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Abstract 11 

 12 

Thermolytic reverse electrodialysis heat engine (t-RED HE) has been recently proposed as a 13 

technology for converting low-temperature waste heat into electricity. The construction and 14 

operation of the first world lab-scale prototype unit are reported. The system consists of: (i) a reverse 15 

electrodialysis unit where, the concentration gradient between two solutions of thermolytic salts is 16 

converted into electricity and (ii) a thermally-driven regeneration unit where low-temperature heat 17 

is used to restore the initial conditions of the two feed streams. Regeneration is based on a 18 

degradation process of salts into gas ammonia and carbon dioxide, which can be removed almost 19 

entirely from the exhausted dilute solution by vapour stripping and, subsequently, reabsorbed into 20 

the exhausted concentrate solution, thus restoring the initial salinity gradient of the two streams. For 21 

the first time, the feasibility of the process was demonstrated through an experimental campaign to 22 

evaluate the system performance via long-run tests 23 

 24 

Keywords: Ammonium Bicarbonate solutions, salinity gradient power, osmotic power, waste heat 25 

recovery, low-grade heat. 26 
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Introduction 28 

The recovery and re-use of waste heat contribute to increase the efficiency of industrial plants, 29 

reducing energy costs and CO2 emissions. Referring to the industrial sector, a huge amount of the 30 

energetic input (20-50%) is lost as waste heat contained in hot liquid and gaseous streams [1]. 31 

In the United States [2], almost 104 TWh of carbon, natural gas and nuclear energy were converted 32 

in 3.4·103 TWh of electricity with an average efficiency of 32 %, releasing in the environment about 33 

5.25·103 TWh of waste heat. It has been estimated that in UK3 about 14.4 TWh of low temperature 34 

waste heat is discharged to the environment. This amount is equal to 4% of the global energy 35 

consumption [3]. Waste heat recovery has been shown to offer economic savings of about £100 36 

mil/yr, with the added benefit of reducing CO2 emissions by potentially millions of tons per year. 37 

Waste heat sources are classified in three different levels according to the temperature: (i) high 38 

temperature waste heat (T > 650 ° C), (ii) medium temperature waste heat (230 ° C < T < 650 ° C) 39 

and (iii) low temperature waste heat (T<230°C). Papapetrou et al. reported a potential of about 300 40 

TWh/year of waste-heat from EU industrial sector in 2015, of which about 60% available at 41 

temperature below 200°C.[4] 42 

Heat recovery technologies are classified primarily as active or passive. Passive technologies (e.g. 43 

heat exchangers and thermal energy storage) are based on re-using directly the waste-heat at the same 44 

or lower temperature level than the heat source. Conversely, active technologies are based on the 45 

upgrade of heat into a higher temperature level or on the conversion into another form of useful 46 

energy. The active technology can be classified in: (i) “waste-heat to heat”, (ii) “waste-heat to cold” 47 

and (iii) “waste-heat to power”. For this latter case, Steam Rankine Cycle, Organic Rankine Cycle 48 

[5] and Kalina Cycle [6] are examples of conventional technologies. 49 

Recently, different innovative technologies have been proposed in the literature [7] such as 50 

Thermoelectric Generator [8,9], Stirling Engine [10], Carbon Carrier cycle [11], Thermally 51 

Regenerative Ammonia-based Battery [12] and Salinity Gradient Power Heat Engine (SGP-HE), all 52 

suitable for converting low-grade heat into electricity. 53 

Salinity Gradient Power (SGP) or Salinity Gradient Energy (SGE) is a sustainable energy source, 54 

which was identified for the first time in the 1950s by Pattle [13]. This energy source is based on 55 

harvesting the Gibbs free energy released during the mixing of salt solutions at different 56 
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concentration. Pressure retarded osmosis (PRO) and reverse electrodialysis (RED) are the main SGP 57 

technologies proposed so far. 58 

PRO makes use of osmotic membranes to convert the salinity gradient between two solutions into a 59 

water flux, from the dilute to the concentrate, “retarded” from the application of a hydraulic pressure 60 

in the concentrate side. Thus, the permeate water “gains” pressure energy, which is eventually 61 

converted into mechanical and electrical energy through a hydraulic turbine.  62 

In the RED process, Ion Exchange Membranes (IEMs) are used to convert the concentration 63 

difference between two solutions into an ionic current. A RED unit consists of a stack in which cation 64 

and anion exchange membranes are alternatively piled. The compartments between two different 65 

membranes are alternatively fed with concentrate and dilute solutions. Membrane solution interface 66 

equilibria and selective ions transport phenomena lead to the generation of an electro-motive force 67 

accompanied by an ionic current, which make of a RED unit a perfect power generator. 68 

SGP-HE is a coupled system consisting of (i) a SGP unit (i.e. the power unit) in which electricity is 69 

produced exploiting the salinity gradient of two solutions and (ii) a thermal regeneration unit, where 70 

low-grade waste heat is used to restore the initial concentration of the two solutions. One of the main 71 

advantages of using a closed-loop SGP-HE configuration, rather than open-loop SGP, is the 72 

possibility to use ad-hoc salt-water solutions in order to enhance the performance of the system. 73 

