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7 ABSTRACT: The temperature of an input solution to an
8 environmental technology can vary greatly depending on
9 numerous industrial and environmental factors. For capacitive
10 mixing (CapMix) and deionization (CDI) based technologies
11 which rely on charge storage within an electric double layer
12 (EDL), this temperature dependence affects energy output
13 and energy consumption. Yet, how temperature-dependent
14 EDL properties impact the thermodynamic efficiency for
15 energy conversion and ion separations is less known. Here, we
16 evaluate how isothermal, nonisothermal and variable temper-
17 ature profiles impact the thermodynamic efficiency of CDI
18 and CapMix cycles operated under both reversible and irreversible (current dependent) conditions. For CapMix (CHC = 600
19 mM, CLC = 20 mM, ϕ = 50%), reversible system operation resulted in an optimal efficiency of 43% when THC ≠ TLC. For CDI
20 (Cfeed = 20 mM, Cdiluate = 5 mM, α = 50%), optimal thermodynamic efficiencies are attained through the use of nonisothermal
21 (Tfeed ≠ Tbrine) or variable temperature operation, and approached 10%. The introduction of current (25 mA) based
22 irreversibilities, however, reduces the maximum attainable CapMix and CDI thermodynamic efficiency to 25% and 3.2% (25
23 mA).

24 KEYWORDS: Capacitive deionization, Capacitive mixing, Electric double layer, Thermodynamic efficiency

25 ■ INTRODUCTION

26 Capacitive mixing (CapMix) is a technology which generates
27 energy through controlling spontaneous ionic mixing between
28 two solutions (sea and river water). Conversely, capacitive
29 deionization (CDI) is a technology which consumes energy in
30 order to separate ionic species in a feed stream into two
31 streams (diluate and brine/concentration). Both technologies
32 are electrochemical in nature, and use highly porous
33 supercapacitor based electrodes to generate energy or
34 desalinate water. Thus, optimized ion structuring within the
35 electric double layer (EDL) of a supercapacitor is essential for
36 effective desalination from CDI and energy production from
37 CapMix.1−5 Extensive investigations have aimed to describe
38 EDL phenomena (desolvation, screening, ion packing)
39 responsible for improving charge storage based processes
40 (electroadsorption/desorption) through theory and experi-
41 ments.6−8 Despite these extensive investigations, much of the
42 current focus on charge storage within the EDLs is limited by
43 the assumption that charge storage occurs isothermally.
44 It is well-known that numerous factors contribute to thermal
45 fluctuations which produce nonisothermal operations. This in
46 turn alters the ion structuring and by extension charge storage
47 dynamics within the EDL.9,10 Thus, the temperature of a
48 CapMix and CDI cell impacts the system performance (energy
49 consumption, energy generation, thermodynamic efficiency).
50 Within energy storage, thermal properties have been intensely

51investigated due to the role joule heating plays in materials
52aging.1,11−16 Additionally, thermal energy harvesting from EDL
53capacitors has been suggested through leveraging the
54thermogalvanic effect.17,18 The thermogalvanic effect within
55CapMix systems has been experimentally and theoretically
56investigated, with performance increasing when the seawater is
57warm and the river water is cool.19,20 This improved
58performance was attributed to a thermally induced double
59layer expansion process in concert with the concentration
60induced double layer expansion. This work was also high-
61lighted as a means to reduce energy consumption in CDI
62cells.19,21 However, prior computational work has emphasized
63the importance of infinitely slow cycle operation, where
64irreversibilities are minimal. Accounting for transients could
65demonstrate variations with temperature due to effects of
66resistance and diffusion that had not previously been seen.
67Here, we investigate how thermal properties can aid in
68minimizing electrical energy required for CDI or maximizing
69electrical energy produced through CapMix. In the first
70scenario, we examine systems where all four stages of the
71separations and mixing cycles occur on one isotherm (T = 20−
7280 °C). Next, we examine the case whereby different cycle
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73 stages (charging, discharging, solution switching) are operated
74 on two separate isotherms. Finally, we examine the scenario
75 whereby cycle stages occur with a variable temperature profile
76 (charging, discharging, solution switching). In each case, the
77 desalination and mixing cycle employed is the Carnot-like
78 cycles which operate while maintaining constant chemical
79 potential (iso-μ) during the charging and discharging stages.
80 Each scenario is evaluated in terms of the total electrical energy
81 produced/consumed (CapMix/CDI) and the thermodynamic
82 efficiency.

