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Abstract. The use of closed-loop salinity gradient power (P@®ehnologies has been recently
presented as a viable option to generate poweg lemgrade heat, by coupling a SGP unit with
a thermally-driven regeneration process in a cldsed where artificial solutions can be adopted
for the conversion of heat-into-power. Among théise closed-loop reverse electrodialysis (RED)
process presents a number of advantages such dsebieproduction of electricity, the extreme
flexibility in operating conditions and the recgntdemonstrated large potentials for industrial
scale-up. Ammonium hydrogen carbonate (NH4HCO@&)salt suitable for such closed-loop RED
process thanks to its particular properties. Atgeratures above 40-45 °C, it decomposes into a
gaseous phase containing NH3, CO2 and water. Timisise of NHAHCOS3 solutions for feeding
a RED unit would allow their easy regenerationdiathe power generation step) just using low-
temperature waste heat in a purposely designedeeaf@on unit. This work aims at presenting an
experimental investigation performed on a RED sydtd with NHAHCO3 solutions. Laboratory
tests were carried out to find the best conditimmsmaximizing the power density and process
performances of a RED unit by investigating a numifeoperating parameters such as fluid
velocity and feed solutions concentration.

Keywords: Reverse Electrodialysis; Salinity Gradient Powdeat Engine; Heat-to-power;
Ammonium hydrogen carbonate.



1 Introduction

Consumption of fossil fuels has dramatically insezhin the last decades, reaching record levels
year after year, with a global consumption oftecréasing more rapidly than production (e.g.
2.3% more in 2013) [1]. The spreading of renewadhergy technologies is nowadays of
paramount importance to meet the growing energgsiaad reduce the use of fossil fuels. Within
this context, energy from salinity gradients reprgs a promising source of sustainable energy
[2,3]. A number of technologies have been propasetharvest such energy for generating
mechanical or electric energy. Among these, tha stadied are pressure-retarded osmosis (PRO)
and reverse electrodialysis (RED) [4,5]. In PR salinity gradient is exploited to generate a
water flux through a semi-permeable membrane, asing the volume of the pressurised draw
solution thus generating mechanical power by a duldr turbine [6,7]. Conversely, in RED
process, the salinity gradient generates ion flukesugh ion exchange membranes; this ionic
current is converted into electronic current oncetele surfaces, and finally collected by an
external load [8-13].

Up to now, research activities for both PRO and Riebe been mainly focused on the use of
natural solutions as feed streams. In particutartfe case of RED, different options have been
investigated so far, from the use of river wateit agawater (e.g. [14-16]) to the use of brackish
water and concentrated brines [17,18].

The exploitation of natural salinity gradients &y promising, especially in coastal areas, where
both dilute and concentrate streams can be availablbrge amount. On the other hand, using
natural streams in SGP technologies have some kablardrawbacks, such as geographical
constraints for plant location and extensive peatiment costs to avoid fouling/biofouling
phenomena in membrane modules.

Recently, a different application for SGP technasdghas been proposed, where the SGP unit
(either RED or PRO) operates in a closed loop uamificial saline solutions as working fluids.
The exhausted solutions can be then regeneraieatiia proper regeneration step (either via an
electrically-driven or a thermally driven process;ting as energy storage or conversion
technology, respectively) and sent back to the Si@&e [2]. Such “closed-loop SGP” system can
be economically sustainable, for example, if a pheaurce of thermal energy is available for the
separation stage, e.g. waste heat from industriatgsses. In this way, the system can be
considered as &SGP heat engiriewhere low-grade heat is converted into eledlyibtly means

of a SGP technology.

This concept was firstly proposed in the 1975 bgl {i19] and then by Reali [20], who suggested
the development of a closed loop PRO system whesteaheat or energy from geothermal and
volcanic sites could be exploited as thermal enemyyce for the regeneration step.

The use of artificial salinity gradients also alkbvexploring new possibilities in terms of
unconventional salts and solvents [21], aimingnateasing the performance of the SGP heat
engine, which is related to the ratio between tiergy produced and the thermal energy required.
In this regard, the use of thermolytic salts, sastammonium hydrogen carbonate @NIEOs),

has been recently presented as an interestingnofatroboth RED [22—24] and PRO [25]. The
peculiar property of NkEHCG:s is that it can be decomposed into ammonia, cadioxide and
water by heating above 40-45 °C [26], thus allowim@rinciple to operate the regeneration step
of the SGP heat engine at low temperature (i.egusery low-grade heat).



