overall electrical resistance of the whole stack is:


										(9)

where Rblank is the electrical resistance of the electrodic compartments which was experimentally estimated as 0.01068 Ω m2 in a previous work by our group [33]. 

Once OCV and Rstack have been defined, the voltage arising when the circuit is closed on an external load can be defined as:


										(10)

where j is the electrical current density circulating throughout the stack given by:


											(11)

where Rext is the electrical resistance of the external load. It can be mathematical demonstrated that the achievable power density can be maximized when this external resistance is equal to the internal one (i.e. Rstack) [44]:


											(12)

As a consequence, this condition (equation 12) was added to the model.
Thanks to the existing driving force between two adjacent channels, a salt flux occurs. It results from the sum of two different contributions: the one relevant to the counter-ion transport, which is a coulombic term and the other, due to the non-ideality of membranes, relevant to the co-ion transport which is accounted for via a phenomenological expression. In formula, 


								(13)

where m is the IEM thickness chosen equal to 1.25E-4m according to the experiments by Bevacqua et al. [33] which will be used for model validation. Dsalt is the co-ions diffusion coefficient, formally analogous to a salt diffusion coefficient, which could be directly derived from membrane permselectivity. A constant value of 10-12 m2/s was assumed for this term [7]. This assumption has been already considered as more than reliable since the co-ion contribution to overall flux was found much lower than the coulombic one. Note that the factor 2 accounts for the presence of both membranes of a cell pair. Once the salt flux is known, the mass balances in the RED unit can be closed; for the case of the diluted channel:


									(14)

where A is the membrane area and Qlow is the flow rate circulating in the dilute compartment. Clearly, a corresponding equation can be written for the case of the concentrated channel where the term on the right hand side will be negative. Flow rate can be derived from the solution velocity vlow once the membrane area and width b and the channel porosity  (due to the spacer presence) are known:


										(15)

On the basis of measurements performed on the spacer employed in the experiments, channel porosity was found equal to 82.5%.
Finally, as process output, the power density produced by the RED unit can be calculated as follows:


											(16)

At lab-scale where N is quite low, Rblank is not negligible compared to Rstack. Conversely, at larger scale, electrodic compartment resistance is known to be irrelevant. Thus, a corrected power density Pd,corr can be calculated on the basis of a “corrected” stack voltage, which does not take into account the Rblank contribution [33,34].
All the model equations were implemented in Excel spreadsheets along with purposely developed macros.
2.2 Model validation with experimental data
The model described in the previous section was tested by making use of experimental data collected by our research group and reported in another work [33]. Figure 1A shows the dependences of OCV and Rstack on the concentration of the diluted solution at given Chigh and solution velocity (set equal for high and low channels). As it can be seen, there is a very good agreement between the model proposed and the collected experimental data: the OCV was found to decrease as Clow increases because of the driving force reduction. On the other hand, the increase of Clow leads to a reduction of the corresponding Rlow, which is the controlling addendum in Rstack calculation. These two competitive effects result into an increasing-decreasing behaviour of the power trend, depicted in Figure 1B, which is well predicted by the model: only a slight disagreement was observed.
 
[bookmark: _Ref450040314]Figure 1: Comparison between model and experimental results. Influence of dilute concentration on process performance. A) OCV and stack resistance. B) Power density and corrected power density. RED stack (10x10 cm2, 10 cell pairs) equipped with Fujifilm membranes, 270 μm woven spacers. Chigh = 2M; vhigh=vlow= 1 cm/s, T = 298 K.

The effect of solution velocity at fixed Chigh (set at 2M) and Clow (set at 0.02M) was also investigated and shown in Figure 2. Note that the chosen Chigh and Clow are the ones maximizing the power production in the previous graph. 
As shown in Figure 2A, the model is able to predict the slight increase of OCV with solution velocity due to the fact the membrane are not ideal and also co-ions can pass through. The higher the velocity, the lower the residence time, the less evident the effect of velocity on OCV which reaches a plateau both in experiments and process simulations. Such effect is mainly related to the lower residence time inside the stack that allows a practically constant driving force between inlet–outlet to be maintained [33]. Residence time also affects the resistance of the stack (Figure 2A) which is mainly due to the dilute channel conductivity: as the dilute velocity increases, its concentration is less increased by ion transfer within the system thus resulting into a higher resistance. This occurrence is well predicted by the model, notwithstanding experimental data are slightly scattered. OCV increase and Rstack decrease represent two competitive effects which yield a power production poorly dependent on solution velocity (Figure 2B): only a slight increase of the power vs velocity trend was found thus suggesting that, at the conditions of Figure 2, OCV effect is prominent than the Rstack one. The experimental and model data of Pd (Figure 2B) are in a good agreement, while some underestimation can be observed for the case of Pd,corr. 