83 ■ METHODOLOGY
84 The investigated CDI cycle consists of four stages and closely
85 resembles experiments where charging and discharging occurs at

f1 86 constant current (Figure 1A). The first stage (process 1-2) consists of
87 a solution switching stage, where the maximum brine concentration is
88 replaced by a minimum diluate concentration. The second stage
89 (process 2-3) consists of a charging stage where the chemical
90 potential was held constant (mimicking a Carnot-like process). The
91 second stage was complete once a maximum set voltage was reached.
92 Stage two represents the desalination process. The third stage
93 (process 3-4) consists of a constant charging phase (no current). This
94 stage is complete once the concentration reaches the predefined brine
95 concentration. The fourth stage (process 4-1) consists of a
96 discharging stage where the chemical potential was held constant
97 (mimicking a Carnot-like process). The fourth stage was complete
98 once a minimum set voltage was reached. Stage four represents the
99 resalination process.
100 The CapMix cycle consisted of four stages, which also resembled
101 processes employed experimentally. The four stages were similar to
102 those described above. The main difference was that in CapMix
103 charging occurred in the maximum concentration (i.e., seawater, HC)
104 and discharging occurred in the minimum concentration (i.e., river
105 water, LC) (Figure 1B). The cycle started with a maximum
106 concentration (CHC), and the electrodes were held at a constant
107 chemical potential until the cell reached the maximum charging
108 voltage (process 1-2). Then, the solution was switched to the
109 minimum concentration (CLC). This resulted in an increase in the
110 total cell voltage due to the EDL expansion process (process 2-3).
111 Thus, when discharging (process 3-4), the higher voltages enabled net
112 energy recovery. Finally, the high concentration (CHC) was
113 reintroduced during a constant charge switching stage (process 4-
114 1). Note that, in Figure 1, both the CapMix and the CDI cycles are
115 operated in a continuous (single-pass) mode during all four stages,
116 and the processes are only depicted in a cyclic manner to demonstrate
117 the energy transfers of work and heat.
118 In order to introduce thermal effects into the aforementioned
119 cycles, we investigated three modes of operation. In the first mode,

120the entire cycle was operated under isothermal conditions (stages 1−
1214). We investigated cycles operated at (T = 20, 50, 80 °C). In the
122second mode, we investigated cycles where operations occurred on
123two isotherms. Specifically, we investigated an operational mode
124where charging took place at 20 °C, and discharging took place at
125elevated temperatures (T = 50 and 80 °C). Applying elevated
126temperatures during the discharging stage was motivated by previous
127studies.19,21 In the third mode, we investigate thermal effects in a
128dynamic matter. Here, we apply a variable temperature profile during
129the charging phase. The temperature profile applied to the cell was
130chosen to enable constant chemical potential operation during the
131charging and discharging stage. As was communicated earlier,
132constant chemical potential ion separations/mixing in a chemical
133engine is analogous to the isothermal heat addition process in a heat
134engine. Furthermore, the use of constant chemical potential
135separations/mixing has been shown to minimize/maximize the work
136per number of ions.19,22

137The simulations were subject to an initial voltage of 0.1 V, and
138charged at constant concentration until a final voltage of 1.0 V. A
139maximum of 1.0 V was chosen to mitigate issues associated with
140electrolysis (e.g., side reactions). Maintaining the discharge voltage at
1410.1 V enabled energy recovery during the cycle which is necessary
142when looking for optimal thermodynamic efficiency in CapMix and
143CDI systems. For CDI, the maximum (brine) concentration is
144determined by the Cfeed, water recovery α, and minimum (dilute)
145concentration Cdiluate:
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147For CDI cycles, the thermodynamic efficiency (TEE) is the ratio of
148the Gibbs energy of mixing ΔGmix,CDI to the input cycle work Wcycle,
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154where n is the van ‘t Hoff Factor, which for 1:1 electrolytes assumes a
155value of 2. For CapMix, an equivalent efficiency is developed. This
156thermodynamic efficiency considers the maximum work that can be
157extracted by the cycle ΔGmix,CapMix:

Figure 1. Physical depiction of thermal and electrical energy conversion processes for (a) CDI, and (b) CapMix cycles. Note that both the CapMix
and the CDI cycles are operated in a continuous (single-pass) mode during all four stages, and the processes are only depicted in a cyclic manner to
demonstrate the energy transfers of work and heat.
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159 where ϕ is the volume fraction of low concentration water used
160 during the CapMix process. Cmix is the mixture solution, and the
161 volume fraction is fixed at ϕ = 0.5. This indicates that the same
162 amount of water is mixed during both of the switching stages. We
163 have also assumed activity coefficients as unity values. Thus, the
164 thermodynamic efficiency for CapMix is

η =
Δ

W

Gth
cycle

mix,CapMix165 (5)

166 The detailed development and analysis for ΔGmix at alternating
167 temperatures is discussed in the Supporting Information (Figure SI1).
168 Chemical potential in chemical systems is the analog to
169 temperature in thermal energy systems, and is represented by

μ = RT
C
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171 where T is temperature, R is the universal gas constant, and Cref
172 represents a reference concentration for the dead/surrounding
173 environment state, taken as 1 M.23 It can be seen that chemical
174 potential varies as a function of both temperature and concentration.
175 Thus, if the CapMix/CDI cycle operation is isothermal, then a
176 constant concentration process will result in the desired constant
177 chemical potential. If CapMix/CDI cycle operation is nonisothermal,
178 in order to maintain constant chemical potential with variable
179 temperature the concentration must be varied.
180 We also consider the effects of temperature changes during the
181 charging/discharging stages as well as during switching stages. Here,
182 constant chemical potential is enabled through varying temperature
183 and concentration.23,24 Operating cycles under variable temperature
184 conditions may provide insight into more realistic means to achieved
185 constant chemical potential operations in experiments. During
186 variable temperature operation, the temperature was limited to 0 to
187 100 °C.
188 Changes in the number of ions in the cell (N) are indicated by the
189 following:

= Γ +N CL Ne av190 (7)

191where Γ is the buildup of ions in the cell from charging, and CLeNav is
192ions directly in the body of the cell (see Supporting Information).
193When this number of ions in transport is reduced, cycles can operate
194under conditions closer to Carnot operation.23 We will explore the
195ideal steady-state conditions (infinitely slow reversible cycles), then
196consider the transient mode to simulate more realistic operation.
197It is important to note that these reversible cycles are only
198theoretical, and transient transport limitations still need to be
199considered. For instance, the infinitely slow model neglects all cell
200ohmic resistances since current magnitude is assumed negligible. In
201actuality, the cell exhibits concentration-dependent internal resistan-
202ces, along with a constant external resistance. The internal resistance
203within the electrolyte channel is inversely related to the cell
204conductivity, which depends on both concentration of electrolyte
205and temperature (Figure SI2A). Additionally, effects of diffusion will
206also influence transport when current is considered. Temperature
207strongly influences diffusion (Figure SI2B) due to the increase in
208thermal vibrations within the electrolyte at higher temperatures,
209which can further aid in effective ion transport. For all other
210important operational parameters for the transient analysis, such as
211properties and geometries, see Table SI1.