Up to now, three different applications have bespgpsed in the literature for the exploitation of
NHsHCGO;z in SGP heat engines: the ammonia-carbon dioxidedils Heat Engine (OHE) [25],
the Thermal-Driven Electrochemical Generator (TDH®2] and the concept of Microbial
Reverse electrodialysis Cell (MRC) [24].

The ammonia-carbon dioxide OHE proposed by McGimtial. (2007) is a closed-loop PRO
system where a NMHCOzs solution is used as draw solution to create higinatic pressures. A
maximum thermal efficiency of 16% of the Carnoti@éncy (likely corresponding to an actual
energy conversion efficiency of 1.2%) has beenipted for an OHE that uses waste heat around
50°C [25].

The Thermal-Driven Electrochemical Generator (TDE®sented in 2012 by Luo et al. [22]
represents the first attempt to drive a RED proeets NHsHCOs solutions (as working fluids).
Using a laboratory RED unit with 10 cell pairs, aximum power density of 0.33 W##mbrane
was obtained feeding the system with 0.02 M (d)lut&.5 M (concentrate) NHICOsz solutions.
Another recent application of NHCOz is represented by microbial RED systems in whisimall
RED stack is placed directly in contact with a rolwal fuel cell (MFC), i.e. a biochemical reactor
where exoelectrogenic bacteria are used to oxabhele organic matter, thus releasing electrons
on an electrode surface. Using solutions with caetiditly typical of domestic wastewater (~1
mS/cm), a power density over 3 WHiof projected cathode area (i.e. over 0.3 Wéfrmembrane
area installed in the 5 cell-pairs set-up) has lseparted in an MFC [24].

All these works suggest that employing ammoniunaffionate solutions can be an interesting
alternative to generate power by means of SGPdmgihes. Notwithstanding these promising
features, insufficient data have been so far ctton the performance of a RED unit fed by
NH4HCO:s solutions. The focus of the present work is ondkperimental investigation of the
performance of a lab-scale RED unit operated withHICOs solutions. A number of different
operating conditions including flow rates and salicentrations were tested, thus providing more
insight into the potential use of ammonium bicaidtterfor RED closed-loop applications.

2 Experimental apparatus and procedures

2.1 Experimental apparatus

The experimental campaign was performed with a moate reverse electrodialysis (RED)
module with 10x10 cfof membrane area. The repeating unit of the sygist pair) is
constituted by a cation exchange membrane (CEM)ilwe (LOW) compartment, an anion
exchange membrane (AEM) and a concentrate (HIGH)paotment. The cell pair number was
fixed at 10 for each test performed. During therapen, all the compartments are alternately fed
with the two feed streams, thus generating a cdretgon gradient across all the membranes. The
CEMs ideally allow only the transport of cationsjecting anions; analogously, the AEMs allow
the passage of anions, rejecting cations. OncHi2 system is connected to a variable external
electrical load, the resulting ionic currents iswerted into electric current at the ends of thelst
where two electrodes are placed. A suitable redouple (in this case, 3ke(CN)} /
K4Fe(CN)-3H0) is used in the electrode compartments for thrpse.



lon exchange membranes provided by Fujifilm Mantfacg Europe BV (The Netherlands) and
270um woven spacers (Deukum GmbH, Germany) were usstdelscomponents. The properties
of the used IEMs are reported in Table 1.

Table 1. Properties of the two sets of IEMs adojnetie experiments

lon Exchange

Thickness Areal resistancé  Permselectivity )
Capacity

Membrane

m Q cim? b (%
(um) ( ) (%) (meq/g)
Fujifim AEM RP1 80045-01 120 1.84 62 % 1.28
Fujifim CEM RP1 80050-04 120 3.12 80 % 1.45

“Nominaldata provided by membrane manufacturer using cdiorel (NaCl) solutions.
aelectrical resistance measured in 0.5 M NaCl smtudit 25°C.
bpermselectivity measured in 0.05 — 5 M NaCl coodii at 25°C.