  
[bookmark: _Ref450041830]Figure 2: Comparison between model and experimental results. Influence of feed flow velocity on process performance. A) OCV and stack resistance. B) Power density and corrected power density. RED stack (10x10 cm2, 10 cell pairs) equipped with Fujifilm membranes, 270 μm woven spacers. Chigh = 2 M; Clow = 0.02 M; vhigh=vlow; T = 298 K.

2.3 Sensitivity analysis
Once the model has been validated, it was employed to perform a sensitivity analysis aimed at finding the best operating conditions (in terms of solution concentration and flow rate) which maximize Pd,corr. The results of this sensitivity analysis are shown in Figure 3. 
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[bookmark: _Ref466979724]Figure 3: Sensitivity analysis. A) Pd,corr as function of Chigh and Clow at vhigh=vlow = 1cm/s. B) Pd,corr as function of vhigh and vlow at Chigh=2.6M and Clow=0.04M. RED stack (50x50 cm2, 1000 cell pairs) equipped with Fujifilm membranes, CEM=AEM=75.4%, RCEM=RAEM=2E-4(Clow)-0.236, 270 μm woven spacers. T = 298 K. 
Figure 3A shows that Chigh must be kept as high as possible, clearly without approaching too closely the saturation value where precipitation may occur and lead to possible scaling or even clogging issues. Conversely, as expected, Clow should be around 0.02M to maximize Pd,corr as (i) too low values yield too high Rlow (the main contribution to Rstack) while (ii) high values are detrimental for the driving force. Sensitivity analysis on solution velocity is reported in Figure 3B. Pd,corr appears to be scarcely dependent on vhigh apart from the lowest values where the residence time is so low that a deep driving force reduction occurs. On the other hand, the effect of vlow on Pd,corr is more evident because dilute channel concentration is more sensible (than the concentrate) to residence time: clearly, the higher vlow, the higher the power output. Note that feed solution velocity lower than those reported in the figure were not included in the analysis as these would cause deep polarization effects which are not accounted for by the model. However, this unexplored range is really far from the one providing the best performance.
Under optimized conditions, a power output of about 3.5 W/m2 can be obtained with the investigated Fujifilm membranes. Of course, membranes are not yet optimized to deal with NH4HCO3 – water solutions: further development may enhance membrane performance (i.e. reducing resistance and enhancing permselectivity) thereby providing higher power densities. 
In this regard, the model was used to calculate the performance of a RED unit equipped with membranes with enhanced yet feasible features consisting of higher permselectivity (i.e. CEM=AEM=90%) and lower electrical resistance (i.e. RCEM and RAEM are equal to 1/5 of the value resulting from equation 4). Model results are reported in Figure 4. As expected, the higher Chigh and vlow, the higher the power production. Clow value maximizing Pd,corr was found of about 0.08M with the improved membranes, slightly higher than the one relevant to Fujifilm membranes because of the lower membrane resistances. Under these optimized conditions, a power production up to about 9 W/m2 might be achieved.
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[bookmark: _Ref450554944]Figure 4: Sensitivity analysis. A) Pd,corr as function of Chigh and Clow at vhigh=1 cm/s and vlow=5 cm/s; B) Pd,corr as function of Clow and vhigh = 1 cm/s and Chigh = 2.6 M. RED stack (50x50 cm2, 1000 cell pairs) equipped with enhanced membranes, CEM=AEM=90%,    RCEM=RAEM=4E-5(Clow)-0.236, 270 μm woven spacers. T = 298K.