Among the different salt-solutions proposed so far, the use of thermolytic salts, such as ammonium 74 

bi-carbonate (NH4HCO3), has been presented as a promising opportunity [14], due to the potential 75 

use of very-low grade heat (40-100°C) to regenerate the solutions by means of thermal degradation 76 

and stripping/absorption processes. In fact, heating up the NH4HCO3 solutions above 40-60°C, the 77 

ions undergo a degradation process, which promotes the formation of gaseous compounds, NH3 and 78 

CO2, easily removable from solution [15]. 79 

The idea to convert waste-heat into electricity through closed-loop SGP technologies was 80 

theoretically proposed for the first time by S. Loeb in 1974 for PRO [16] and in 1979 for RED [17]. 81 

However, only in recent years, thanks to the development of new membranes and process schemes, 82 

the idea of Loeb led to the first experimental efforts to characterise the behaviour of the RED-HE 83 

systems. Luo et al. in 2012 proposed the concept of a Thermal Driven Electrochemical Generator, 84 

consisting in a RED unit coupled with a distillation column fed with ammonium bicarbonate solutions 85 

[18].  The authors experimentally proved the feasibility of the RED unit fed by NH4HCO3 to generate 86 
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electricity, achieving a maximum power density equal to 0.33W/m2 of cell pair. Further experimental 87 

investigations related to the use of ammonium bicarbonate in RED units were reported by Kwon et 88 

al. in 2015 [19], who reported a maximum power density (1.45 W/m2 of cell pair) doubled than the 89 

one achieved by Luo et al., and by Bevacqua et al. [20] in 2016, who reported the highest net power 90 

density so far achieved using such solutions (i.e. equal to 2.42W/m2 of cell pair). However, none of 91 

these works focused on the experimental characterisation of the regeneration step, nor on the 92 

development of the integrated system. 93 

Some other authors focused on the modelling analysis of SGP-HE. In 2007 McGinnis et al. 94 

theoretically investigated a closed loop configuration, named Osmotic Heat Engine (OHE)”, 95 

consisting of a PRO unit coupled with a distillation column fed with ammonium bicarbonate solutions 96 

[21]. In 2014 Lin et al. carried out a theoretical study on OHE fed by NaCl solutions, in which PRO 97 

was coupled with a Membrane Distillation (MD) [22]. Theoretical estimations indicate that system 98 

efficiency could reach exergy efficiency of about 75-83% using low grade waste heat at 60°C.  99 

Carati et al. [23] and Giacalone et al. [24] performed theoretical analysis to investigate the impact of 100 

different salt-water solutions on the performance of a SGP-HE constituted by a generic SGP unit and 101 

an evaporative regeneration unit, indicating how salts with high solubility and high activity 102 

coefficients at larger concentration can lead to the best theoretical performance of a SGP-HE.  103 

Long et al. [25] and Micari et al. [26] performed a parametric study on hybrid RED-MD systems fed 104 

by NaCl solutions. The results have shown maximum exergy efficiency of about 16.5%, for optimal 105 

operating conditions. In 2017, Kim et al. presented a model to assess the performance of a RED unit 106 

fed by ammonium bicarbonate solutions for low-grade waste heat recovery [27]. Bevacqua et al. 107 

carried out a modelling analysis on RED-HE system operating with NH4HCO3. The HE proposed is 108 

constituted by a RED unit and thermal regeneration unit including an air-stripping column to restore 109 

the initial salinity gradient. The highest exergy efficiency reported was above 20% [28]. 110 

Recently, accurate analyses have shown that reverse electrodialysis – multi effect distillation heat 111 

engine (RED-MED HE) might achieve exergy efficiency ranging between 25-30% by using 112 

optimized membranes [29,30]. 113 

Despite the interesting results of theoretical analysis reported in the literature, no real demonstration 114 

of the process feasibility has been presented so far, due to the significant efforts required to design, 115 

construct and operate a fully integrated RED-HE system.  116 
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In the present work, for the first time in the literature, a fully operating prototype of a RED-HE 117 

operating with ammonium bicarbonate solutions has been designed, built and tested.  118 

The proposed integrated prototype consists of: (i) a reverse electrodialysis unit, where salinity 119 

gradient from two ammonium bicarbonate solutions is converted into electricity; (ii) a regeneration 120 

unit composed of a vapour stripping column, where ammonia and carbon dioxide are desorbed from 121 

the dilute stream and a barometric condenser, where the stripped gases are re-absorbed in the 122 

concentrate stream, overall restoring the original salinity gradient. An extended experimental 123 

campaign has been carried out in order to demonstrate the feasibility of the process during long-run 124 

tests and to evaluate the effect of solutions concentrations and the main operating parameters on the 125 

system performance. 126 

 127 

Method 128 

 129 

Process description 130 

The thermolytic RED-HE prototype consists of two units: (i) a RED unit where power is produced 131 

exploiting the salinity gradient between two ammonium bicarbonate solutions (“power unit”) and (ii) 132 

a thermal regeneration unit where low-grade waste heat is used to restore the initial conditions of the 133 

two feed streams (“regeneration unit”). The concept scheme of the whole thermolytic RED-HE is 134 

reported in figure 1. 135 
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 136 