Nafion® perfluorinated membranes (DuPont, USA) weeeployed in the electrode
compartments, because of their very high selegttoivards the active redox species.

The electrode compartments contain Ru-Ir oxideamdt electrodes (Magneto Special Anodes
BV, The Netherlands). The electrode rinse soluti@s composed of 0.1 M3Kke(CN}), 0.1 M
K4Fe(CN)}-3H0 (Chem-lab with purity 99.5%), adding 1 M DHHCOs as supporting electrolyte.
A flow rate of 225 ml/min in the electrode compaetms was kept for all the tests.

The test rig is constituted by the RED unit, plaarfinlet/outlet tanks (20 | capacity) for both
solutions and the required monitoring device, atdled in Figure 1.

Two peristaltic pumps (Cellai 530 U) were useddaé the concentrate and the dilute solutions
to flow within the RED unit. A similar peristaltigump (Verderflex M025) was used for pumping
the electrode rinse solution (ERS) from a glask taavered by aluminium foil to avoid
decomposition of the redox couple due to light expe [27]. The relevant process variables (inlet-
outlet pressure drops, stack voltage) were measanddccollected via a data acquisition system
(DAQ-National Instruments) and monitored through\4EW™ environment. The conductivity
of the feed solutions (both at inlets and outlatsje measured by means of a conductivity meter
(WTW LF196). A variable resistance (ranging betw8eh— 54.82) was connected to the RED
unit for testing the system under different loadditions. The feed solutions were prepared with
demineralized water and ammonium hydrogen carbd@agena-Aldrich, purity 99%).
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Figure 1. Simplified scheme of the experimental apparatupicdure of the RED unit used in the present wark i
reported in the upper-right corner of the figure.

2.2 Experimental procedures

2.2.1 Experimental measurement of power density

During the testing, the RED unit is connected ® c¢hlibrated external resistan@®x), and the
stack voltag€Estacy is recorded with a frequency of 1 Hz. Therefooe glach value of the external
resistancé€Rexy), the corresponding stack current is calculated b®law:

E
| _ —stack (1)

stack

Rext

The stack voltage is also equal to:
Estack = OCV - Rstack i stack (2)

whereOCV s the open circuit voltage (i.e. the stack vadtagnder zero-current conditions), and
Rstack is the internal stack resistance (which can bessesl as the slope of the straight line in a
Estack VS Istackgraph, see Figure 3.A). Thus, the electric pofi?¢is given by:

P = Estack[II stack (3)

The performance of a RED system is generally espesis power density, i.e. the amount of
power generated per cell pair area:



Pd :L
N [A

(4)

whereN is the number of cell pairs addis the active area of one cell pair (Figure 2.B).
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Figure 2. Example of data measured/inferred by the experiahgmocedure: A) Eack VS ktack B) Py VS Bstack RED
stack (10x10 c# 10 cell pairs) equipped with Fuijifilm membran2%0pum woven spacers.fgn = 2 M NHHCO;;
CLow = 0.02 M NHHCO;;v=1cm/s, T = 293 K.

The net power density is calculated as the grosgepaoninus the pumping power required
(assuming 100% pumping efficiency):

— P—Apyen BDS:IGH ~—Apow EDtL(gW
,net N m

3 ©)

where/p are the pressure drops &' is the total (i.e. sum of each channel flow ré¢ed flow
rate; subscriptsllIGH andLOW refer to concentrate and dilute, respectively.alby, for each
operating condition tested, the concentrate andedgdolution were always fed with the same flow
rate (i.e.Q5%Ly = QL%%,). The corresponding pressure drops take into atcie contribution
relevant to the spacer-filled channel as well a tklevant to the inlet-outlet manifolds (e.g.
distributor and collector) which in many cases rhaythe most prominent [28].

2.2.2 Evaluation of blank resistance and corrected podemsity

The power output values collected from laboratargies RED units are affected by the behaviour
of the electrode compartments (generally identifseth a so-called “blank-resistance”, blank).
Despite this, contribution is negligible on fullate systems (i.e. where hundreds of cell pairs are
piled in a single stack), it can be significant édiaboratory-scale unit.

