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Multiphysics simulation explaining the behaviour of evaporation-driven 
nanoporous generators 

L. Hällström *, T. Koskinen , C. Tossi , T. Juntunen , I. Tittonen 
Department of Electronics and Nanoengineering, Aalto University, Espoo, PL 13500, Finland   
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A B S T R A C T   

Evaporation-induced electricity generation in porous nanomaterials has recently attracted considerable attention 
due to relatively high produced voltages and wide operating conditions. Here, we present a combined study of 
computational and experimental work exploiting finite-element method simulations to find the critical param-
eters influencing the performance of such generators. The simulated behaviour is found to agree with the 
experimental data within typical variation of the measurements. We find that the electrical power produced by 
the generator depends not only on the properties of the porous material, but also on the surrounding environ-
ment of the generator. Particularly, the pore size and geometry are found to have a significant influence on the 
output power, highlighting the importance of accurate characterization of the samples and careful control of the 
laboratory conditions when performing experimental work. Increasing the pore size from 5 to 20 nm improves 
the simulated output voltage from 0.12 to 0.47 V, while increasing the ambient humidity to 100% will prevent 
voltage generation completely. The obtained results can guide the future design of generators based on water 
evaporation induced capillary flow in a nanoporous carbon black film, leading to more efficient power 
production.   

1. Introduction 

In recent years, increasing interest has emerged in generating electric 
power from the interaction between water and functionalized nano-
materials [1–3]. An extensively studied class of these generators pro-
duces electricity from the streaming current created by evaporation- 
driven capillary water flow in a porous material: the continuous water 
flow through the device generates an electrical current, which can be 
harvested and used to power external devices [4–6]. While the concept 
of streaming current has been known since 1861 [7], the application of 
using porous carbon materials for power generation was first demon-
strated in 2017 by Xue et al. [6]. Since then, different materials have 
been tested with varying efficiencies, with current state-of-the-art ap-
proaches producing voltages of up to 5 V[8]. In addition to porous 
carbon, other viable materials have been demonstrated, such as bio-
logical nanofibrils [9], nanostructured silicon [10] and natural wood 
[11,12]. These materials have been used with various device geome-
tries, including floating and three-dimensional large-volume structures 
[13,14]. Porous carbon materials present the advantages of being 
abundant, economically competitive, non-toxic, and scalable [15]. The 
use of water evaporation as a driving force for a hydrovoltaic generator 

can exploit the latent heat from present instrumentation or from factory 
elements, offering an efficient way to recycle waste heat in industrial 
infrastructure. Alongside the efforts in material development [10], 
proposed applications span from wearable electronics [16–19] to low- 
power IoT devices [18], exploiting different methods such as plas-
monic heating or composite polymers to improve the evaporation rate 
and power generation in the device [20,21]. 

Water transport and evaporation in porous materials has been 
extensively studied [22–27] and applied for example in food and earth 
sciences [28–30], and the theory has since been applied to solar steam 
generation with porous materials [31]. However, the connection be-
tween the water evaporation and electricity generation in a porous film 
remains poorly understood. Although the microscopic mechanism of the 
water flow and subsequent generation of streaming current inside the 
capillary channels of porous materials has been studied both via first- 
principles and in experimental settings [32,33,6], little work has been 
conducted to understand the underlying physics of the porous material 
on the scale of complete devices, even if such information is crucial for 
the design and optimization of large-scale implementations of 
evaporation-powered nanogenerators. 

Here, we present a combined study of computational and experi-
mental results explaining the influence of the key physical phenomena 
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in thin-film capillary hydrovoltaic devices. We utilize a finite-element 
method simulation to reproduce the results from experimental devices 
and to further study the effects of the key parameters on the produced 
voltage. The simulation reveals in detail the dynamics of the multiphase 
water flow, and the results are used to identify the most critical pa-
rameters for maximizing the power output. In particular, the porosity 
and pore structure of the carbon film are found to have a significant 
effect on the power output. 