Figure 1. Concept scheme of the Thermolytic RED-HE. (a) Power unit; (b) water rebalancing; (c1) stripping 137 
of thermolytic salt; (c2) condensation/absorption of the gases. 138 

The process steps can be described as follows: 139 

(a) Power Unit. A dilute ammonium bicarbonate solution (LOW) and a concentrate ammonium 140 

bicarbonate solution (HIGH) are fed in a RED unit to convert their salinity gradient into electricity. 141 

As a result of the controlled mixing process, the flow-rate and composition of the two streams is 142 

altered: part of the salt from the HIGH solution is transferred to the LOW solution and, due to osmotic 143 

flux, water is transferred from the LOW solution to the HIGH solution. In order to restore the initial 144 

conditions of the two streams, salt and water have to be transferred in the opposite directions within 145 

the regeneration unit. 146 

(b) Water rebalancing. Before entering the regeneration unit, a by-pass stream from the exhausted 147 

HIGH to the LOW stream restores the water content in the LOW loop, compensating for the water 148 

losses due to osmosis in the RED unit and evaporation in the stripping column. The mixing process 149 

represents a source of irreversibility, dissipating part of the chemical energy of the two streams and 150 

reducing the overall energy performance. 151 
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(c) Regeneration Unit. Solutions’ regeneration is obtained in two steps: (c1) stripping of thermolytic 152 

salts from the LOW solution and (c2) condensation-absorption of the gases in the HIGH solution. 153 

After the water rebalancing, the LOW stream is preheated and fed on the top of the stripping column, 154 

where it is distributed on the packing material and put in contact with the rising vapour. The stripping 155 

vapour is produced in a reboiler placed on the bottom of the column, where part of the solution is 156 

vaporized. The mass and enthalpy exchanges between vapour and solution promotes the salt 157 

degradation and the stripping of ammonia (NH3) and carbon dioxide (CO2) reducing the ions (i.e. 158 

NH4
+, HCO3

-, CO3
2- and NH2CO2

-) concentration  in solution. The regenerated LOW solution exiting 159 

from the reboiler is cooled down to 25°C. The main chemical equilibrium reactions occurring in 160 

ammonium bicarbonate-water solutions are: 161 

 𝑁𝐻4𝐻𝐶𝑂3 ↔ 𝑁𝐻4
+ + 𝐻𝐶𝑂3

− (1) 162 

 𝑁𝐻4
+ + 𝑂𝐻− ↔ 𝑁𝐻3 + 𝐻2𝑂 (2) 163 

 𝐻𝐶𝑂3
− + 𝐻3𝑂+ ↔ 𝐶𝑂2 + 2𝐻2𝑂 (3) 164 

 𝑁𝐻3 + 𝐻𝐶𝑂3
− ↔ 𝑁𝐻2𝐶𝑂𝑂− + 𝐻2𝑂 (4) 165 

 𝐻𝐶𝑂3
− + 𝐻2𝑂 ↔ 𝐶𝑂3

2− + 𝐻3𝑂+ (5) 166 

The stripped gases reach the barometric condenser, connected with the top of the stripping column. 167 

Before entering the barometric column, these gases are cooled down to 25°C in order to partially 168 

condense water and ammonia and facilitate the CO2-NH3 absorption process. The barometric 169 

condenser produces the vacuum needed to operate the stripping column at low temperature (<100°C) 170 

and promotes the condensation and absorption of the stripped gases in the HIGH solution. It is 171 

operated by recirculating a cold stream from the bottom to the top of the column, where it is mixed 172 

with the HIGH solution exiting from the RED unit. The regenerated HIGH solution exiting from the 173 

bottom of the barometric condenser is eventually recirculated to the RED unit. 174 

Prototype description 175 

A schematic diagram of the prototype is reported in figure 2. The RED unit provided by REDstack 176 

BV (The Netherlands) consists of 50 cell pairs with an active membrane area of 0.1x0.44m2        . 177 

Each cell pair consists of one cation and one anion exchange membrane (Type 10 - Fujifilm 178 

Manufacturing Europe BV -The Netherlands), and two compartments, i.e. a dilute (LOW) and a 179 
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2 

concentrate (HIGH) compartment, equipped with woven spacers of 155 micron (Deukum GmbH, 180 

Germany).  181 

Magnetic gear pumps (fluid-o-tech FG204) circulate the feed solutions to the unit. An electrodic rinse 182 

solution with K3Fe(CN)6/K4Fe(CN)6 redox couple is recirculated in the electrodes in order to convert 183 

the ionic current into an electric current. In order to minimize osmotic and diffusive fluxes from/to 184 

electrodic compartments a proper supporting electrolyte (NH4HCO3) was added in the electrode rinse 185 

solution. Moreover, very permselective end-membranes (Fumasep F-10150-PF), Fumatech GmbH 186 

