Hydroelectric energy conversion of waste flows through hydro-electronic drag
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Hydraulic energy is a key component of the global energy mix, yet there ex-
ists no practical way of harvesting it at small scales, from flows at low Reynolds
number. This has triggered the search for alternative hydroelectric conversion
methodologies, leading to unconventional proposals based on droplet triboelec-
tricity, water evaporation, osmotic energy or flow-induced ionic Coulomb drag.
Yet, these approaches systematically rely on ions as intermediate charge car-
riers, limiting the achievable power density. Here, we predict that the kinetic
energy of small-scale "waste" flows can be directly and efficiently converted into
electricity thanks to the hydro-electronic drag effect, by which an ion-free liquid
induces an electronic current in the solid wall along which it flows. This effect
originates in the fluctuation-induced coupling between fluid motion and electron
transport. We develop a non-equilibrium thermodynamic formalism to assess
the efficiency of such hydroelectric energy conversion, dubbed hydronic energy.
We find that hydronic energy conversion is analogous to thermoelectricity, with
the efficiency being controlled by a dimensionless figure of merit. However, in
contrast to its thermoelectric analogue, this figure of merit combines indepen-
dently tunable parameters of the solid and the liquid, and can thus significantly
exceed unity. Our findings suggest new strategies for blue energy harvesting
without electrochemistry, and for waste flow mitigation in membrane-based fil-

tration processes.
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Since its invention by Hero of Alexandria two thousand years ago, the turbine has been the
tool of choice for converting the kinetic energy of a fluid flow into useful work. It is now a mature
technology, with the hydroelectric conversion efficiency of modern turbines reaching over 90% [1].
However, turbines only function at macroscopic scales and with sufficiently fast flows. When the
Reynolds number decreases below the turbulence transition, the turbine efficiency plummets |2, 3].
Thus, from an energetic standpoint, low Reynolds number flows are "waste flows", in the same
way as temperatures below 100°C are low-grade waste heat, still out of reach in terms of industrial
energy recovery. Waste flows systematically arise in membrane-based filtration processes, as they
involve liquids flowing through nanoscale pores [4-7|. The kinetic energy of these flows is either
lost to friction with the pore walls or dumped with the concentrated feed solution, and harvesting
it could mitigate the energetic cost of filtration. There also exist various strategies for converting
industrial waste heat into liquid flow [8, 9]. Despite the ubiquity of waste flows, they have so far

been converted to useful work only with limited efficiency.

Existing strategies are based on a wide range of astute physical principles, such as droplets
impacts and triboelectricity [10-13], water evaporation [14-17], or electrolyte flows along conduc-
tors [18-23|, to name a few. Although diverse, these methodologies are rooted in the streaming of
dissolved ions under the liquid flow, which — through the image charge effect — results in an elec-
tronic current in the contiguous conducting wall: an effect that has been termed "ionic Coulomb
drag". These routes led to the design of small-scale energy generators, with various applications.
However, their power-density remains overall limited, as well as difficult to scale up. In particular,
ion polarization effects at membranes, and the charge imbalance associated with ion separation, are

strong limitations to any ion-based energy conversion process [24].

Ion-free hydrodynamic Coulomb drag

However, the use of ions as intermediate charge carriers to induce an electronic current is not neces-
sarily a prerequisite. Indeed, on the basis of experimental observations and theoretical predictions,
we showed recently [25, 26] that it is possible to directly convert the kinetic energy of a flow-
ing liquid into an electronic current within the solid wall — a phenomenon dubbed hydrodynamic
Coulomb drag |25, 26] or hydro-electronic drag. In the following, we adopt the latter denomina-
tion, to emphasize the distinction with the ionic Coulomb drag described above. At the root of
hydro-electronic drag is the solid-liquid quantum friction phenomenon [27-31|, where fluctuating in-
teractions between the liquid and the solid result in momentum transfer from the liquid to the solid’s

electrons. The rate of this momentum transfer is quantified by the quantum or hydro-electronic



friction coefficient, expressed as [27]
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where the function gy, . are the surface response functions of the fluid and electrons in the solid,
respectively, describing their charge density fluctuations [27]. Quantum friction accounts, in partic-
ular, for the anomalous water permeability of carbon nanotubes, in terms of the anomalously large
quantum friction on multilayer carbon surfaces as compared to isolated graphene layers |27, 32].