2. Methods 

2.1. Experimental 

The porous carbon material was fabricated using ink prepared from 
toluene soot: the toluene was burned in an alcohol burner, and the 
produced soot was collected onto a metal plate. From the plate, 800 mg 
of toluene soot were removed and mixed in a beaker with 400 mg of 
ethyl cellulose (48% ethoxyl), 8 ml of terpineol (mixture of isomers) and 
40 ml of methanol (Sigma–Aldrich). The beaker was then placed on a 
magnetic stirring plate while kept at a temperature of 75 ◦C for three 

Nomenclature 

Latin Letters 
g gravitational acceleration (m s− 2) 
A cross section area (m2) 
aw water activity 
Cj streaming current coefficient (A s m− 3) 
csat0 vapor saturation concentration in air (mol m− 3) 
csat vapor saturation concentration (mol m− 3) 
cva vapor concentration (mol m− 3) 
Deff effective vapor diffusion coefficient (m2 s) 
Dva vapor diffusion coefficient (m2 s) 
G conductance (S) 
Is streaming current (A) 
ji current source (A) 
K evaporation rate constant (s− 1) 
k thermal conductivity (W m− 1 K1) 
P pressure (Pa) 
Q volumetric flux (m s− 1) 
rc critical pore radius (m) 
Sg gas phase saturation 
Sl liquid phase saturation 
T temperature (K) 

t time (s) 
T0 ambient temperature (K) 
u0 mean arflow velocity (m s− 1) 
uy liquid velocity y-component (m s− 1) 
V electric potential (V) 
ul liquid phase flow velocity (ms− 1) 
ug gas phase flow velocity (ms− 1) 

Greek Letters 
μ effective viscosity(Pa s) 
ρ effective density (kgm− 3) 
κ permeability (m2) 
κrg gas phase relative permeability 
κrl liquid phase relative permeability 
λ pore size distribution index 
μg gas phase viscosity (Pa s) 
μl liquid phase viscosity (Pa s) 
ϕ relative humidity 
ρg gas phase density (kg m− 3) 
ρl liquid phase density (kg m− 3) 
σva vapor mass source (kg m− 3 s− 1) 
σl liquid mass source (kg m− 3 s− 1) 
φ porosity  

Fig. 1. a) Fabrication process of the device. The electrodes are painted first, followed by the porous layer. b) Illustration of the simulation process: A 2D cross section 
of the device is modelled using FEM, solving the liquid water and vapor fluxes in the porous material. The liquid flowrate is further applied to an equivalent electrical 
circuit to compute the electrical power output. c) The simulated steady state electrical potential vs. the distance from the water surface in the device. d) Steady state 
of the FEM simulation of the water dynamics. Liquid water is represented by the red gradient, and water vapor by the blue gradient. The uniform orange area 
represents the Kapton substrate. e) SEM image of the sample surface. 
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hours in order to create a homogenous slurry. 
Fig. 1 (a) illustrates the device fabrication process: First, PELCO® 

colloidal graphite was used to paint electrodes on flexible Kapton® 
polyimide substrates. After the electrodes were dry, the slurry was 
deposited on the substrates with a 3D-printed coater: the deposition 
resulted in 15 mm wide and 50 mm long films, which were subsequently 
placed in a 120 ◦C oven for 1 h to evaporate the solvent. After the 
treatment, the films were annealed on a hot plate at 375 ◦C for 1 h to 
remove the ethyl cellulose binder. Electrical wiring was then attached 
using colloidal graphite. After the wiring had adhered and the colloidal 
graphite had dried, the electrodes were sealed with a transparent two- 
component epoxy. The recipe is based on the original recipe used by 
Xue et al. [6]. 

The device was then attached into a supportive piece of plastic, 
which was placed in a beaker partially filled with water. The electrical 
wiring was connected to a source-meter (Keithley 2602B) and cur-
rent–voltage characteristics were recorded to determine the open-circuit 
voltage and device resistance at different times under operation. 

The thickness of the carbon layer was measured from crosscut SEM 
images, with a range of 5-20 μm; an example image is shown in Sup-
plementary Fig. S1. Density and true volume of the samples were 
measured using a helium pycnometer (Quantachrome Ultrapyc 1200e). 
The measured density of 2276 kg/m3 is comparable to reported values 
for similar materials [35]. 