212■ RESULTS AND DISCUSSION

213CDI and CapMix Cycles Operated with Isothermal
214Input Streams. To evaluate the effect input solution
215temperature has on system level performance (energy
216production, consumption, and thermodynamic efficiency), we
217initially investigated CDI and CapMix cycles which occur
218under infinitely slow conditions. Through neglecting kinetic
219effects, we can evaluate the impact of solution temperature
220 f2under theoretically ideal (reversible) system operation (Figure
221 f22A). For CapMix operation, the high concentration (CHC) is
222600 mM, the low concentration (CLC) is 20 mM, and the
223volume ratio is fixed at ϕ = 50%. For CDI, the inlet feed
224concentration is 20 mM (Cfeed), the diluate concentration is 5
225mM (Cdiluate), and the water recovery is fixed at α = 50%. The
226voltage limit in all cases is 0.1 to 1 V. We also expand the GCS
227CDI model to evaluate kinetic and ohmic based irreversibilites
228(Figure 2B,C).
229During the reversible and isothermal CapMix cycles,
230increasing the cell temperature (from 20 to 80 °C) results in
231a decrease in the accumulated surface charge (from 0.24 to
2320.22 #/nm2) at fixed voltage (V = 1 V). Despite this slight
233reduction in the maximum charge obtained, the cell discharge

Figure 2. Cycles operated on two isotherms. (A) CapMix μ−N Diagram, (B) CapMix net-work extracted, and (C) CapMix thermodynamic
efficiency. (D) CDI μ−N Diagram, (E) CDI net-work consumed, and (F) CDI thermodynamic efficiency. Chemical potential is normalized by
RT0, where T0 represents the dead state temperature.
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234 voltage rises due to a 5 mV jump in the thermal voltage from
235 20 to 80 °C. As a result, the net-work extracted from the
236 CapMix cycle increases from 0.18 to 0.27 kWh per m3 of
237 solution mixed, as temperature increases from 20 to 80 °C.
238 Graphically, the greater electrical energy generation is
239 represented by an increase in the area of the chemical
240 potential−number of ions (μ−N) diagram (Figure 2A) and
241 charge−voltage (σ−V) diagrams (Figure SI3A). Thus, the
242 increase in net-work equates to 1.0 Wh per m3 per °C of mixed
243 solution. The theoretical cycle thermodynamic efficiency also
244 increased from 39 to 43%. We note that reversible net-work
245 and thermodynamic efficiency correspond to a cell operated at
246 zero current(Figure 2B,C).
247 During the reversible and isothermal CDI cycles, increasing
248 the cell temperature (from 20 to 80 °C) again results in an
249 increase in the surface charge during charging (from 0.19 to
250 0.21 #/nm2) at fixed voltage (V = 1 V). Again, the increase in
251 surface charge results in an increase in net-work, indicated by
252 the larger area on both μ−N (Figure 2D) and V−σ diagrams
253 (Figure SI3B). However, this net-work is consumed by the cell,
254 rather than produced. Thus, the work input for the same
255 separations increased from 0.28 to 0.32 kWh per m3 of solution
256 separated, as the solution temperature increased from 20 to 80
257 °C (Figure 2E). This results in an increase energy which
258 corresponds to 0.65 Wh per m3 per °C. Despite the increase in
259 energy consumed for the separation process, higher temper-
260 atures also increase the Gibbs energy of mixing. As a result, the
261 cycle thermodynamic efficiency actually increased slightly from
262 6.1 and 6.4% as the cell temperature increased to 80 °C
263 (Figure 2F, current = 0 mA).
264 When the CDI and CapMix cycles are operated irreversibly,
265 the performance (net-work and thermodynamic efficiency) is
266 dependent on the cell operating current. Ideally, CapMix cycles
267 need to operate under conditions which minimize resistive
268 losses. When comparing irreversible cycles directly with
269 reversible cycles, a voltage discontinuity exists during solution
270 switching (Figure SI4A−C). This abrupt transition increases
271 the cell voltage due to changes in the structure of the EDL
272 (Debye Length). As the switching stage proceeds the voltage
273 spike decreases as the effluent cell concentration approaches
274 that of the recently introduced diluate stream. This spike has
275 been observed experimentally.4,24 As the operating current