Overall, a liquid flow can thus transfer momentum to the solid’s electrons, resulting in an electric
current proportional to the flow velocity. This process requires neither dissolved ions in the liquid,
nor a surface charge on the solid wall. It is thus radically different from ionic Coulomb drag, and
rather analogous to the "condensed-matter" Coulomb drag between two solid-state conductors [33].
In this difference lies the potential of hydro-electronic drag as a methodology for hydroelectric
energy conversion. Indeed, the number of electrons set in motion through ionic Coulomb drag
cannot exceed the number of ionic charges at the solid-liquid interface. Conversely, the liquid’s
charge fluctuations — dubbed "hydrons" [29, 34] —, when biased by the hydrodynamic flow, may
set in motion all of the conduction electrons within a certain skin depth from the surface (see SI
Sec. III). To emphasize the crucial role played by hydrons, we will refer to the electrical energy
produced through hydro-electronic drag as hydronic energy.

Motivated by these promising qualitative features, we undertake in this Article to quantitatively
assess the efficiency of hydronic energy conversion. To this end, we develop a non-equilibrium
thermodynamic formalism for the solid-liquid interface, and derive a dimensionless hydronic figure
of merit that controls the conversion efficiency. We find that, in practical cases, this figure of merit
can significantly exceed unity, highlighting the potential of hydro-electronic drag as a new physical

principle for energy harvesting from waste flows.

Modelling a hydronic generator

We consider the elementary building-block of an energy conversion device based on hydro-electronic
drag — which we dub “hydronic generator”. It consists in a nanoscale tube of length L, radius a
and thickness § < a, connected mechanically to two fluid reservoirs, and electrically to an external
circuit that allows for electron circulation through the tube wall (Fig. 1). A pressure drop AP
may be applied between the two reservoirs, and a voltage drop AV may be applied between the
two solid-state electrical contacts. The fluid, with viscosity 7, is assumed incompressible and the

Reynolds number is much smaller than 1, so that the flow rate through the tube in the absence of
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FIG. 1. Coupled fluid and electron transport at the solid-liquid interface. (a) Sketch of a hydronic
generator: a liquid flows through a nanotube, connected to an external electric circuit. Thanks to the
hydro-electronic drag effect, an electric current is induced in the circuit in response to the liquid flow. (b)
Schematic of the momentum transfer and relaxation processes at the solid-liquid interface, at the basis of
hydro-electronic drag effect. Quantum (or hydro-electronic) friction transfers momentum directly from the
liquid to the solid’s electrons. Momentum is relaxed at the interface through classical hydrodynamic friction,

and inside the solid through electron scattering.

entrance effects is given by the Poiseuille law [35]:

tAP
Q= %T + ma?vy,. (2)

Here we introduced a slip velocity vy, for the fluid at the interface, which remains to be determined
from the boundary conditions.

The electric current flowing through the solid wall can be rigorously determined from the elec-
tron’s non-equilibrium Green’s function renormalized by the water-electron Coulomb interactions,
as was done in ref. [26] using Keldysh perturbation theory. Here, we use instead a simplified Drude
model, which is quantitatively accurate for systems with a simple band structure [26], and has the
advantage of being readily integrated into a thermodynamic formalism. The electric current is then
I = —27ad X neeve, where n, where is the electron density and v, is the electron drift velocity,
assumed uniform throughout the solid. In the Drude framework, we assume the electrons to have

a parabolic dispersion with effective mass m, and a momentum-independent relaxation time 70. A



force balance on the electrons then yields

2.0 1 0
= eCTe Ay, _ 2 e Fhe, (3)
Me L me

where Fj, is the force exerted by the fluid on the electrons, which remains to be specified. In the
following we will use the notation Y = nemed/70, a measure of electron relaxation that has the
dimension of a friction coefficient. We emphasize again that the assumption of the Drude model
could be relaxed at this point [26], however at the expense of simplicity.