3 THEORETICAL ANALYSIS OF AMMONIUM BICARBONATE REGENERATION USING A PROCESS SIMULATOR
Once the two solutions exit the RED system, a regeneration unit is needed to restore the initial salinity gradient. For the case of a water-ammonium bicarbonate solution, the regeneration implies (i) an air stripping column at about 60°C to separate the salt in the form of NH3 and CO2 from the diluted solution (ii) followed by an absorption column at environmental temperature (25°C) to let NH3 and CO2 to be again dissolved in the concentrated solution. For the sake of the present work, only the air stripping column was modelled to evaluate the thermal power requirements thus allowing the efficiency of the whole cycle to be calculated. As a matter of fact, aim of the present section is that of providing a specific thermal duty to be used for the calculation of the cycle efficiency and, in this regard, the absorption column is not expected to provide any appreciable contribute. 
The air stripping, along with a suitable thermal integration, to be investigated is depicted in Figure 6. The column is fed from the top with a NH4HCO3-water solution while hot saturated air is fed from the bottom. Note that air is saturated with water before entering the column to avoid sudden water evaporation at the entrance of the column, thus causing a dramatic temperature reduction and a negative impact on process performance. The high temperature and the counter-current contact between the two phases fasters the salt degradation and the passage of NH3 and CO2 from the liquid to the gaseous phase. As a result, two outlet streams exit out from the column: i) a gaseous stream rich of NH3 and CO2 exiting from the top, which can be used in an absorption column to regenerate the concentrate solution from the RED unit; ii) a liquid stream exiting from the bottom, representing the “regenerated” dilute feed for the RED stage. The adopted thermal integration significantly reduces the total amount of thermal power needed to heat the two feeds column: this residual amount (i.e. Q = Q1 + Q2) represents the waste heat which is converted into electric power within the REDHE.
The system shown in Figure 6 was modelled by a suitable process simulation software (Aspen Plus®) which accounts for mass and energy balances, chemical and phase equilibria.
Among the input, the process simulator requires a thermodynamic package to be chosen. Since it might have a crucial impact on results, some thermodynamic models  proposed by the software (e.g. ELECNRTL and ENRTL-RK) were tested and compared with experimental data taken from Perry's Handbook [45]: the ENRTL-RK thermodynamic model was found to provide the best agreement with experimental equilibrium (i.e. T-x-y) data. This choice is in accordance with software recommendations and with literature on NH4HCO3-H2O solutions [27]. 
All the simulations were carried out at a fixed solution flow rate of 1 l/min (=0.06 m3/h). All other inputs are reported in the followings.
· Solution column inlet temperature: 60°C;
· Liquid minimum temperature approach for liquid-liquid heat exchanger: 2°C;
· Gas minimum temperature approach for air preheating heat exchanger: 5°C;
· Column pressure: 1 bar;
· Saturated air temperature: 60°C;
· Thermodynamic model: ENRTL-RK with electric wizard;
· Number of equilibrium stages: 30.
Note that the number of equilibrium stages was arbitrarily set equal to 30 as results were found to be slightly affected by this parameter for a number higher than 20. 
Clearly, the concentration of the feed solution C1 and concentration of the liquid solution exiting the column C2 should be defined to allow the software to calculate the air flow rate and the relevant process thermal duty. These two “software input” concentrations were considered as variable parameters in the parametric analysis reported in the next section. 
[image: ]
[bookmark: _Ref450658899]Figure 5: Schematic representation of a stripping column operating with hot saturated air for NH4HCO3 salt degradation and subsequent removal of NH3 and CO2 gases. A thermal integration layout is proposed for heat recovery and reduced thermal duty. 

3.1 Specific thermal duty assessment 
For each value of C1 and required column outlet value C2, the process simulator calculates the saturated air flow rate (which is needed to close the mass and energy balances) and the thermal power Q1 and Q2 required by the two heat exchangers. On the basis of this value and of the amount of salt stripped, a specific duty can be defined as regeneration performance indicator:
								(17)

All the specific duties calculated, one per each couple C1-C2, are reported in Table 1. As it can be seen, the higher the difference between the inlet and the outlet concentration, the higher the specific duty. 

[bookmark: _Ref451852894]Table 1: Specific thermal duty [kWh/m3] as a function of stripping column inlet and outlet concentration [M].
	Qspec, Specific duty [kWh/m3]
	C1, Stripping column inlet concentration  [mol/l]

	
	0.025
	0.05
	0.075
	0.1
	0.15
	0.2
	0.35
	0.56
	0.92
	1.28
	1.64
	2

	C2, Stripping column outlet concentration [mol/l]
	0.005
	11.49
	13.37
	14.49
	15.64
	17.54
	19.39
	24.75
	32.01
	43.93
	55.34
	66.32
	77.04

	
	0.024
	-
	9.77
	12.05
	13.68
	16.15
	18.29
	23.98
	31.41
	43.42
	54.90
	65.95
	76.64