276increases, the net-work generated from the mixing process
277decreases due to resistance based irreversibilities. Nevertheless,
278at all current values, the net-work for CapMix increases with
279temperature. At the maximum value of 25 mA, the net-work
280output was 0.09, 0.11, and 0.12 kWh per m3 for 20, 50, and 80
281°C. This corresponded to thermodynamic efficiency values of
28219, 21, and 22% (Figure 2C). We attribute the increase in the
283ηth with temperature due to the gradually nonlinear increase in
284the net cycle work output (Figure SI5).
285For irreversible CDI cycles, higher temperature increased
286the work required up to a 3−5 mA threshold; however, the
287thermodynamic efficiency also increased with temperature
288(Figure 2E and F). Increasing current decreased the maximum
289attainable thermodynamic efficiency due to a greater amount
290of irreversibilities (ohmic resistance) present at high current.
291Therefore, while increasing the temperature during isothermal
292operation does augmented system performance for CapMix
293(increased energy recovery), it degraded system performance
294for CDI (increased energy consumed). This indicates that if
295system operation is to occur at a fixed temperature with
296minimal charging current, elevated temperatures are preferred
297for CapMix whereas low temperatures are preferred for CDI.
298CDI and CapMix Cycles Operated with Nonisother-
299mal Input Streams. In addition to cycles operated
300isothermally, cycles whereby individual processes occur at
301different or varying temperatures are possible. Here, we
302investigate cycles where charging occurs on one isotherm,
303and discharging occurs on a second isotherm. Practically
304speaking, this is relevant in cases where the inputs (Cfeed, Cbrine,
305CHC, CLC) are sent through a heat exchanger prior to the CDI
306or CapMix system. Additionally, the individual input streams
307may originate at different temperatures due to industrial or
308environmental setting. As outlined for cycles operated on a
309single isotherm, we evaluate the cycle performance in terms of
310the energy production/consumption and thermodynamic
311efficiency. For both CapMix and CDI, we employ the same
312voltage, concentration, and operating conditions described
313above. In addition, we performed simulations which mimicked
314 f3reversible (Figure 3A) and irreversible system operation
315(Figure 3B,C).
316For CapMix cycles, isothermal charging of the cell occurred
317at 20 °C, and isothermal discharging now occurred at 20, 50,

Figure 3. Cycles operated on two isotherms. (A) CapMix μ−N Diagram, (B) CapMix net-work extracted, and (C) CapMix thermodynamic
efficiency. (D) CDI μ−N Diagram, (E) CDI net-work consumed, and (F) CDI thermodynamic efficiency. Chemical potential is normalized by
RT0, where T0 represents the dead state temperature.
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318 and 80 °C. Since charging temperature is held constant, surface
319 charge remains constant during the charging phase. For the
320 reversible case, the net-work output was 0.18, 0.21, and 0.24
321 kWh per m3 of solution mixed, for isothermal discharging at
322 20, 50, and 80 °C. This resulted in a cycle thermodynamic
323 efficiency of 39%, 41%, and 43% (Figure 3B). This change is
324 only marginally noticeable on a μ−N diagram (Figure 3A), as a
325 fixed chemical potential during charging limits the swept area.
326 However, the σ−V plot clearly delineates the increase in the
327 cell discharge voltage (Figure SI3C), increasing the area for the
328 output work. Thus, the net-work improved by 10% when the
329 cycle was operated between the two isotherms (THC = 20 and
330 TLC = 80 °C) when compared with isothermal operation at 20
331 °C. The maximum cycle net work improved by 9% when only
332 the discharging stage operated at elevated temperatures,
333 indicating the benefit of maintaining the low temperature
334 during the charging stage.
335 For reversible CDI cycles, increasing the temperature during
336 the discharging stage reduced the cycle net-work. The energy
337 consumption was 0.28, 0.24, and 0.21 kWh per m3 of solution
338 separated, for isothermal discharging at 20, 50, and 80 °C. This
339 resulted in a thermodynamic efficiency of 6.1, 7.6, and 9.8%
340 (Figure 3E, current = 0 mA) for temperatures of 20, 50, and 80
341 °C. Thus, the net-work decreased by 25% when the cycle was
342 operated between the two isotherms (THC = 20 and TLC = 80
343 °C) when compared isothermal operation at 20 °C. In
344 addition, the net-work was 34% less than isothermal testing
345 conducted at 80 °C, indicating that operating between two
346 isotherms is preferable for CDI.
347 Irreversible CapMix cycles operated on two isotherms
348 displayed similar trends to CapMix operated on one isotherm.
349 Specifically, increasing current decreased net-work from
350 CapMix (Figure 3B). This is anticipated due to ohmic and
351 kinetic based irreversibilities. The net-work output, however,
352 increased with increasing discharge temperature. Opposite to
353 the isothermal case, the net-work consumed for CDI decreased
354 with increasing discharge temperature. In addition, thermody-
355 namic efficiency decreased with current and increased with
356 temperature (Figure 3C−F).
357 CDI and CapMix Cycles Operated with Input Streams
358 with Varying Temperatures. Finally, for both CapMix and
359 CDI cycles, we consider the performance of a cycle where
360 charging and discharging occur with a variable temperature
361 profile. Like the previously investigated cycles, charging and
362 discharging occurs while chemical potential is fixed (iso-μ),
363 resembling the Carnot-like ion separations/mixing.25 However,
364 in order to maintain a constant chemical potential while
365 temperature is varied, here the concentration profile must also
366 vary (eq 6). Note that the cycle also maintains a constant
367 number of ions (iso-N) during solution switching.