2.2. Water dynamics model 

The simulation implemented in this work is a 2D cross-sectional 
model of the device with the geometry as shown in Fig. 1 (b and d): 
the device stands vertically in air with the water entering from the 
bottom and evaporating towards the right. On the left side of the porous 
material is the Kapton substrate, which acts as an impermeable barrier 
for both liquid and vapor flow. Inside the porous material the model 
solves the two-phase fluid flow, where liquid water rises driven by 
capillary force, and the rest of the space is occupied by a gas phase. The 
gas phase consists of air and water vapor, which can freely flow out of 
the porous material. Capillary action draws water from the reservoir into 
the porous material, while the water simultaneously evaporates and the 
vapor is removed by diffusion and convection. The input parameters of 
the simulation are presented in Table 1. The liquid and gas phases are 
connected by a saturation constraint 

Sg + Sl = 1 (1)  

where Sg is the saturation of the gas phase and Sl the saturation of the 
liquid phase. The liquid phase is always entirely liquid water, while the 
gas phase represents moist air that can have varying amounts of water 
vapor in it. Therefore, in addition to solving the liquid and gas phase 
saturations, the water vapour concentration in the gas phase must be 

tracked separately. The operation of the device is tied to the flow of 
water through the porous material, so the key variables to be solved are 
the liquid water and water vapor concentrations and the respective 
volumetric fluxes. These are solved as functions of the position in the 
device and of time with an FEM simulation implemented in COMSOL 
Multiphysics®. The transport of water inside the porous material is 
described by a two-phase transport model, and the water vapor in the air 
by a diluted species transport model. Additionally, these models are self- 
consistently coupled to a temperature simulation that includes the ef-
fects of convection, thermal conduction and evaporative cooling. The 
material parameters used for the porous carbon layer are listed in 
Table 1. For water and air, built-in material models from COMSOL were 
used. The simulation uses Darcy’s law to calculate the flow of the liquid 
phase in the porous media, where the flow is given by 

ul = −
κ
μ(∇P+ ρg), (2)  

where ul is the Darcy velocity for the liquid flow, κ the mechanical 
permeability of the porous material, P the pressure and g the gravita-
tional acceleration. Eq. 2 extends Darcy’s law to multiphase flow by 
defining the effective density ρ and the effective viscosity μ of the liq-
uid–air mixture. The effective density is the mean of the densities of the 
liquid and gas phases, weighted by the saturations of the two phases 

ρ = Slρl + Sgρg, (3)  

and the effective viscosity of the liquid–gas mixture is given by 

μ =
ρ

κrlρl
μl

+
κrgρg

μg

. (4)  

Here κrl and κrg are the relative permeabilities of the porous material for 
the liquid and gas phases respectively, and they are defined as functions 
of the liquid phase saturation: 

κrl = S2
l , (5)  

κrg = (1 − Sl)
2
. (6)  

The viscosity of the liquid–gas mixture is high when the liquid saturation 
is close to 50%, resulting in high pressure gradient and therefore high 
Darcy velocity close to the wetting front, where the porous medium is 
only partially saturated by water. 

The permeability in Eq. 2 describing the sensitivity of the liquid 
flowrate to the pressure gradient is defined by 

κ = φ
r2

c

4
, (7)  

where φ is the porosity of the porous material, with larger values 
signifying more empty space in the material, and the constant factor 1/4 
accounts for pore geometry and tortuosity [36,37]. The symbol rc refers 
to the critical pore radius, which is the smallest radius of the pore the 
water is flowing through. 

The velocity field u from Darcy’s law given by Eq. 2 is then used in 
the transport equation for the liquid phase 

∂
∂t

φρlSl +∇⋅(ρlul) = σl. (8)  

The right hand side term σl describes liquid water sources and sinks, 
which in this case include the evaporation of water from the device. The 
evaporation rate of water is a linear function of the vapor concentration 

σl = − K(awcsat − cva), (9)  

where K is the reaction rate constant, aw the water activity and cva the 
water vapor concentration in the gas phase. In this work, we assume that 
the reaction rate is fast compared to the water vapor flow, so that the 