	
	0.043
	-
	5.48
	9.34
	11.64
	14.74
	17.15
	23.20
	30.79
	42.92
	54.45
	65.52
	76.26

	
	0.062
	-
	-
	6.13
	9.43
	13.24
	15.96
	22.39
	30.16
	42.42
	54.07
	65.11
	75.87

	
	0.081
	-
	-
	-
	6.67
	11.67
	14.74
	21.56
	29.51
	41.90
	53.53
	64.69
	75.47

	
	0.1
	-
	-
	-
	-
	9.88
	13.41
	20.66
	28.90
	41.37
	53.05
	64.22
	75.05

	
	0.15
	-
	-
	-
	-
	-
	9.73
	18.43
	27.14
	39.97
	51.54
	62.43
	72.94

	
	0.2
	-
	-
	-
	-
	-
	-
	16.03
	25.32
	38.49
	50.21
	61.21
	71.73

	
	0.25
	-
	-
	-
	-
	-
	-
	13.32
	23.43
	37.05
	48.92
	60.02
	70.63

	
	0.3
	-
	-
	-
	-
	-
	-
	10.68
	21.44
	35.40
	47.91
	59.47
	70.56

	
	0.35
	-
	-
	-
	-
	-
	-
	-
	19.41
	33.90
	46.55
	58.15
	69.31

	
	0.4
	-
	-
	-
	-
	-
	-
	-
	17.23
	32.30
	45.58
	56.71
	67.95

	
	0.45
	-
	-
	-
	-
	-
	-
	-
	14.88
	30.66
	43.70
	55.57
	66.88

	
	0.5
	-
	-
	-
	-
	-
	-
	-
	-
	29.00
	42.14
	54.14
	65.53



The values reported in the table were converted into a suitable correlation providing the specific duty for each given couple of C1-C2: 

						(18)

As shown in Table 2, the whole range of inlet concentration was divided into four smaller ranges, in order to guarantee the best agreement of the correlation with the data calculated by Aspen Plus®: the average error found by adopting the above step-wise correlation was about 1%.

[bookmark: _Ref452482481]Table 2: Parameters of equation 18 as a function of solution concentration entering into the stripping column 
	Concentration range
	a1
	a2
	a3
	a4
	a5
	a6
	a7

	0.025C10.1M
	12.115
	0.26
	261.787
	0.615
	297.436
	0.252
	0.478

	0.1C10.2M
	12.836
	1.02
	258.324
	0.612
	260
	0.165
	0.517

	0.2C10.56M
	13.195
	0.686
	60.592
	0.667
	55.934
	0.687
	0.212

	0.56C12M
	8.714
	0.225
	35.796
	0.656
	45.56
	0.758
	0.045



4 SENSITIVITY ANALYSIS OF THE CLOSED LOOP SYSTEM
In the previous sections, the RED and the regeneration unit have been separately investigated. The present section is devoted to the whole closed loop of the REDHE which is schematically shown in Figure 7. The equations relevant to the RED unit and those proposed for the thermal duty of the regeneration unit were coupled each other and with mass balances within a simplified integrated model devoted to calculating the cycle energetic efficiency defined as:

								(18)

A sensitivity analysis was performed to evaluate the effect of the solution concentrations entering the RED unit on the cycle performance. Moreover, the effect of a split-stream F3 was also investigated. Note that F3 can be written as: 

									(19)

where “x” was fixed either at 0 or at 0.5. Clearly, the product  must be equal or higher than . Note that “x” values higher than 0.5 would provide a C2 lower than 0.005M which is the value arbitrarily chosen as threshold in Table 1. 
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[bookmark: _Ref450835955]Figure 6: Scheme of RED closed loop system
The influence of Chigh and Clow on corr at the two “x” values of F3 is reported in Figure 7, where the RED unit features are the same relevant to Figure 3. 
By comparing Figure 7 with Figure 3, it can be observed that the cycle efficiency can be maximized at operative concentrations very similar to those maximizing the power density especially when F3 is equal to zero. As F3 increases, two competitive effects occur: on the one hand, a lower flow rate is fed to the regeneration unit; on the other hand, a higher C1-C2 difference is needed to regenerate the diluted solution thus leading to a larger specific thermal duty. Clearly, the power density produced by the RED unit is not affected by this “x” value. When “x” is equal to 0.5, the flow rate effect is prominent thus resulting into a lower thermal consumption (compared to F3 = 0) and into a higher efficiency as it can be seen in Figure 7B. 
Figure 7B also shows that with the tested Fujifilm membranes a maximum efficiency of about 1.2% can be achieved. This value should be compared with the maximum theoretical Carnot efficiency which, under the same conditions (i.e. heat source at 60°C and cold sink at 25°C), is equal to 10.5%. Thus, the corr achieved corresponds to an exergetic efficiency (i.e. % of Carnot efficiency) of about 11.4%.