(Germany), were used to further minimize salt passage. 187 

  188 

 189 

The vapour stripping column       consists of a Plexiglas tube with an internal diameter of 50 mm 190 

filled with a structured packing material (KOCH-Glitsch FLEXIPAC® 700Y). The packing height is 191 

1.6 m. The bottom of the column is connected to a reboiler         where the stripping vapour is 192 

generated. For the purpose of the present work, the external energy input is a low-temperature 193 
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electrical resistance, which replaces the use of waste heat. The heat provided by the electrical 194 

resistance is set regulating the intensity of the electrical current supplied. A T-type thermocouple is 195 

used to measure the temperature of the solution in the reboiler. On the top of the column, a liquid 196 

distributor is used to sprinkle the incoming LOW solution on the packing material. The top of the 197 

column is connected to an absolute pressure transducer (VEGA - VEGAbar 14) and a T-type 198 

thermocouple. The barometric condenser consists in a 15m tube (ID ½’) with the bottom end 199 

submerged in the HIGH solution tank      . A double-pipe hair-pin heat-exchanger is used for thermal 200 

integration in order to recover part of the heat from the LOW regenerated solution exiting from the 201 

reboiler and to preheat the solution fed to the vapour stripping column      . It consists of a stainless 202 

steel AISI 316 tube (ID 6mm, thickness 1.5mm) inserted in a Plexiglas tube (ID 12mm, thickness 203 

2mm), with the cold stream flowing in the annular section. 204 

The conductivity, temperature and flow-rate of the main streams in both the RED and REG units are 205 

monitored by on-line sensors      ,        and     . For cross-checking conductivity and temperature 206 

values, also sampling points were used       . 207 

Control-loops were implemented in the prototype to control the RED unit inlet flow-rates, the 208 

regenerated dilute solution from the column (by acting on the heat supplied to the reboiler) and the 209 

liquid level in the reboiler (by acting on the liquid outlet flow rate). 210 

During the start-up phase only, auxiliary circuits are used to recirculate hot solution from the reboiler 211 

to the top of the column in order to heat-up the packing material       and to evacuate air using an 212 

auxiliary Venturi ejector vacuum system       . A picture of the prototype system is reported in figure 213 

3. 214 

Experimental procedure 215 

The two feed solutions are prepared dissolving anhydrous ammonium bicarbonate salt (Carlo Erba® 216 

purity >99.5%) into deionized water. The electrode rinse solution is prepared dissolving 0.1mol/l of 217 

K3Fe(CN)6 and 0.1mol/l K4Fe(CN)6·3H2O in deionized water and adding ammonium bicarbonate at 218 

a concentration equal to the average of the two feed solutions. 219 

An experimental calibration was performed in order to relate the measured conductivity (at 25°C) to 220 

the concentration of dissolved salt by the equation (6): 221 
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 l =L×C (6) 222 

where   is the solution conductivity (mS/cm),   is the specific  molar conductivity (mS cm-1mol-223 

1l)) and C is the molar concentration. The specific conductivity (mS cm-1mol-1l)) of ammonium 224 

bicarbonate solution is evaluated according to: 225 

 L =L
0
-

A
L
C1/2

1+ B
L
C1/2

-C
L
C  (7) 226 

where 
0  is the equivalent conductivity of salt at infinite dilution, AΛ, BΛ and CΛ are fitting 227 

parameters, and C is the molar concentration. The fitting coefficients for NH4HCO3 at 298K have 228 

been obtained by fitting experimental data leading to: 
0 = 101.88 A

 = 30.32, B
= C

= 0. In 229 

particular, both literature data [31] and original experiments were used in order to double check the 230 

consistency of the equation with the real behaviour of solutions. 231 

Although the chemical equilibria occurring in ammonium bicarbonate aqueous solutions lead to the 232 

formation of different ions, from the main ones as NH4
+ and HCO3

-, to the less abundant CO3
2- and 233 

NH2CO2
- (as reported in eqs. 1-5), the stable operating conditions of the regeneration process and the 234 

minimisation of CO2 and NH3 release (assessed in the long-run tests presented in the next section), 235 

have allowed a reliable use of the above conductivity-concentration relation.  236 
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 237 

 238 

For the purpose of this work, the inlet flow-rates in the RED unit are fixed equal to 0.2 l/min 239 

(corresponding to a RED channels’ velocity of 0.5 cm/s) in all cases. This value gives a good 240 

compromise between RED unit and vapour stripping column operability. Furthermore, in a previous 241 

theoretical investigation, it was shown that the global system efficiency is maximized by adopting 242 

low solution velocities in the RED unit in order to increase the residence time and the power yield 243 

[32]. Polarisation phenomena are not relevant in RED units operating in these conditions thanks to 244 

the high solution concentration used [33]. 245 

During continuous operation, the RED unit is connected to a fixed external load. The value of the 246 

external resistance is chosen in order to operate around the maximum power density condition. 247 