The flowing liquid transfers momentum to the channel wall through hydrodynamic friction. This
momentum is redistributed between the wall’s various degrees of freedom (phonons, electrons) and
is eventually relaxed to the environment. The total momentum flux (or force) Fys from the liquid
to the solid may be phenomenologically separated into two parts: a part that reaches the electrons
(and is then dissipated by the electronic relaxation mechanisms) and a part that doesn’t. The
latter corresponds to the classical (roughness-induced) friction [27]. The former comprises hydro-
electronic friction (Eq. (1)) and possibly a part due to phonons [25, 26, 36, 37]. We will not consider
the phonon contribution at this stage, and will thus provide lower bounds for the hydro-electronic

coupling effects, in the absence of phononic enhancement. Quantitatively,
Fis/(2maL) = Aoy + Ape(vn — ve), (4)

where A is the classical friction coefficient and Ape the hydro-electronic (quantum) friction coef-
ficient, introduced in full generality in Eq. (1). We then identify the hydro-electronic force as
Fle = 2maLApe(vy, — ve). Finally, by enforcing global force balance on the liquid, Fis = ma?AP, we
obtain a closed set of equations, that can be solved to obtain the "fluxes" ) and I as a function of

the "forces" AP and AV.

Hydro-electronic transport matrix

The solution adopts a matrix structure (see SI Sec. I):

AP/L L Che
Q) _y (A with L= " (5)
I AV/L Che G

as sketched in Fig. 2a. The diagonal elements of the transport matrix are the permeance £ and
the conductance G. We find that the off-diagonal elements Cy. are non-zero and equal, as expected
from Onsager symmetry. Note that Cy, is directly proportional to the "electro-fluidic conductivity"
introduced in ref. [26]. Our model therefore not only predicts the hydro-electronic drag (a liquid

flow induces an electric current, as sketched in Fig. 2b), but also its reciprocal effect (an electric
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FIG. 2. Transport matrix and hydro-electronic cross-couplings. (a) Sketch of the transport matrix
of the system including a coupling (in red) between the flow sector (in blue) and the electronic sector (in
orange). The two cross-terms correspond respectively to the hydro-electronic drag and quantum osmosis
effects, and the corresponding transport coefficients are equal by Onsager’s symmetry. (b) Sketch of the
hydro-electronic drag effect: a pressure drop generates a flow which induces an electric current through the
hydro-electronic friction. (c) Sketch of the quantum osmosis effect: a voltage drop generates an electric

current which induces a flow through the hydro-electronic friction.

current induces a liquid flow, as sketched in Fig. 2c), which has so far never been observed, and
which we dub "quantum osmosis". In the following, we will call Cy,, the "hydro-electronic mobility".

To provide convenient expressions of the transport coefficients, we define a dimensionless hydro-
electronic coupling constant

)\2
Ahe = 0 e
00+ Ane) N + Anc)

< 1. (6)

Ape quantifies the competition between liquid-electron momentum transfer (Ape) and the various
sources of momentum relaxation: classical hydrodynamic friction (A)) and electron scattering (A9).

Accordingly, the expression for the hydro-electronic mobility Cpe in Eq.(5), at the core of the
present study, takes the form

eNe o Ape
)\he 1- Ahe .

(7)

Che = Ta%8 %

It vanishes in the absence of electro-fluidic friction (Ape = 0) and grows to infinity as Ape — 1.
The formalism also provides expression for the diagonal terms of the transport matrix: the

permeance, which determines the flow rate @ under a pressure drop AP (for AV = 0)

e (i i) ®



where b = n/(Aet + )\g) is the hydrodynamic slip length; and the conductance, which determines
the electric current I under a voltage drop AV (for AP = 0)

2
x 2mad x SeTe. (9)
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where 7.