Table 1 
Simulation parameters  

Symbol Value Description 

Cj 4.5 × 104 A s/m3 Streaming current coefficient 
Dva 2.6 × 10− 5 m2/s Water vapor diffusion coefficient 
k 0.3 W/m K [34] Thermal conductivity 
K 10000 s− 1 Evaporation rate constant 
rc 7 nm Critical pore radius 
Rs,dry 1.7 M Ω/ □ Sry sheet resistance 
Rs,humid 2.7 M Ω/ □ Humid sheet resistance 
Rs,wet 0.85 M Ω/ □ Wet sheet resistance 
T0 22 ◦C Ambient temperature 
u0 0.05 m/s Airflow velocity 
λ 1 Pore size distribution index 
φ 0.75 Porosity 
ϕ 0.2 Ambient relative humidity 
ρ 2276 kg/m3 Material density  
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evaporation rate is mass transport limited. The activity of water aw is 
defined as a function of the moisture content, interpolating from the 
data by Brennan et al. [38]. The activity curve is shown in Supple-
mentary Fig. S3. The saturation concentration in the open air domain, 
csat0 , is given by an analytic approximation based on the Tetens equation 
and the ideal gas law [39] 

csat0 = 610.7[Pa]107.5T − 273.15 [K]

T− 35.85 [K]
1

RT
. (10)  

Warmer air is able to hold more moisture, and higher saturation con-
centrations in Eq. 9 lead to higher evaporation rates. As the evaporation 
of water directly affects the surrounding temperature via evaporative 
cooling, the temperature has to be solved self-consistently with the rest 
of the simulation. Inside the porous medium the saturated vapor con-
centration additionally depends on the effective volume available for the 
water vapor, defined by the porosity and the gas phase saturation 

csat = csat0 φSma. (11)  

The vapor phase flow follows the convection–diffusion equation for 
mass conservation both inside the porous medium and in the outside air 

∂cva

∂t
+ug∇cva +∇⋅( − Dva∇cva) = σva. (12)  

The velocity field ug is given by the ambient air flow, which is solved 
separately before the fluid dynamic simulation as a stationary solution 
assuming laminar air flow. The air flow profile is shown in Fig. 2. Inside 
the porous medium the vapor diffusion coefficient Dva is replaced by the 
effective diffusion coefficient Deff , defined according to the Millington 
and Quirk equation [40–42] 

Deff = DvaS10/3
g φ4/3. (13)  

In practice, the convective flow velocity inside the porous material turns 
out to be negligible, and the vapor movement is due to diffusion only. 
The reaction term σva describes the vapor generated as the water 
evaporates, and is related to the liquid reaction rate by σg = − σl so that 
the total water mass is conserved. The boundary conditions used for all 
of the interfaces in the simulation are described in detail in Supple-
mentary material Section 2. 

2.3. Electrical model 

Since the most common experimentally measured quantity of a 
porous nanogenerator is the produced voltage, the solved water flow 
must be connected to electricity generation. The electrical model used 
for calculating the electric output from the simulation is an equivalent 
circuit shown in Fig. 1 (b), where the FEM solution of the water dy-
namics model is used to calculate the values of the components in the 
equivalent circuit. The current sources are calculated based on the 
definition of the streaming current [43] 

Is =

∫

A
uyρcharge dA, (14)  

where Is is the streaming current, uy is the vertical component of the 
liquid velocity, ρcharge the effective charge density and A the cross 
sectional area. Instead of solving the integral explicitly, the streaming 
current is calculated from the volumetric water flux 

Q =

∫

A
uy dA, (15)  

which is directly obtained from the FEM solution. The water flux is 
related to the streaming current by a constant factor, which captures the 
effects of the charge density and pore geometry [44]. The current source 
values for each of the 1000 source-resistor pairs in the equivalent circuit 
model are calculated by 

ji = QiCj, (16)  

where ji is the i:th current source element, Qi the mean volumetric liquid 
water flux at the corresponding height and Cj the streaming current 
coefficient. The streaming current coefficient Cj is the only free 
parameter fitted to experimental voltage measurements with a value of 
4.5 × 104A s/m3. Since the equivalent circuit is linear, the impact of the 
streaming current coefficient on the simulation results is also linear, 
acting as a constant multiplier on the simulated voltage. 

The resistivity of the porous material depends on both the liquid 
water saturation and the water vapor saturation in the material. Higher 
water vapor content i.e. higher humidity is known to increase the re-
sistivity [45], while adding liquid water will reduce the resistivity. In 
order to calculate the produced voltage an empirical model for the 
resistance of the material was used: the resistance was measured from 
samples in a humidity controlled chamber, and from samples saturated 
with liquid water. The measured values are listed in Table 1. The 
resistance at different positions of the device was then calculated by 
bilinear interpolation of the measurement data with simulated liquid 
saturation and relative humidity. When both the current sources and the 
resistances in the equivalent circuit are known, the electric potential is 
solved using the matrix form of the node-voltage equation 

I = GV, (17)  

where I is a vector of the node currents, G the conductance matrix and V 
the unknown electric potential vector. The voltage as measured in the 
experimental device is then given by the difference between the po-
tential of the nodes corresponding to the positions of the contact elec-
trodes. This enables an efficient computation of the voltage measured 
between arbitrarily positioned electrodes. 