(B)
(A)

[bookmark: _Ref451165892]Figure 7: Red Closed Loop sensitivity analysis: influence of Chigh vs Clow on the corrected efficiency at vhigh=vlow=1cm/sec. RED stack (50x50 cm2, 1000 cell pairs) equipped with Fujifilm membranes CEM=AEM=75.3%, RCEM=RAEM=2E-4(Clow)-0.236, 270 μm woven spacers, T = 298 K
A) F3=0; B) .

The effect of solution velocity was also investigated: as expected on the basis of results of Figure 3B, the cycle efficiency was found very poorly dependent on vhigh. Conversely, as a difference from Figure 3B, Figure 8 shows that smaller vlow are preferable when higher efficiencies are looked for. Higher residence times within the RED unit results into (i) lower flow rates and (ii) higher concentrations entering into the stripping column (i.e. higher specific thermal duty). As already mentioned while commenting Figure 7, the flow rate effect is prominent, thereby leading to lower thermal requirements and higher cycle efficiencies. For the same reason, as observed in Figure 7, the higher value of F3 (i.e. x=0.5) provides better results, as expected. 
Note that the sharp colour variations observable in Figure 8 derives from small discontinuities of the step-wise correlation proposed.
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[bookmark: _Ref467086389]Figure 8: Red Closed Loop sensitivity analysis: influence of Clow vs vlow on the corrected efficiency at Chigh= 2.6M and vhigh=1cm/sec. RED stack (50x50 cm2, 1000 cell pairs) equipped with Fujifilm membranes CEM=AEM=75.3%, RCEM=RAEM=2E-4(Clow)-0.236, 270 μm woven spacers, T = 298 K. 
A) F3=0; B) . 

The performance of a REDHE whose RED unit is equipped with tailored membranes for NH4HCO3-water solutions was also investigated: in particular, the same “enhanced” (CEM=AEM=90% and RCEM and RAEM equal to 1/5 of the value resulting from equation 4) membranes adopted for the case of Figure 4 are here investigated. Relevant results are reported in Figure 9. As shown, also in this case the higher F3, the better. Also, very low concentrations can be used in the dilute channel: in particular, the highest efficiency is achieved when Chigh is in the range of 2.4M – 2.6M and Clow is lower than 0.04M (the value maximizing Pd,corr according to [33]). Moreover, under these optimized operating conditions a doubled corr can be achieved corresponding to an exergetic efficiency of about 22%. Notably, when one looks at efficiency values at these very low temperature levels, it should be kept in mind that the waste heat employed is considered as a cost rather than a valuable worth by industry.
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[bookmark: _Ref451875336]Figure 9: Red Closed Loop sensitivity analysis: influence of Chigh vs Clow on the corrected efficiency at vhigh=1cm/s and vlow=0.5 cm/sec. RED stack (50x50 cm2, 1000 cell pairs) equipped with enhanced Fujifilm membranes CEM=AEM=90%, RCEM=RAEM=4E-5(Clow)-0.236, 270 μm woven spacers, T = 298 K. A) ; B) .

CONCLUSIONS
The performance of a Reverse ElectroDialysis Heat Engine (REDHE) fed with ammonium bicarbonate – water solutions was investigated. Ammonium bicarbonate is a thermolytic salt which can be converted into ammonia and carbon dioxide at temperature higher than about 50°C thus guaranteeing an easy recovery within the regeneration unit in order to restore the salinity gradient to be fed to the RED unit. In this regard, a stripping column supplied with hot saturated air was used to separate the gaseous compounds from the water solution. 
A simplified integrated model was developed encompassing two sub-models: the one for the RED unit and the other for the regeneration unit. 
- The RED unit is modelled by a lumped parameter model which was validated against experimental data collected by our research group in a previous work [33]. Once validated, the model was used for a sensitivity analysis aimed at recognizing the optimized operating conditions. According to this analysis, when enhanced yet feasible membranes are used, at Chigh,in≈2.6M, Clow,in≈0.075M, vhigh≈1cm/s and vlow≈5cm/s , a maximum power density of about 9 W/m2 could be obtained.
- As far as the modelling of the regeneration unit is concerned, a process model based on the use of the process simulator Aspen Plus® was developed to model the stripping column along with suitable heat exchangers required by thermal integration: comparison with available literature data on equilibrium conditions allowed the most reliable thermodynamic package to be adopted. The model was used to calculate the regeneration step thermal duty which is required to heat up to 60°C the streams (i.e. saturated air stream and NH4HCO3-water liquid stream) entering the stripping column. Results showed that the specific thermal duty increases as the concentration difference between the NH4HCO3-water solution entering the stripping column (i.e. C1) and the one exiting (C2) increases. A step-wise correlation was devised to account for this dependence.