The blank resistanc®gank) can be estimated as the stack resistance whewthker of cell pairs
approaches zero [29]. For this reason, the staigtamce was experimentally measured by varying
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the number of cell pairs (5, 10, 15 and 20), ardlaak resistance of 1.02 was obtained as
intercept with y-axis on BRstackversus N plot.
Therefore, the internal resistance due to thepaéts only Reells) can be calculated as:

I1el|s = &tack_ Rxlank (6)

In this way, a corrected stack voltage can be eséid) disregarding the contribution of the blank
resistance:

Estackcorr = OCV— Rells[ I corr (7)

wherelcorr is the corrected current, calculated as:

_ Estackcorr (8)

corr
' R

Substituting eq. (8) into eq. (7) and rearrangthg,corrected stack voltage is given by:

Estackcorr =0CV- Estackcorr % (9)

Xt

Rearranging eq. (3), eq. (4), eq. (8) and eq. tf#, corrected power densitPd(cor) can be
calculated as:

OCV?
2 (10)
N DA‘ERext(l-i- Rcells]
R,

Xt

P

d,corr —

Eq. (10) provides the power density obtainable byllascale RED system operating under the
same conditions of a laboratory-scale unit. Hergapvides a reliable indication of the potential
of the RED unit on a large scale (Figure 3). FigBralso shows the comparison between the
relevant magnitudes of the corrected and uncomeqiantities previously described.
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Figure 3. Example of data measured/inferred by the experiahgmocedure: A) Eack VS kiack B) Power density vs
Eswack Black dashed line case includes the blank resisteblue dashed line case does not include tiné bésistance.
RED stack (10x10 cf 10 cell pairs) equipped with Fujiflm membran230 pm woven spacers.fgn = 2 M
NH4HCO;3; CLow = 0.02 M NHHCO;; v=1cm/s, T =293 K.

3 Results and discussion

The RED unit was tested under different operatmgddions, changing the feed concentration of
the dilute and the flow velocity of both solutionSor the concentrated solution, an inlet
concentration of 2 M NFEHCOswas adopted as standard for all tests: this allovwkeep a high
salinity ratio (i.e. ratio betwee@nicH/CLow), notwithstanding the relatively low solubility of
ammonium bicarbonate in water (2.7 M at 298 K [38])summary of the tests presented in this
work is reported in Table 2.

Table 2. Summary of experimental tests presentéiisnvork’

Relevant . Dilute concentration, C.ow  Feed flow velocity,v
section Main focus of the tests (M NHHCO5) (cmis)
3.1 Influence of dilute concentratio@iow) 0.01 -0.02 - 0.04-0.06 - 0.1 1

3.2 Influence of feed flow velocity) 0.02-0.04 05-1-15-2

*Overall conditions: RED stack (10x10 &ni0 cell pairs) equipped with Fujifilm membran2g0 um woven
spacers. GicH = 2 M NHIHCO;; T = 293 K.

3.1 Influence of dilute concentration

The concentration of the dilute solution is a califactor for the performance of a RED system,
since it affects both the driving force and theistesmice of the stack. In particular, a careful
selection of the feed dilute concentration canifigantly enhance the power output. Notably, the
electric resistance of the dilute can represenh ¢lie 50% of the whole stack resistance when
fresh water (0.017 M NaCl) and seawater (0.5 M Na@ used as feed solutions [31].

In the case of RED process with NaCl solutions aipggmal dilute concentration to maximize the

power output has been identified in the range 01@.1 M NaCl, depending on the stack design



(e.g. channel thickness, membrane resistance)@ardting conditions [32—34]. However, the use
of unconventional salts such as ammonium bicarleomafuires a new investigation of the optimal
concentration range maximizing the performancehefRED process. Moreover, when artificial
solutions are used in a closed loop, feed condemtsaare not dictated by those of natural sources,
and can be purposely chosen for the process.