U= (A + Ape)/0neme is the total electron scattering rate. These expressions highlight
that the hydro-electronic coupling modifies the usual pressure-driven and volltage-driven transport
phenomena. In the absence of hydro-electronic coupling (Ape = 0) the permeance and the conduc-
tance reduce to the Poiseuille formula and the Drude formula, respectively. When Ay, # 0, we find
that both transport coefficients are enhanced. Physically, the flow-induced electric current boosts
the liquid flow along the wall. Conversely, the current-induced liquid flow makes the electrons move

faster inside the wall.

Overall, we have derived a new transport matrix formalism the solid-liquid interface, which bears
analogy with the theoretical descriptions of osmotic effects in solution [38] or thermoelectric effects
in the solid state [39, 40]. We may check explicitly that the transport matrix L is definite positive,
so that our model satisfies the second law of thermodynamics. We may also invert it in order to
determine the voltage induced by the liquid flow in the case where the electric circuit is open, or

the hydrostatic pressure induced by the electric current if the channel is closed (see SI Sec. I).

Let us now use the transport matrix to determine the efficiency of the hydronic generator.

Efficiency and figure of merit
The mechanical power required to impose a flow rate ) through the hydronic generator is P, =
QAP. The transport matrix yields the corresponding pressure drop AP and the induced electric

current I (see SI Sec. IV). The resulting voltage drop is determined by the external load resistance

Ry connected to the electric circuit: AV = —RpI. The electric power delivered to the load
resistance is then P, = —IAV, and the hydroelectric energy conversion efficiency is defined as
Y= Pe / Ph~

The efficiency depends on the magnitude of the load resistance, or equivalently on the current
circulating through the electric circuit. At vanishing load resistance, the maximum current is I jpax =
CrheAP/L. For a given value of Ry, the efficiency can be expressed in terms of two dimensionless

numbers, the normalized electric current Z = I /I, and the figure of merit Z:

I(1 - 1)

=Ty 1o
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FIG. 3. Energetics of the hydronic generator. (a) Efficiency 7 (in blue) and normalized electric power
Po /P22 (in red) as a function of the normalized electric current Z. The efficiency is displayed for several
values of the figure of merit Z; the normalized electric power is independent of the figure of merit. (b)
Efficiency-power diagram of the hydronic generator for different figures of merit Z. A loop-shaped curve is
obtained as the load resistance is swept from zero to infinity. (c) Maximal efficiency ymax and efficiency at
maximal power (Z = 1/2) as a function of the figure of merit Z. The efficiency estimate for a graphite-based

generator is indicated by an arrow.

with

A2 1
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(11)

This definition of the hydro-electronic figure of merit is inspired by its thermoelectric analogue.
Physically, Z compares the liquid-electron energy transfer rate (Ape) to the rate of energy dissipation
in the system, which originates from electron scattering (A2), classical hydrodynamic friction (AD),
and viscous effects in the fluid (7).

The efficiency vanishes when Z = 0 and approaches 1 with increasing Z: here, the efficiency is
not limited by the Carnot efficiency as there are no temperature gradients involved. For a given
Z, there is a value of electric current Z that achieves the maximum efficiency (see Fig. 3a and b),
given by

Z 2 1
’Ymax:(l_l_\/mzl—\/z+0<>. (12)

The delivered electric power is conveniently expressed as

P.=1I(1 —I)ZﬁO(Af)z, (13)



where £° = 7wa*(1 + 4b/a)/8n is the permeance of the channel in the absence of flow-induced
electric current. There is a value of Z that achieves maximum power, which is different from the
one that achieves maximum efficiency. This tradeoff is highlighted by the full power-efficiency
diagram displayed in Fig. 3c.