However, during the performed experiments, the characteristic power-output behaviour was also 248 

assessed at different operating times in order to analyse possible variations in the RED unit 249 

performance. Thus, the value of external resistance was varied from open-circuit (OC) to short-circuit 250 

(SC) condition, measuring both stack voltage (𝑉𝑠𝑡𝑎𝑐𝑘) and current (𝐼𝑠𝑡𝑎𝑐𝑘) using two multimeters 251 

(FLUKE 175). The electric power generated by the RED (𝑃𝑅𝐸𝐷) unit is given by: 252 

Heat exchanger

Valves

Sample points

RED Unit

Stripping column

Reboiler

Figure 3 The thermolytic RED-HE prototype. 
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 P
RED

= I
STACK

×V
STACK

 (8) 253 

The performance of the RED units is typically evaluated also in terms of maximum power density, 254 

i.e. the maximum power generated per unit of cell pair: 255 

 P
d ,max

=
P
RED ,max

A
m
N
cp

  (9) 256 

where 𝑃𝑅𝐸𝐷,𝑚𝑎𝑥  is the maximum power produced by the RED unit (for ideal stacks with short 257 

channels, corresponding to the condition V=OCV/2), 𝐴𝑚 is the active area of one membrane (i.e. 258 

0.1x0.44m2) and 𝑁𝑐𝑝 is the number of cell pairs (i.e. 𝑁𝑐𝑝 =50). 259 

The solutions exiting from the regeneration unit are cooled down in the range 23-27°C in order to 260 

control the operating temperature of the RED unit. Indeed, higher operative temperatures may result 261 

in an increase in the RED power output but lead to a risky condition of gas bubble formation in the 262 

stack due to salt degradation. 263 

The pressure at the top of the stripping column varies in the range 0.41–0.56bar, while the reboiler 264 

temperature is in the range of 78–85°C. A start-up period of about 30 minutes is required in order to 265 

reach a steady-state condition in the stripping column. The thermal duty of the reboiler is a growing 266 

function of the inlet solution concentration. In all investigated cases, the thermal duty is modulated 267 

in order to restore the original concentration of the solution fed to the RED unit. A solid-state relay 268 

was used in order to regulate the current provided to the heater (in the range 0 to 10 A) by applying 269 

a voltage input in the range 0-10V. The voltage provided to the external heater was maintained equal 270 

to the main voltage (about 226V). Thus, thermal duty provided in the reboiler was calculated by 271 

measuring both electrical voltage and current by a True RMS multimeter. The specific thermal 272 

consumption (STC) is defined as the ratio between the electrical power provided to the reboiler (or 273 

the thermal duty TD) and the flowrate entering in the stripping column (𝐹𝑖𝑛,𝑅𝐸𝐺): 274 

 STC =
TD

F
in,REG

 (10) 275 

The prototype was tested under long run operations for more than 50 hours, aiming to assess the 276 

robustness of the process under constant external load conditions. In particular, the operations were 277 

carried-out in different days (three or four days) by cycling always the same solutions within the 278 
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units. In the first days, the prototype was continuously operated for a duration ranging from 8 to 12 279 

hours. Then it was turned-off and started-up again in the following day, in order to simulate possible 280 

on/off operating cycles of the system when used in “energy storage” mode. Finally, in last day the 281 

prototype was operated for at least 24 h continuously. 282 

In order to evaluate operational stability on a relevant time-scale, a non-dimensional parameter was 283 

defined, namely 𝑁𝑅𝐸𝐷
𝐶  , as the ratio between the test duration and the residence time of solution within 284 

the RED unit: 285 

 N
RED

C =
t
test

t
RED

 (11) 286 

where  287 

• 
REDt  (residence time in the RED unit) is the ratio between liquid hold-up in the channels (i.e. 288 

0.28 l) and flow rate (i.e. 0.2 l/min); 289 

• 
testt  is the duration of the long run test (in minutes). 290 

In particular, 𝑁𝑅𝐸𝐷
𝐶  can be seen as the number of cycles that the feed solutions undergo during closed-291 

loop operation within the RED unit Values of 
REDt  close to 2700 have been reached in the present 292 

investigation with time duration of the long-run test up to 55 hours. 293 

Also for the regeneration unit, a non-dimensional parameter (i.e. 𝑁𝑅𝐸𝐺
𝐶 ) was introduced to evaluate 294 

the number of cycles, which the LOW solution (being regenerated) undergoes during closed-loop 295 

operation in the packing material of the stripping column. This parameter is defined as: 296 