In this regard, the RED system was tested by cingnitjie feed concentration of the dilute in the
range of 0.01-0.1 M NHHCO:s. Relevant results are reported in Figure 4: ini@paar, open circuit
voltage OCV) and stack resistance are shown in Figure 4.Alevthe corresponding maximum
values of power densities are reported in FiguBe 4

In the investigated range, the lower the dilutecemtration, the higher th@CV and the stack
resistance are expected (Figure 4.A). As a matftéaad, the reduction of dilute concentration
corresponds to a higher salinity ratio, thus r@sglin an increase of t@CV. Similarly, lowering

the feed concentration also causes an increabe eféctric resistance in the dilute compartments,
which is the main contribution to the stack resisea These phenomena have a counteracting
effect on the power output, leading to a maximurthagross power densitPd= 1.78 W/nfce

pair) atCLow = 0.02 M (Figure 4.B).

OCV values and trend very similar to those presenta@ hvere found by Luo et al. [22].
Conversely, higheRstackwere reported by the same authors [22] allegeakytd the higher spacer
thickness and to the different membranes employedhéir case: Selemion CMV and AMV,
Asashi glass, Japan). Such a difference resud’ithree times lower on average: they found a
maximumPyq at CLow = 0.02 as in the present case, but equal to 0B\ pai

Looking at the corrected power densiBg {orr), a different (with respect t8q4) optimal value of
CLow was observed (~0.04 M NHCO3), corresponding to a maximum value fcor of 2.85
W/mPeen pair (Figure 4.B).
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Figure 4. Influence of dilute concentration on process penince. A) OCV and stack resistance. B) Gross power
density, corrected gross power density, correceggpawer density. RED stack (10x10%rh0 cell pairs) equipped
with Fujifilm membranes, 27@m woven spacers.fgn = 2 M NH\HCO;; v =1 cm/s, T = 293 K.



Pressure losses were also measured and the retegatis are reported in Figure 5. This figure
shows that the concentration has an effect on pressrop as expected on the basis of the
difference in solution viscosity. Clearly, when prthe concentration of the dilute solution is

changed (see Table 2) only a very slight variaiinopressure drop occurs.
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Figure 5. Influence of dilute concentration on pressurepdrdRED stack (10x10 &ni0 cell pairs) equipped with
Fujiflm membranes, 270m woven spacers.dfign = 2 M NHHCO;; v =1 cm/s, T = 293 K.

By taking into account these hydraulic losses nisiecorrected power density was estimated and
reported in the same plot Bf corr (Figure 4.B): a maximum value of 1.55 Wi pair was found

at the sam&€ ow of ~0.04 M as expected. For all tests, each vislyovided with an error bar
calculated using the maximum discrepancy amondtsegelevant to some reproducibility tests.
For the net power density, the experimental uncdéytawvas estimated by adopting to the
uncertainty definition given by Moffat [35,36].

Since the maximum power density was found at 8A02vhile the maximum corrected power
density is at 0.04 M, the effect of dilute flow @atvas investigated by fixing the dilute
concentration at these two values (Table 2), adlibe presented in the next section.

3.2 Influence of feed flow velocity

In addition to the inlet concentration of feed s$wlns, another crucial parameter for the RED
process is the flow velocity inside compartmentsiclv also strongly affects the pressure drops,
and hence the net power output.

The investigated RED system was tested assumifgyelit flow velocities for both solutions,
ranging from 0.5 up to 2 cm/s. Also, as mentioneolve, two values of dilute concentration were
tested (i.eCLow equal to either 0.02 or 0.04): the results relet@@ ow= 0.02 M are reported in
Figure , while those &.ow = 0.04 M are shown in Figure .

10



In Figure .A the effect of flow rate c@CV and relevanRstack are reported. Notably, the former
would be constant if membranes were ideal. In fexgctual variation with flow rate is due to the
non-perfect permselectivity of the membranes, wialbbw the passage of little amounts of salt
and water. Results show that an increase of flolcity provides a slight enhancement of the
OCVin the first range (0.5 — 1 cm/s), until a platéateached (Figure .A). Such effect is mainly
related to the lower residence time inside thekstiaat allows a practically constant driving force
between inlet-outlet to be maintained. Higher flmtes also cause a reduction of polarization
phenomena (especially in the dilute solution), \whare, however, expected to be very low
according to the very low fluxes occurring undeemgircuit conditions. Likewise, the flow rate
has a double effect dRstack @ low residence time corresponds to a small tranaof the dilute
channel conductivity thus leading to a highck on the other hand, a higher flow rate reduces
concentration polarization phenomena (i.e. non-gchmesistance) thereby providing lowRstack