We may now qualitatively analyze the requirements for a large figure of merit Z, and contrast
them with the case of thermoelectricity. The thermoelectric figure of merit is essentially controlled
by the ratio of electrical and thermal conductivity in a given material. These two quantities tend
to vary together, which makes it difficult to achieve a figure of merit exceeding unity. In the
hydro-electronic case, however, there is no contradiction between maximizing the electron-liquid in-
teraction and minimizing dissipation (essentially, surface roughness and electron-phonon coupling).
It is therefore of interest to make a quantitative assessment of the efficiency achievable in a hydronic

generator and of the ensuing potential for waste flow recovery.

Waste flow recovery

We first provide a simplified expression of the figure of merit by analyzing the relative importance
of the dissipation mechanisms. Typical hydrodynamic friction coefficients are in the range )\g ~
103 — 10% Pa.s/m. The electron relaxation (mostly due to electron-phonon scattering at room
temperature) is strongly material-dependent, but is typically in the range A} ~ 1072 — 10 Pa.s/m
(SI Sec. II). Thus, in most practical cases, dissipation is dominated by viscosity and interfacial

friction effects and the figure of merit simplifies to

Ahe 1
YA X . 14
AT T+ a(Ane + A2) /4n (14)

This expression involves two physically meaningful quantities: the ratio of the hydro-electronic and
classical friction coefficients and the ratio of channel radius and slip length b = n/(Ape + )\g). The
latter reflects that if the channel is large, most of the mechanical power is lost to viscous dissipation
inside the fluid, rather than converted to electric power at the interface. Conversely, a sufficiently
narrow channel (a < b) allows for dissipation-free plug flow. The larger Ane, the narrower the
channel needs to be to avoid viscous losses.

As a case study, let us analyze the performance of a hydronic generator based on a multiwall
carbon nanotube (CNT) membrane [41, 42|, as sketched in Fig. 4a. It was shown that, if sufficiently
large, these tubes exhibit a specific plasmon mode, which results in significant quantum friction for
water: Ape/A) & 25 for a tube of radius @ = 40 nm (where a/(4b) ~ 1.3) [27, 32]. The corresponding

figure of merit is indeed significant: Z = 11, allowing for a maximum efficiency ~max =~ 0.53. Thus,
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FIG. 4. Membrane-scale hydronic generator for waste flow recovery. (a) Schematic of a hydronic
generator based on a nanoporous conducting membrane placed between two porous electrodes. (b) Power
recovered with a membrane-scale hydronic generator as a function of waste flow pressure, for different
membrane materials. We consider multiwall CNTs with radius @ = 40 nm, length L = 10 pm and 50%
packing fraction. We also consider pores with the same geometric and roughness characteristics, but with
lower values of hydro-electronic friction coefficient: A, = 10? Pa.s/m, and A, = 1 Pa.s/m, as predicted for
doped graphene [27]. (¢) Power produced by pressure-retarded osmosis through a semi-permeable hydronic
generator membrane. Here, the pores have a radius ¢ = 0.5 nm and 50% packing fraction. The power per
unit membrane area is plotted as a function of the hydro-electronic friction coefficient (Ape), for different
values of the classical friction coefficient (bg = 7/A?), and for a membrane thickness L = 10 ym. The curves

flatten at large Ape due to viscous dissipation in the membrane.

a CNT-based hydronic generator could recover more than half of the energy lost to waste flows
in a membrane-based filtration process. In reverse osmosis desalination, for example, sea water
is pressurized to around 60 bar at the system inlet, and the brine released at the outlet is still
at a high pressure, around 10 bar. Large scale desalination plants implement recovery devices
for this brine flow, such as Pelton turbines and hydraulic pressure exchangers [43]. While these
devices work with efficiency close to unity in large plants, they are unsuitable for single-household
or portable desalination systems. The energy recovery provided by a hydronic generator could thus