368For the CapMix system, we start by charging (process 1-2)
369at room temperature (20 °C), and cool the stream to a
370 f4minimum temperature of 0 °C (Figure 4A, black line). During
371the switching stage (process 2-3), the cell is gradually heated to
372a temperature of 50 °C. During the discharging stage (process
3733−4), the cell will continue to be gradually heated to a
374maximum temperature of 100 °C. Finally, in the switching
375stage (process 4-1), the reactor is cooled and returns to the
376temperature of 20 °C. Note that this operation is both a cycle
377with respect to the chemical engine, and with respect to the
378heat engine. The temperature profiles described and graphi-
379cally shown in Figure 4 are the same for the CDI cell; however,
380the stages are different (Figure 4, top x-axis).
381To compare this unique mode of temperature based
382operation illustratively, three alternative cases are considered
383in which temperature changes occur in the switching stage only
384while the charge/discharge processes are isothermal (Figure
3854A). The lowest temperature range assumes that Tcharge = 20
386°C and Tdischarge = 50 °C (ΔT = 30 °C, Tavg = 35 °C). The high
387range assumes the Tcharge = 0 °C and Tdischarge = 100 °C (ΔT =
388100 °C and Tavg = 50 °C). A third case considers the averaged
389temperatures between the high range and low range Tcharge =
39075 °C, Tdischarge = 10 °C (ΔT = 65 °C and Tavg = 42.5 °C).
391For the mid range, we show the corresponding cycle
392variations in concentration, which also coincides with the high
393and low temperature ranges. When the variable temperature
394cycle is compared to the cycles with temperature changes in
395the switch stage only, concentration changes in the CapMix
396cycles vary only by up to 25 mM, or 5% of CHC (Figure 4B).
397The switching stage only requires recovery to the initial
398concentration, and during discharging, the concentration is
399returned to brine (Figure 4C). For these iso-chemical potential
400studies, we only consider the reversible cycle.
401The quantitative effect of the variable temperature based
402operation is illustrated on σ−V and μ−N diagrams. For
403CapMix, the variable temperature does not increase the cycle
404 f5output work (Figure 5A,B). For each of the cycles studied, the
405overall cycle work is 0.21 kWh/m3 for the low range, 0.27
406kWh/m3 for the high range, 0.24 kWh/m3 for the mid range,
407and 0.21 kWh/m3 for the variable temperature. Subsequently,
408the efficiencies for each of the cycles are 41.4% (low range),
40943.5% (high range), 45.6% (mid range), and 41.3% (variable
410temperature). Additionally, the work output per number of
411ions exchanged values were 0.15 (low range), 0.19 (high
412range), 0.17 (mid range), and 0.15 (variable temperature)
413kWh/m3/#/nm2. Thus, for CapMix, maximizing the temper-
414ature range between charge and discharge improved perform-
415ance, while employing variable temperatures offered minimal
416overall benefit for the cycle. This is despite the fact that the
417variable temperature is more Carnot-like.