For the present case, the first effect appeare fordminent as an increaseRafack with the flow
rate was recorded (Figure .A). As a matter of fiuet,resistance due to the dilute compartment, as
shown in Figure .A, represents around 30-40% ofbthek resistance and its effect is determinant
on the stack performance. Also Luo et al. [22] stigated the effect of feed flow rate on process
performance. As already discussed for the casegofé-4, they reported OCV similar to those of
the present work, while the stack resistance washrhigher, thus resulting in three times lower
P4 [22].
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Figure 6. Influence of feed flow velocity on process perfarme. A) OCV, stack resistance, resistance ofitbhted
compartment. B) Gross power density, correctedsyposver density, corrected net power density. REDks(10x10
cn?, 10 cell pairs) equipped with Fujifilm membran2gpum woven spacers.dign = 2 M; Gow = 0.02 M; T = 293
K.

As a result of the simultaneous increase of compgetariables as OCV and Rstack, the power
density was found only slightly dependent on tloevfrate: an average value of 1.81 and 2.81
W/m2cell pair for Pd and Pd,corr was found, redpebt (Figure .B). As already discussed, the

net corrected power density (eq. 5) can be caledlabnsidering the pressure drops inside the
dilute and concentrate compartments. As seen iar&igA, the experimental pressure drops
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increase as the feed flow velocity increases, bt avdifferent slope depending on the solution
concentration (i.e. different fluid-dynamic propestas density and viscosity). The two trends are
linear, thus suggesting the existence of a statyoregime at the flow rate range investigated. The
two trends were reported also in terms of non-dsr@ral numbers in Figure .B: the void-channel
Reynolds numbeiRe)and the void-channel fanning friction fac{frdefined as [10,37]:

v_..d. ., 2[plv_ .. [H
Re: 10 m,void h,void — p m,void (11)
u %
_Ap dh,void
f=— s — (12)
I 2 Q) m/m,void

where v, is the average velocity along the main flow dittin a corresponding spacer-less
(void) channel, glvoid is twice the channel thickness H (270 um in owegand m is the fluid
viscosity (0.9 cP for the dilute solution and 1d88for the concentrate). As it can be seen, the two
trends are very similar to each other, being inddexbst. As a consequence, the Pd,corr,net values
were calculated using the linear trend insteadhefexperimental points.
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Figure 7. Influence of feed flow velocity on the experimdmieessure drops. A) Experimental pressure dropgega
B) Fanning friction factor as a function of Reyr®ldumber. RED stack (10x10 &m0 cell pairs) equipped with
Fujiflm membranes, 270m woven spacers.ifen = 2 M; Gow = 0.02 M; T =293 K.

The resultingPq corrnetreported irFigure .B were found to be lower than zero foflallv velocities
being higher than 1.25 cm/s (see Figure .B). &arntbe seen, the lowest flow velocity (~0.5 cm/s)
among those tested, was found preferable to magithz net power density under the investigated
conditions (Figure .B). Actually, even lower floates should be investigated in the future in order
to recognize the maximum valueR corr net

A similar test was performed for the case of atdilconcentration of 0.04 M NHCGOs, which
was the value maximizing the corrected power der{giigure 4.B). Corresponding results are
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shown in Figure . Trends quite similar to thosevaht toCLow = 0.02 M were found with the
main difference concern tHeiacktrend. As a difference from the caseCapw = 0.02 M, Rstack
exhibits here a decreasing trend as the flow ratieeases. This is allegedly due to the influence of
polarization phenomena, which are in this case maeyant than the resident time effect (Figure
A): at this higher concentration (than the pregi@ase), the dilute channel resistance is poorly
dependent on the residence time (Figure .A).