3. Results and discussion 

3.1. Electrical response: transient near the water surface 

In the initial state for both the simulation and the experiments the 
device contains no liquid water, and is in equilibrium with the ambient 
humidity. After the device is placed in water, the capillary pressure 
forces liquid water into the porous material, leading to evaporation and 

Fig. 2. The stationary solution for the ambient air flow used during the time 
evolution simulation. The sample is in the middle, viewed from the same 
orientation as in Fig. 1 (d), but scaled to show the full simulation domain. Near 
the surface of the device the vapor flow is mostly driven by diffusion, however 
convection by the air flow starts to dominate at a distance of  > 11 cm from the 
surface, as shown in Supplementary Fig. S4. 
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increased water vapor concentration. While in a typical application 
these devices operate in the steady state, in order to verify the accuracy 
of the simulation the initial transient response to placing a dry device 
into water was additionally investigated. For that purpose, samples with 
electrodes placed densely near the water surface were fabricated. As 
illustrated in Fig. 3 (a), three electrodes, numbered 0–2, are located 
close to the water surface to investigate the initial transient, and elec-
trode 3 is placed near the top end of the device, in order to measure the 
voltage generated over the full length of the nanoporous carbon sample. 
Electrodes 0–2 were measured to be 2 mm apart from each other using 
an optical microscope, as shown in Supplementary Fig. S2, and the 
samples were carefully placed in the water so that the water level was 
halfway between electrodes 0 and 1. The voltage measured between 
electrodes 1 and 2 in Fig. 3 (b) shows that a strong voltage peak is 
initially created in this small part of the device, as the water rushes to fill 
the porous material. The voltage then slowly settles to a lower value as 
the system approaches steady-state operation. This behaviour is repro-
duced by the simulation: the sharp voltage peak is generated as the 
initial water flow rate into the dry device is extremely high compared to 
the steady state. As the liquid front rises higher and eventually reaches 
equilibrium, the water flow rate is ultimately limited by the evaporation 
rate. When the liquid flow rate equalizes over the device, the voltage 

distribution also evens out: instead of a high potential gradient over the 
first few millimeters, in the steady state the voltage is generated over a 
longer distance with a more shallow gradient as shown in Fig. 4 (h). 

3.2. Time evolution of the water flow 

Figs. 4 (a-e) show the state of the device 34s after being placed into 
water, which is the time of the peak voltage measured between elec-
trodes 1 and 2 in Fig. 3 b. At this point, the liquid water front has reached 
5 mm above the water surface level and covers electrode 2. As the water 
front climbs higher, the flowrate reduces until the steady state is 
reached, as the liquid inflow at the bottom of the device is in equilibrium 
with the evaporation rate. 

The capillary pressure, which is responsible for lifting the water into 
the material according to Eq. 2, presents a constant gradient from the 
bottom up to the height where most of the water has evaporated. Even 
though most of the pressure drop and therefore the largest flow velocity 
are found just above the wetting front, this region has negligible impact 
on the final power output due to the low volume of liquid water left in 
the device. In the electrical model the current generation is connected to 
the volumetric flux, which monotonically reduces as more water is 
evaporated away. Therefore, majority of the current is produced in the 