 N
REG

C =
t
test

t
REG

 (12) 297 

where  298 

•  REGt  is the ratio between the liquid hold-up in the stripping column (estimated as 0.10 of the 299 

column volume) and the flow rate (i.e. 0.23 l/min) entering the unit; 300 

It is worth defining here also some important thermodynamic figures of merit, which help 301 

characterising the system performance. In particular, the maximum amount of power to be harvested 302 

from the mixing of solutions at different concentration is given by the Gibbs free power of mixing (303 
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), evaluated as the Gibbs free power of the resulting solution ( ) minus the one of the two 304 

original streams ( ): 305 

   (13) 306 

The Gibbs free power of the generic ith stream (
i

G ) is evaluated considering both water and salt 307 

contributions: 308 

   (14) 309 

where 
,salt i

  and 
,water i

  are the chemical potential of salt and water, respectively,[34,35] 
,salt i

n  and 
,water i

n  310 

the molar flow rates (mol/s) of salt and water in the ith stream. The ratio between experimental 311 

electrical power produced and the Gibbs free power of mixing is the thermodynamic yield ( Y ) of the 312 

process: 313 

  (15) 314 

The RED exergy efficiency (
,ex RED

 ) represents the fraction of the consumed chemical exergy 315 

converted into electrical power within the RED unit, and is defined as29:  316 

   (16) 317 

The thermal efficiency of the system (
th

 ) is defined as the ratio of the electrical power generated (318 

RED
P ) by the RED unit and the thermal duty of the stripping column according to: 319 

 h
th
=
P
RED

TD
 (17) 320 

Finally, the exergy efficiency of the system (
ex

 ) is the ratio between the thermal efficiency of the 321 

investigated heat engine (
th

 ) and the efficiency of an ideal Carnot engine (
C
 ), operating in the same 322 

range of temperature: 323 

 h
ex
=
h
th

h
C

  (18) 324 
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All the performance indicators refer to gross values of generated power, not considering the power 325 

required to operate the prototype. As a qualitative indication, pumping losses in an optimised RED 326 

unit are typically in the range of 10-20% [36] of the generated power. Similar values are estimated 327 

for the regeneration unit under properly optimised conditions. 328 

 329 

 330 

Results & Discussion 331 

Long-run tests were carried out with 4 different salinity gradients at the inlet of the RED unit (see 332 

Table 1), analysing the behaviour of the system in terms of conductivity of the solutions and system’s 333 

performance indicators, namely: power density, specific thermal consumption and exergy efficiency. 334 

As reported in Table 1, the long-run tests were performed for 8 h, for cases A and C, and up to 55 h, 335 

for cases B and D. For these latter cases, the operation was extended to several days, initially with 336 

intermittent functioning (8-12 hours of operation alternated with 12-16 hours of stop) in order to 337 

simulate the use as “energy storage” system, and a final continuous run, in which the prototype was 338 

continuously operated for more than 24 h. 339 

Table 1. Operating conditions of the four investigated cases. 340 

 HIGH SOLUTION LOW SOLUTION DURATION 
COLUMN 

CONDITIONS 

case Molarity [M] 

( l
av

 [mS/cm]) 

Molarity [M] 

( l
av

 [mS/cm]) 

Time [h] 

( C

RED
N ) 

PTOP 

[bar] 

TBOTTOM 

[°C] 

(A) 0.6 (45.9) 0.05 (4.9) 8 (360) 0.40 77.0 

(B) 1.0 (72.8) 0.052 (5.2) 55 (2700) 0.43 78.0 

(C) 1.45 (94.8) 0.05 (4.8) 9 (400) 0.49 81.7 

(D) 1.9 (114) 0.052 (5.2) 55 (2700) 0.55 84.5 

Analysis of system stability in long-run operation 341 

The t-RED HE prototype was tested in order to analyse the behaviour and stability of all components 342 

during long-run tests. The time variation of the conductivity of the solutions at the inlet and at the 343 

outlet of the RED unit working close to maximum power density condition (external load resistance 344 
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equal to 1.2Ω), is reported in figures 4a and c for the cases B (i.e. 1.0M-0.05M) and D (i.e. 1.9M-345 

0.05M), respectively, as a function of 𝑁𝑅𝐸𝐷
𝐶  and operating time. 346 

In particular, referring to case D (fig. 4c), the concentration of the “HIGH” inlet solution is reduced 347 

from 1.9M (i.e. 114 mS/cm at 25°C) to 1.43M (i.e. 93.8mS/cm at 25°C), conversely the “LOW” 348 

solution concentration is increased almost sevenfold from 0.05M (i.e. 5.2mS/cm at 25°C) to 0.38M 349 

(i.e. 31.7mS/cm at 25°C). After the water rebalancing step (see section 2.1), which produces a further 350 

increase of the LOW concentration from 0.38M to 0.54M (i.e. 42.6mS/cm at 25°C), the initial 351 

concentrations were eventually restored in the regeneration unit, where the thermolytic salt 352 

decomposes and is removed as gas ammonia and carbon dioxide. The stripped gases are then absorbed 353 

in the HIGH solution within the barometric condenser. The time variation of regenerated solutions 354 

conductivity is reported in figures 4b and 4d for the cases B (i.e. 1.0M-0.05M) and D (i.e. 1.9M-355 

0.05M), respectively. In particular, referring to case D (fig. 4d), the LOW solution conductivity is 356 

reduced from 0.54 M (i.e. 42.6mS/cm at 25°C) to 0.05M (i.e. 5.2mS/cm at 25°C), while the HIGH 357 

solution conductivity is increased from 1.43M (i.e. 93.8mS/cm at 25°C) to 1.9M (i.e. 114mS/cm at 358 