5 4
Pdcorr
o) Cow =0.04 M = [ PEL i s
= 4} ERPR S | e Tl
- o2 &---°%
025 3 Rstack § 0 1
a 1} _____ <
e i oz I
E 2 o g _2 | Pd.colrnct
x ocv 3
< $---—-—®--—-—-B-----% -
S 1t S 4t |
5 T T T T o Cow=0.04M L
O
0 1 1 L 1 L 1 1 1 _6 1 1 L 1 1 1 L 1
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
A) Feed flow velocity (cm/s) B) Feed flow velocity (cm/s)

Figure 8. Influence of feed flow velocity on process perfamoe. A) OCV, stack resistance, resistance ofitbeed
compartment.. B) Gross power density, correctedggppwer density, corrected net power density. RaBk (10x10
cn?, 10 cell pairs) equipped with Fujifilm membran2gQum woven spacers.dign = 2 M; Gow = 0.04 M; T = 293
K.

The corrected net power density was calculatedguia same procedure already described for
the case o€Low=0.02 M and is not reported again here.

These results confirm that (i) the highest powersttg is achieved at the lowest flow rate and that
(ii) flow velocities higher than 1 cm/s are unshl&afor generating electric power from the RED
unit adopted in the present study.

4 Conclusions

Recent works have proved that MHCOs-water solutions may be conveniently used in a RED-
closed loop for converting low-grade waste heat @téctric current. Aim of the present work was
to investigate the performance of a lab-scale {i0x10 cm) RED unit fed by NHHCOs-water
solutions. In particular, the effect of dilute centration and feed flow rate on gross power density
were investigated. Pressure drops were also mehdhereby allowing the estimate of the net
power density achievable. Results have shown that given flow rate (i.e. 1 cm/s) a dilute
concentration of about 0.02-0.04M guarantees tihgetd power output. At these values of
concentration, under the conditions here invegijah maximum net power output of 2.42
W/m?Zceil paircan be obtained at the lowest feed flow velodity 0.5 cm/s). On the other hand, feed
flow rates higher than 1 cm/s lead to negative pavwput being the power loss due to pressure
drop larger than the power production.
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Overall, the use of ammonium bicarbonate allowerktxh values of power density comparable
with the state-of-the-art of the RED process witmwentional (NaCl) solutions [33], although
membranes are not optimized yet for the use ofgaiis Such finding suggests that ammonium
bicarbonate could be a promising salt for the REd@ss. Furthermore, results highlight that the
power density achieved in this work is three tirhegher than that reported by Luo et al. in a
similar work [22] where the same salt is used. iTlaén difference has been identified in the much
lower stack resistance, likely due to an improwvaaniulation of IEMs with a lower thickness and
higher ionic conductivity, thus also emphasizinge tpotential for further technological
improvements. Future work will deal with the “regeation” of the NHAHCO3 solutions exiting
from the RED-unit in order to assess the final itabty of the RED heat engine for waste heat-to
power conversion.
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Nomenclature

A active area of one cell pair fin

C molar concentration [mol/l]

dh void hydraulic diameter [m]

Estack stack voltage [V]

f void fanning friction factor [-]

H channel thickness [m]

I'stack stack current [A]

I channel length [m]

N cell pairs number [-]

Ap pressure drops [Pa]

P electric power [W]

Pq electric power density [W/fel pai]
Qt total (i.e. inclusive of all channels) feed flow rate*[s)
Rolank blank resistance(]

Reells cell pairs resistance)]

Railute resistance of diluted solutiof]
Re void Reynolds number [-]

Rext external resistance)]
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Rstack internal stack resistancg]

T temperature [K]
v velocity [cm/s]
Vim,void mean velocity along the main flow direction (voishonel) [cm/s]

Greek letters

p solution density [kg ]

U solution dynamic viscosity [Pa s]

Subscripts

corr corrected value (of power output, stack voltatg;lscurrent) obtained by using
the stack resistance without the contribute ofalaek resistance

HIGH concentrate solution

LOW dilute solution

net net value (of power output) measured after subtrg¢he power losses due to
the pumping of feed solutions

Acronyms

AEM anion exchange membrane

CEM cation exchange membrane

DAQ data acquisition system

ERS electrode rise solution

IEM ion exchange membrane

MFC microbial fuel cell

oCcv open circuit voltage [V]

OHE osmotic heat engine

PRO pressure retarded osmosis

RED reverse electrodialysis

SGP salinity gradient power

TDEG thermal driven electrochemical generator
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