Fig. 3. a) Photograph of the experimental setup and a schematic of the electrodes on the samples used for the transient measurements. The samples were measured 
with the water level between the two bottom electrodes, so that the middle electrode was 1 mm above the surface. b) The transient voltage measured between 
electrodes 1 and 2. The shaded area shows the mean value and the envelope of extreme values of the experimental data, and the thick line is the simulated result. The 
inset shows the same data zoomed in on the first 200 s. c) Same as b), for resistance d) The steady state voltages measured between different electrodes. The box plots 
represent the experimental results and the horizontal black lines the simulated voltages. e) Right: the power supplied by the generator to a matched load as function 
of the top electrode distance from water surface. f) The simulated power output as function of the top electrode distance from water surface. g) The temperature of 
the surface of the device at steady state operation. Left: simulation, right: thermal camera image of the device overlaid on a photograph. The dashed line indicates the 
water surface. h) electrical output of the device at steady state. The blue gradient indicates liquid phase saturation. 
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fully saturated section at the bottom of the device as seen in Fig. 3 (h). 
The wetting front height is clearly defined with no variation between the 
open front surface and the back surface against the substrate. The water 
evaporation rate, however, is significantly higher on the front surface, 
where the liquid is directly exposed to the ambient air than on the rear 
surface against the Kapton film. While this results in a net liquid flow 
from the back towards the open surface, the lateral flow does not 
contribute to the generated electrical power, as the electrodes are 
separated on the y-axis only. As the time advances the water rises higher, 
and the bulk of the porous media that is not exposed to free air becomes 
fully saturated with the liquid phase. Therefore, inside the material 
evaporation can only happen close to the wetting front where there is 
not enough water remaining to keep the pores saturated. In the steady 
state, this happens at a 2.5 cm height, as seen in the inset in Fig. 4 (j), 
although the evaporation rate is still minimal compared to the rate on 
the open surface. In the region that is not saturated by the liquid, the gas 
phase takes up more volume and can contain more moisture. Fig. 4 (e 
and j) show how both the saturated vapor concentration and the actual 
vapor concentration inside the porous material increase above the 
wetting front. Similarly to the liquid water saturation, the gas phase 
water vapour concentration is also constant along the depth into the 
porous material throughout the time evolution. While the evaporation of 
water is significantly faster on the front surface of the device, the 
diffusion of the vapor inside the porous material is fast enough to 
equalize the concentration across the 20μm thickness. 

After reaching the steady state shown in Fig. 4 (f-j), the device can be 
divided into three regions of operation. The bottom 1.5 cm is fully 
saturated with the liquid phase, and the vapor concentration inside the 
device is zero due to the lack of air phase volume. The evaporation rate 
on the front surface is high, limited by the vapor concentration in the air 
outside the device approaching saturation. It is also notable that the high 
evaporation rate in this region acts as a negative feedback for the 

produced power as the evaporation cools the surrounding air and 
therefore lowers the saturation vapor concentration according to Eq. 10. 
While directly measuring the water evaporation rate from the surface of 
the device is not feasible, an indirect estimate can be made by measuring 
the effect of evaporative cooling: the temperature of the surface pre-
sented in Fig. 3 (g) clearly shows the impact of the cooling effect both in 
the simulation and the thermal camera image, with the coldest point of 
the surface at 5 ◦C below the ambient temperature. Most of the water 
evaporates at or below 2 cm above the waterline. While the cooling 
effect is present on the surface immediately above the waterline, the 
liquid water enters the device at ambient temperature keeping the 
bottom of the device warm. Comparing the simulated temperature to the 
thermal camera image shows that the simulation captures both the 
height and the magnitude of the evaporative cooling in the device 
accurately. The good match of the simulated cooling effect further shows 
that the total water evaporation rate and therefore the flow rate through 
the device in the simulation matches with the experimental case. 

In the middle region between 1.5 and 3 cm the water saturation starts 
to drop and simultaneously the vapor saturation inside the porous ma-
terial increases. Here, the vapor concentration starts to fall further from 
the saturation condition, and the evaporation rate is limited by the water 
activity instead. The activity eventually falls to zero as the liquid satu-
ration reduces, completely stopping the evaporation from taking place. 
In the top part above 3 cm all of the water has evaporated, and the vapor 
concentration approaches equilibrium with the ambient humidity of 
20%. In the equilibrium, the vapor concentration inside the device is 
lower than in the air by the factor of the material porosity, φ = 0.75. 

3.3. Electrical response: steady state 

In the steady state, the liquid water inflow rate from the water 
reservoir is equal to the water vapor outflow rate from the device and 

Fig. 4. FEM results at the time of peak voltage between electrodes 1 and 2 as seen in Fig. 3 (c) at t = 43s (a-e), and at steady state (g-k). Left: surface colors mark the 
concentrations, and arrow plots volumetric fluxes. Red surface and blue arrows: liquid water concentration and flux, blue surface and red arrows: water vapor in air. 
Animation of the time evolution in a) and g) is available in the Supplementary video 1. b) liquid phase saturation, c) pressure from Eq. 2, d) water evaporation rate, 
e) water vapor concentration and saturation concentration inside the device (black) and in the air immediately outside the device (blue). g-j like b-e, but at t =

19000s. (steady state). 