25°C), thus restoring the original salinity gradient. Similar consideration can be done for the results 359 

reported in figures 4a and 4b for the case B. 360 
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 361 

 362 

The stability of concentration values over time clearly indicates the robustness of the system, both in 363 

continuous operation and also in intermittent operations (when the prototype was stopped and the 364 

regenerated solutions were stored during 12-16 hours in the buffer tanks), highlighting the potential 365 

of the RED HE to be used for energy storage applications.  366 

During the test, the system performance in terms of power density, Specific Thermal Consumption 367 

and exergy efficiency were monitored. Relevant results are reported in figure 5 for cases B and D. In 368 

all cases, the power density increases of about 10% in the first 1-2 hours of operation then achieving 369 

a steady state condition. This behaviour can be attributed to the membranes’ stabilisation and the 370 

relevant reduction of the RED unit electrical resistance. Then, only very small deviations (5%) from 371 

the average value are observed during the 55 hours or 2700 cycles (𝑁𝑅𝐸𝐷
𝐶 ) of operation. The average 372 

Figure 4 Time variation of inlet/outlet conductivity of the solutions in the RED unit (a and c) and in the 

regeneration unit (b and d) for the cases D and B of table 1, respectively. Coloured vertical bars in figure a 

and c indicate when power density measurements were performed as reported in figure 6. 
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values of Pd,max is about 1.5 W/m2 for the case D (1.9M-0.05M), and 0.9W/m2 for the case B (1 M-373 

0.05M). As expected, the increase of the RED unit HIGH solution concentration from 1.0M to 1.9M 374 

results into an increase of the outlet concentration of the LOW solution. In fact, the higher salinity 375 

gradient available leads to an increase of both the migrative flux across the IEMs (contributing to 376 

increase the power generated) and the uncontrolled mixing phenomena (i.e. diffusive and osmotic 377 

salt and water fluxes, respectively).  378 

This also leads to larger power requirements in the regeneration step. In particular, the average STC 379 

is equal to 93 kWh/m3 for case B and 110 kWh/m3 for case D (fig. 5c and d). Also for the STC just 380 

small deviations (5%) are observed in the 55 hours of operations (i.e. in 2500 𝑁𝑅𝐸𝐺
𝐶  cycles).  381 

The exergy efficiency of the system during the long run tests is reported in Figure 5e and f. In 382 

particular, the average exergy efficiency is equal to 1.1% for case D and 0.8% for case B, with small 383 

oscillations derived by the trends of Pd and STC. 384 
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 385 

 386 

RED power generation in the four salinity gradient scenarios  387 

RED power generation performance is typically characterised using the so called “polarisation 388 

curves”, consisting in a plot of the measured stack electrical voltage (𝑉𝑠𝑡𝑎𝑐𝑘) and generated power 389 

density (𝑃𝑑) as a function of the electrical current (𝐼𝑠𝑡𝑎𝑐𝑘) and voltage (𝑉𝑠𝑡𝑎𝑐𝑘), respectively. 390 

Figure 5 Time variation of power density (Pd,max), Specific Thermal Consumption (STC) and exergy 

efficiency of the system for the cases B (i.e. figure a, c, and e) and D (i.e. figure b, d, and f) of table 1. 



 

 

 

 

 

20 

Experimental results for all different salinity gradient scenarios are reported in figures 6a and 6b for 391 

comparison purposes. Note that for cases A and C results refer to one day (8-9 hours) of continuous 392 

operations, while for cases B and D, they refer to different sampling times in the 3 or 4 days of 393 

operation, as indicated by the coloured rectangles in figures 4a and 4c. 394 

395 

396 

Figure 6 (a) Stack voltage vs stack current and (b) electrical power density vs stack voltage generated by 

the RED unit. Different series report measurements performed at different number of cycles in the RED 

unit. (c) Thermodynamic yield vs number of RED unit cycles: measured values and range typically 

reported in the literature for smaller laboratory stacks
20

. (d) RED Exergy conversion efficiency vs number 

of RED unit cycles: experimental measured values and theoretical value for an “ideal membrane stack” 

(unitary permselectivity, null water and salt permeability). Experimental results refer to test cases (A, B, 

C, D) reported in Table 1. 
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The first important evidence is the stable behaviour of the power generation unit in all cases, which 397 

leads to a very good reproducibility of all power density curves (figure 6b). 398 

Another interesting finding is the non-ohmic behaviour of the stack, as denoted by the non-linear 399 

relationship between 𝑉𝑠𝑡𝑎𝑐𝑘 and 𝐼𝑠𝑡𝑎𝑐𝑘 (figure 6a). In fact, as a result of the increasing electrical 400 

current, the internal stack resistance is reduced due to the increase in the LOW solution conductivity. 401 

This is identified by the deviation of the voltage/current curve from the linear ohmic trend (whose 402 

slope identifies the internal stack resistance), which indicates a continuous decrease in the stack 403 

resistance. This effect is made evident thanks to the high residence times (i.e., low velocities and long 404 

channels) adopted in this study. Also for this reason, the maximum power density generated in the 405 