make these small scale systems efficient enough for widespread use. Similarly, waste flows generated
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from waste heat [8, 9] could be efficiently recovered through a hydronic generator at the individual
scale. We note that CN'Ts are considered here as a model system, since their properties have been
characterized in details in the literature. While CN'T membranes are difficult to scale up, there
exist many alternative materials that could exhibit similar properties (graphene oxides, lamellar
conducting MXenes [44], etc.) and that should be considered as technological pathways to hydronic
energy. As a guideline, materials with a relatively low density of high-effective-mass electrons are
promising for achieving large figures of merit (SI Fig. 1). For reference, Fig. 4b shows the recovered
power per unit area as a function of waste flow pressure for a CNT membrane, as well as for model

membrane materials characterized by their hydro-electronic friction coefficient.

A further promising application of the hydronic generator is blue energy harvesting through
pressure retarded osmosis (PRO). In PRO, the osmotic pressure difference between fresh water and
sea water — separated by a semi-permeable membrane — is used to drive a water flow, which is
fed into a turbine. Due to the low permeability of the membrane, a flow rate that is sufficient to
spin a turbine is achieved only at the power plant scale. Replacing the turbine with a hydronic
generator would make the technology viable at smaller scales: with the CNT-based model system,
we estimate an achievable power density of 15 W/m? (see SI Sec. IV), which is larger than what
has so far been achieved with a turbine (< 1 W/m?). An even higher power density could be
achieved with a hypothetical semi-permeable and electrically-conducting membrane, that would
simultaneously express the osmotic pressure and harvest the energy from the resulting flow. Indeed,
in PRO, most of the energy stored in the salinity gradient is lost to hydrodynamic friction with the
membrane. A hydronic generator would instead convert this energy into electricity. With a semi-
permeable membrane that exhibits the same friction characteristics as graphite, a power density
exceeding 1 kW /m? could be achieved (Fig. 4b). Even with a small hydro-electronic friction
(102 — 103 Pa.s/m), a power density exceeding the industrial relevance threshold of 5 W/m? is
within reach |7]. We note that, in single nanopore systems, while ion-based osmotic power densities
up to 1 MW /m? have been demonstrated [45, 46|, this figure plummets upon scale-up due to
concentration polarization effects and limitations of the electrodes [24]. Here, we stress that the

energy conversion mechanism is ion free, hence it is expected to face fewer scale-up limitations.

Perspectives
We have established several unique characteristics of hydro-electronic drag, that set it apart from
other hydroelectric energy conversion principles. At the macroscopic scale, turbines are robust and

efficient converters, based on inertial effects. As inertia vanishes at smaller scales, "chemical" energy
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conversion takes over: the energy stored in the fluid is first converted to an ionic current, which is
then transformed into an electronic current thanks to an electrochemical reaction. Hydro-electronic
drag uses neither inertia nor chemistry, and thus plays the role of a seemingly impossible "nanoscale

turbine".

We have developed a complete thermodynamic formalism for the hydro-electronic cross-couplings
at the basis of this nanoscale turbine. A strong analogy can be established with thermoelectric
cross-couplings: the induction of an electric current by a liquid flow is reminiscent of the Seebeck
effect, while the induction of a liquid flow by an electric current (quantum osmosis) is analogous
to the Peltier effect. But a key difference with thermoelectricity is that the relevant figure of merit
is controlled by largely independent parameters, and can therefore significantly exceed unity — a
peculiarity rooted in the interfacial nature of hydro-electronic effects. Thanks to this peculiarity,
hydro-electronic drag is a promising principle for harvesting energy from low Reynolds number
waste flows, particularly those that arise in small-scale desalination and pressure-retarded osmosis.
Technologies based on hydro-electronic drag will place constraints on membrane materials that are
very different from those in electrochemical technologies, as the materials’ electronic excitations
will come into play. Our results suggest that there are practical consequences for the water-energy
nexus of the fundamental fact that, at the nanoscale, classical fluid dynamics meet the quantum

dynamics of electronic matter.
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