L. Hällström et al.                                                                                                                                                                                                                              



Energy Conversion and Management 256 (2022) 115382

7

the water saturation inside the device is constant. The measured satu-
rated voltages between different electrode pairs are shown in Fig. 3 (d), 
alongside the simulated results. The experimental data for the steady 
state was collected by measuring the voltage and resistance from three 
different samples over one hour for each pair of electrodes. In steady 
state operation, most of the voltage is generated in the long section 
between electrodes 2 and 3, but the voltage over the first two millime-
ters of the carbon film is still significant. The simulation agrees well with 
the experimental data over all electrode pairs, however an exact com-
parison is made difficult by the high variance in the measurements. 
Although the measurement variance over the short sections at the bot-
tom of the device is relatively low, the measurement accuracy is limited 
by the uncertainty of the exact position of the water surface relative to 
the electrodes. Nevertheless, the simulated voltage distribution where 
the voltage increase is close to linear as function of height is well in line 
with what has been reported previously [6,19,46]. 

Fig. 3 (h-j) presents the voltage, resistivity and current generation 
distributions in a typical 5 cm long device during steady state operation. 
However, the results in Fig. 3 (f) show that the optimal length for the 
device is only 2 cm. As seen in Fig. 3 (h) most of the power is produced in 
the lower part of the device close to the water surface, and the dry top 
section is only adding extra resistive load. For maximum power output 
the top electrode should be placed 1.5-2.5 cm above the water surface 
slightly below the wetting front. Merely a 1 cm deviation of the optimal 
electrode position can drop the output power by more than 20%. This 
has significant implications for the optimal design of the device as the 
wetting front and consequently the optimal electrode position can vary 
based not only on the porous material, but also on environmental con-
ditions that may change during operation. 

A sensitivity analysis comparing the effects of various parameters on 
the steady state voltage and water front height is shown in Fig. 5: 
namely, the ambient air flow velocity, the pore size distribution index, 
the thickness of the carbon film, the evaporation rate constant, the 
porosity of the carbon material, and the critical pore size. Reducing the 
external air flow velocity u0 has a minimal impact on the simulation 
results until the velocity is close to zero. The assumptions of the laminar 
flow and no-slip wall condition cause the air flow velocity near the 
surface of the device to always be extremely low regardless of the 
average ambient flow velocity, as seen in Fig. 2. This results in diffusion 
being dominant, and therefore limiting the transport mechanism of 
water vapor in the air close to the device, even at high flow rates. At 
lower flow rates, the region dominated by diffusion increases, and at 
zero velocity the vapor is transported solely by diffusion. This limits the 
evaporation rate, enabling the water front to reach the top of the device 
at 5 cm. However, even at 0 m/s velocity the evaporation is not 
completely stopped, and there is still enough liquid flow to generate only 

a slightly reduced voltage. The wetting front position however changes 
drastically, reaching all the way to the top of the device at 5 cm. This 
indicates that while the simulation is not sensitive to the exact magni-
tude of the air flow velocity, some kind of convective transport for the 
water vapor must be included in the model for accurate results. 

Increasing the ambient humidity ϕ has the intuitive effect of 
reducing the evaporation rate and therefore causing the steady state 
wetting front to climb higher, eventually reaching the top edge of the 
device at 60% relative humidity. However, the produced voltage re-
mains constant as long as the device is long enough to allow all of the 
water to evaporate. Only if the relative humidity is increased all the way 
to 100%, the evaporation stops completely and no voltage is produced. 

Similarly to the air flow velocity, low values of the evaporation rate 
constant K in Eq. 9 cause the wetting front to reach the top of the device. 
However, since unlike for the vapor transport, there is no alternative 
mechanism for the evaporation, evaporation rates approaching zero 
drastically limit the total water flow and therefore the produced voltage. 
Increasing the evaporation rate constant above K = 104 s− 1 has negli-
gible effect as the evaporation rate is constrained by the vapor con-
centration at the surface becoming saturated according to Eq. 9, and the 
reaction becomes mass transport limited. 