RED unit ( 1.5 W/m2 ), when using ammonium bicarbonate solutions at 1.9M and 0.05M, is lower 406 

than the highest values reported so far in the literature (i.e., 2.42 W/m2) [20]. 407 

On the other side, the adoption of higher residence times guarantees a better exploitation of the 408 

available salinity gradient. An average yield of almost 30% is obtained in the case A, which goes 409 

down when increasing the salinity gradient reaching about 21% in the case D (Figure 7a). These 410 

values are about fivefold the values obtainable with small laboratory RED units as reported in the 411 

literature. The increase of HIGH solution concentration reduces the yield of the process due to the 412 

larger available Gibbs free energy to be exploited (longer residence time could be used), but also to 413 

the increase of the uncontrolled mixing phenomena [35], as also denoted by the lower xergy 414 

efficiency. This latter, in particular, is decreased from 44% to 27% by increasing the HIGH solution 415 

concentration from 0.5M to 1.9M (Figure 7b). Interestingly, the exergy efficiency of the system 416 

compares very well with the maximum value obtainable in a stack provided with ideal membranes 417 

(i.e. unitary permselectivity, null water and salt permeability) operating at the same conditions (close 418 

to 60%). All these findings show a good exploitation of the available salinity gradient.  419 

Influence of adopted salinity gradients on the overall prototype performances. 420 

An overall comparison of the system performance indicators is reported in Figure 8 where the average 421 

values of power density, specific thermal power consumption and exergy efficiency during first 8 422 

hours of operation are plotted as a function of the HIGH solution concentration. As expected, the 423 

power density in the RED unit increases when the HIGH solution concentration increases, due to the 424 

larger available driving force. In particular, the maximum power density of 1.5W/m2 is observed for 425 
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the case 1.9-0.05M (D). It decreases to (i) 1.3W/m2 for the case 1.45M-0.05M (C), (ii) 0.9W/m2 for 426 

the case 1.0M-0.05M (B) and (iii) 0.63W/m2 for the case 0.5M-0.05M (A). On the other hand, the 427 

higher the HIGH solution concentration, the higher the specific thermal power consumption in the 428 

vapour stripping column (i.e. the ratio between the Thermal Duty and the inlet flow rate) to regenerate 429 

the solutions, ranging from 77 kWh/m3 to 110 kWh/m3 moving from case A to D.  430 

However, the increase of power output with the HIGH solution concentration has a prevailing effect, 431 

thus resulting into the highest exergy efficiency value of 1.1%, observed in the case of the highest 432 

driving force considered (i.e. 1.9M-0.05M).  433 

Under the investigated conditions, a further increase of the HIGH solution concentration would not 434 

result in a relevant increase of the global exergy efficiency. In fact, the concentration increase would 435 

lead to a larger amount of gases released in the stripping column, which would increase the operating 436 

pressure of the system and result in a higher regeneration temperature (see table 1). Thus, despite the 437 

likely increase of the thermal efficiency, the larger heat-source temperature would produce an 438 

increase of the maximum theoretical Carnot efficiency, thus maintaining the exergy efficiency at 439 

almost constant values. On the other side, operating at HIGH concentrations close to salt saturation 440 

would dramatically increase the risk of local salt precipitation in the HIGH loop regeneration phase, 441 

thus dramatically affecting the potential for long-term stable operation of the system. 442 

 443 

 444 
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 445 

  446 

Conclusions 447 

Reverse electrodialysis in closed-loop (RED heat engine) is a novel technology to convert low-grade 448 

heat into electricity. Promising performance have been recently envisaged by modelling activities 449 

and reported in the literature for several combinations of regeneration technologies, indicating 450 

achievable exergy efficiency in the order of 25-30%. In the present work, the first experimental 451 

assessment of a thermolytic RED Heat Engine (t-RED HE) is presented. The first t-RED HE prototype 452 

was designed and built in order to investigate the feasibility of the process. It consists of a RED unit 453 

fed with ammonium bicarbonate solutions, coupled with a vapour-stripping column operated at 454 

temperatures well below 90°C. The system stability and performance were analysed under different 455 

operating conditions via long-run tests. The highest values of yield and exergy conversion efficiency 456 

have been reported for the first time in the literature for RED units operating with thermolytic 457 

solutions. The highest exergy efficiency measured was equal to 1.1% for the case of 1.9M-0.05M 458 

ammonium bicarbonate solutions. The results collected indicate good stability of the process over 459 

operational times up to 55 hours, in terms of solutions properties, power generation and thermal 460 

consumption. Moreover, the possibility to adopt the system for energy storage applications has been 461 

assessed under intermittent operations performed in different days. 462 

Theoretical analyses presented in other works suggest that large room for improvements still exists, 463 

including the development of enhanced membranes suitably tailored to operate with ammonium 464 

bicarbonate solutions and the design of a more efficient regeneration unit adopting thermal integration 465 

with multi-column arrangement.  466 

The successful implementation of the first t-RED HE poses the first stone to move Loeb’s idea from 467 

theory to reality. 468 
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