Figure 4. (A) Variable temperature profiles applied to CDI/CapMix cycles. Resulting concentration profiles for (B) CapMix and (C) CDI cycle.
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418 For CDI, the variable temperature did aid in decreasing the
419 net-work consumed by the cycle (Figure 5C,D). The cycle net-
420 work is only 0.14 kWh/m3 for the variable cycle operation,
421 whereas the temperature-averaged mid range was 0.20 kWh/
422 m3, the maximum temperature range 0.15 kWh/m3, and the
423 low range 0.20 kWh/m3. The cycle TEE comparison follows
424 with values of 7.6%, 14.9%, 10.3%, and 10.0% for the tested
425 temperature ranges of low, high, mid, and variable.
426 Furthermore, the range in the number of ions was the smallest
427 (0.15 #/nm2) for the variable range of all cycles (Figure 5C).
428 With 0.17, 0.18, and 0.18 #/nm2 reported for the cycles
429 operated with a high, low, and mid temperature ranges. The
430 nearly 0.02 #/nm2 over the cycle may appear small, but is a
431 nearly 15% reduction in total the number of ions. Furthermore,
432 the change in number of ions during this switching process is
433 nearly four times less than those of all of the other temperature
434 cases, suggesting that the variable temperature operation may
435 be valuable in future applications for simulating Carnot
436 conditions experimentally. While savings do exist from
437 operating at elevated temperatures, the energy benefits are
438 small compared to the quantity of the thermal energy input to
439 the system (Tables SI2 and SI3). Thus, increased temperature
440 during isothermal processes must be achieved through waste-
441 heat. The maximum energy savings relative to the maximum
442 theoretical Carnot cycle efficiency is 2.37%, which occurs for
443 irreversible cycles at 50 °C and 25 mA (Table SI3).

444 ■ CONCLUSIONS
445 We show how tuning the temperature of the input solutions to
446 a CapMix and CDI system can enhance system performance
447 (energy production, energy consumed, and thermodynamic
448 efficiency). When operating CapMix and CDI isothermally,
449 increasing the operating temperature aids in maximizing the
450 net-work output from the CapMix system by up to 50%.
451 Conversely, increasing the operating temperatures has an
452 adverse effect on CDI operation, increasing energy con-
453 sumption by ∼15%. Additional cycles whereby input solution
454 temperature is individually varied (e.g., THC ≠ TLC and Tdiluate
455 ≠ Tbrine), resulted in enhanced CDI performance. However,
456 CapMix performance never exceeded that attained under high
457 temperatures with isothermal (THC = TLC = Thigh temp).

458Specifically, by charging in a low temperature feed, and
459discharging in a high temperature brine, we show that
460thermodynamic efficiencies can exceed 9%. This is in contrast
461to isothermal operation which only obtains maximum
462thermodynamic efficiencies of ∼6%. We note that thermody-
463namic efficiency, in addition to being dependent on temper-
464ature, is also dependent on the feed concentration and percent
465of salt removed. Finally, a variable temperature profile is
466explored as a means to operate a CDI and CapMix cycle with
467Carnot-like electrosorption behavior (iso-μ). Again, perform-
468ance improvements did not result in benefits for CapMix, but
469CDI performance increased with temperature up to almost
47010% for the conditions tested. Ion mixing and separation based
471technologies provide new approaches toward harvesting energy
472and performing ionic separations using only electrical energy
473input. However, system performance improvements must
474occur in order for implementation to take place. Through
475gaining an understanding regarding the role various system
476level properties play, one can begin to design system level
477operational modes which most closely mimic theoretical
478optimal performance.
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