Overall, as long as the total evaporation rate is fast enough that the 
water does not reach the top of the device, the impact on the produced 
voltage is small. However, as the water reaches the top, the produced 
voltage starts to drop rapidly. This could be mitigated by making the 
device longer, however increasing the length comes with the cost of 
additional resistive losses. Therefore a design compromise must be made 
between a short device for maximum power in optimal conditions, and a 
longer device with lower peak power but less sensitivity to ambient 
humidity and airflow. 

While increasing the porous layer thickness has a linear effect on the 
total water flux, this increase is not apparent from the produced voltage 
since it is cancelled out by the assumption that the total resistance fol-
lows the equation for a three dimensional uniform conductor 

R = ρ L
A
, (18)  

where R is the resistance measured between the electrodes, i.e. the in-
ternal resistance of the generator, ρ the bulk resistivity, L the distance 
between the electrodes and A the cross sectional area of the porous film. 
The larger cross sectional area allows higher total water flow and 
therefore higher current, but this is balanced by the reduced resistance 
resulting in a constant voltage when the thickness is varied. However, 
since the voltage stays constant, but the generated current increases, 
thicker devices do generate more power. Therefore, optimizing the layer 
thickness could offer an easy way to increase the power output of the 

Fig. 5. Sensitivity of the steady state simulation results to variations in input parameters. Top row: impact on voltage between electrodes 0–3. Bottom row: impact on 
the wetting front position defined as Sl < 0.5. The crosses mark the default values used for the simulation. Dashed lines are a piecewise linear interpolation for 
visual clarity. 
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generator. 
The structure of the porous material is described by three parame-

ters: the porosity, the critical pore size, and the pore size distribution 
index. The pore size distribution index is an effective parameter 
describing the uniformity of the pore sizes, and the exact value is found 
to have negligible effect on the simulation result. 

The effect of the porosity φ is linear on both the wetting front posi-
tion and the produced voltage, with higher porosity material creating 
higher water flow, higher wetting front and more voltage. While the 
porosity of the material can be measured using pycnometry, this is 
generally not done in published literature, while simultaneously the 
reported voltages vary from tens of millivolts [9] to few volts [8]: dif-
ferences in porosity or pore size could explain some of the variance 
between published experiments. 

Out of all the parameters studied, changing the critical pore radius rc 
has the highest impact on the produced voltage. Compared to the 
porosity, the critical pore size is exceedingly difficult to estimate 
experimentally, although microscopy techniques such as SEM can be 
used to obtain an upper limit on the pore size. 

However, the results of the sensitivity analysis are produced under 
the assumption that all other parameters stay constant when the pore 
size is changed, while the pore size and porosity are generally not in-
dependent of each other. Additionally, since the average distance of the 
liquid flow from the capillary wall increases, a larger pore size should 
also result in a lower streaming current coefficient, which would miti-
gate the predicted voltage increase. Formulae for the streaming current 
or streaming potential commonly include a geometry factor to account 
for the pore size and shape [44,47]; however, this factor is generally 
unknown, and the coefficient is found by fitting a model to experimental 
results as done in this work. Regardless, our results indicate that a larger 
pore size would be beneficial and highlight the significant influence of 
the pore geometry on the voltage compared to the other studied 
parameters. 

4. Conclusions 

A multiphysics model combining the capillary action of water in a 
porous media, evaporation and multiphase mass transport was devel-
oped to solve the water dynamics in a porous carbon generator. The 
solutions were further applied to an electrical equivalent circuit to 
simulate the streaming current and voltage generation in the porous 
material. We show that the electricity generation characteristics of a 
nanoporous carbon film can be simulated to excellent accuracy, most 
results being within experimental error. Furthermore, the simulation 
results highlight the importance of accurate characterization when 
comparing different experimental works, as small variations of material 
properties such as the pore size can explain observed differences in 
produced current and voltage. Advanced characterization methods such 
as ellipsometric porosimetry [48] could be useful in experimentally 
revealing the exact effect of the porosity and pore geometry on the 
electrical power output. Finally, our results offer a way to reliably 
simulate the power output of an evaporation powered nanoporous 
generator under different configurations and ambient conditions, and 
show that even small design choices such as electrode positions can have 
a major impact on the output of the generator. 
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