Finally, the two models were coupled each other and with mass balances within a simplified integrated model which was used to optimize the whole RED closed loop. Results show that the dilute solution concentration Clow maximizing the cycle efficiency slightly differ from that maximizing the electric power production, while the “optimal” dilute solution velocity vlow was found to be high for the power production and low for the cycle efficiency: in particular a Clow <0.04M and a vlow of about 0.5 cm/s resulted into the highest efficiency.
Under these conditions, a maximum exergetic efficiency of about 22% was found thus suggesting that Reverse ElectroDialysis Heat Engine (REDHE) with thermolytic salts could be a feasible way to convert unworthy waste heat at very low temperatures into valuable power. Note that, to the authors’ knowledge, Salinity Gradient Power Heat Engines (SGPHE) is the only technology able to perform such conversion at these temperature levels. 
On overall, the present work shows the energetic feasibility of the process, although the present analysis does not take into account pumping costs and does not include a process economic analysis. Thus, much effort should be still devoted to SGPHE (including the ones with thermolytic salts) mainly aimed at recognizing, among the many alternatives, the solvent-solute couple and the regeneration strategy able to maximizing the power production and the cycle efficiency.

ACKNOWLEDGMENTS
This work has been performed within the RED-Heat-to-Power project (Conversion of Low Grade Heat to Power through closed loop Reverse Electro-Dialysis) - Horizon 2020 programme, Project Number: 640667: www.red-heat-to-power.eu.

NOMENCLATURE
A – Membrane Area (m2)
b – Membrane width (m)
C – Molar concentration (mol l-1)
Dsalt – Co-ion diffusion coefficient (m2 s-1)
Ecell – Electric voltage (V)
Fi – Flow rate (m3 s-1)
F – Faraday constant (C mol-1)
f – Spacer shadow factor perpendicular to the membrane (-)
Jsalt – Salt flux (mol m-2 s-1)
j - Electrical current density (A/m2)
m – Molal concentration (mol kg-1)
N – Cell pair number (-)
OCV – Open Circuit Voltage (V)
Pd – Power density (W m2)
Q – Thermal power (kW)
Ri – Membrane resistance ( m2)
R – Ideal gas constant (J mol-1 k-1)
T – Temperature (K)
v – velocity (m s-1)

Greek letters
 - Membrane permselectivity (%)
AΛ - Model parameters to calculate equivalent conductance (S l0.5 cm2 mol-1.5)
BΛ -  Model parameters to calculate equivalent conductance (l0.5 mol-0.5)
CΛ - Model parameters to calculate equivalent conductance (S cm2 l mol-2)
 - Equivalent conductance (S cm2 mol-1)
0 - Equivalent conductance of salt at infinite dilution (S cm2 mol-1)
 - Activity coefficient (-)
 - Spacer thickness (m)
m - Membrane thickness (m)
Channel porosity (-)
 – Efficiency (%)
ρ – Solution density (kg l-1)
∆/∆m – Parameter to calculate solution density (kg2 mol-1 l-1)

Subscripts
high – Solution with high concentration
low – Solution with low concentration
ext – External circuit
in – Inlet stream
out – Outlet stream
corr – Corrected 

Acronyms
AEM – Anion exchange membrane
CEM – Cation exchange membrane 
FO – Forward Osmosis
IEM – Ionic exchange membrane
OHE – Osmotic Heat Engine
PRO – Pressure Retarded Osmosis
RED – Reverse Electrodialysis
REDHE – Reverse Electrodialisys Heat Engine
SGP – Salinity Gradient Power
SGPHE – Salinity Gradient Power Heat Engine
VMD – Vacuum Membrane Distillation
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