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ABSTRACT

The direct conversion of solar energy and water énstorable fuel via integrated photoelectrochah{leEC)
devices is investigated. Particularly, the propodedice uses concentrated solar irradiation in rotde
minimize the amount of rare and expensive compan&unth as light absorbers and catalysts. Conséguent
heat management becomes crucial for device perfueaNe present a 2D coupled multi-physics model
using finite element and finite volume methods ttedict the performance of the integrated PEC deviibe
model accounts for charge generation and trangpdthe triple junction solar cell and the composewitthe
integrated electrolyzer (polymeric electrolyte audid electrode), electrochemical reaction at thtlgtic
sites, fluid flow and species transport in the cteds delivering the reactant (water) and remowviregdroducts
(hydrogen and oxygen), and radiation absorptiontegat transfer in all components. The model deeslop
shows to be a valuable design and optimization fimointegrated PEC devices working with conceelat
irradiation and at elevated temperatures.

KEY WORDS: Thermal management and control, Numerical simulatRenewable energy, Cluster Computing,
Concentrated multi-junction solar cell

1. INTRODUCTION

Photoelectrochemical (PEC) processes constitutabdevroute for direct renewable hydrogen produrcti®
These processes synthesize hydrogen via the d{sisrof water induced by a light generated curm@mt
integrated photoactive components. A key issuedonomic competitive PEC devices is the reductfoare

and expensive device components, such as cataystslight absorbers. This can be achieved by
concentrating the solar irradiation. However, teefgrmance of the photoactive components is sicguifily
reduced while the ionic transport in the polymefiectrolyte is enhanced with increased temperatntié it
drops sharply due to membrane dry bt This coupled behaviour requires a detailed utdeding of the
heat transfer and, subsequently, the developmeriteat management strategies via device design and
adaptation of the operational conditions.

We propose a highly integrated PEC device compokadelf-tracking concentrator, triple junctionasacell,
polymer electrolyte membrane electrolyser, and eoting channels to deliver and remove the reactarmds
products while preheating the reactants and codliegtemperature-sensitive components. The degice i
depicted in figure 1. The concentrator is a glagseguide, which achieves self-tracking of the sy layer

of paraffin wax at the bottom of the waveguide.efdd array is used to focus the radiation onto raffin
wax, the wax is heated by the absorbed infrareidtiad, changing the shape of the bottom layer twkgads

to reflection of light at angles greater than théical angle for the air-waveguide interface ahdg light
trapping’. The solar irradiation, incident in negatizglirection, is concentrated within the waveguide an
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exits the concentrator at its face perpendiculénéa-direction. The concentrated radiation is deliveiethe
triple junction GasilnodP/GaAs/Si photovoltaic (PV) cell. Its architectusedepicted in figure 1.b. The
radiation arriving at the PV cell produces electhate-pairs if the radiation energy exceeds thedbgap
energy of the absorber materials. The holes areedet to the anode causing the oxidation of theenand
the production of oxygen and protons at the catabites. The protons travel to the cathode throtingh
polymeric electrolyte where they are reduced byetketrons delivered form the PV’s n-terminal (camtact)

to produce hydrogen at the catalytic sites. A watennel between the waveguide exit and the PVigell
introduced to cool the PV cell as well as prehkatreactant (water) before it enters the anodictrelgser
channels. The connection between the water chamaethe anodic chamber is represented by blackinlots
the schematic. The reactant is therefore prehdstéite energy which is rejected from the photoaliesr:

The motivation for this integrated device is theented increase in efficiency as the longer wawggthen

(above the smallest band gap of the solar cellmiadg® which are usually unuség are utilized for the self-
tracking of the concentrator, and the rejected édhe PV cell (energy above the band energy wisch
converted to heat) is utilized for preheating @ thactant.

In order to guide the design and engineering ohsart integrated PEC device, we developed a 2D multi
physics model of the PEC device using a commefiriaé element solvet®coupling local mass and heat
transfers for the electrochemical component ofdiénace to the semi-empirical models of the waveguadd
detailed multi-physics model of the photovoltaidl.c€he simulation domain consists of tlg-plane as
depicted in figure 1.a. The model will support ttevelopment of design and operational guidelines to
maximize hydrogen production, energetic efficieacdurability of the device, and to minimize itgesiand
cost.
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Fig. 1 (a) 3D schematic of the integrated PEC device diapithe self-tracking concentrator, the cooling an
preheating water channel, the triple junction soidk, and the integrated electrolyser consistingnmdic and
cathodic channels, gas diffusion layers (GDL), lyatdayers, and polymeric electrolyte (Nafion)) (etailed
2D schematic of the triple junction PV cell incladithe device dimension and doping specificatidhs. 2D
simulation domain is they-plane. The schematics are not drawn to scale.

2.METHODOLOGY

2.1 Electromagnetic wave propagation Eqg. (3), which is the combined form of Maxwell caduationg?
(1) and (2), is solved via finite element methoohgshe MUItifrontal Massively Parallel Sparse dir&olver
(MUMPS) ¥, TheE andH are solved for a finite number of wavelengths spamthe entire spectral range of
the solar irradiation.
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The boundary conditions (BCs) for eq. (3) are depicn figure 2.a, which consists of irradiationIBC on
the top, and absorbing BC at the bottom of the kitimn domain. The simulation domain is restrictedhe
water channel and PV regions only as it is assutim&dthe light doesn’t penetrate into the electemsital
cell (EC). The flux at the top boundary is providsdthe concentrator’s output which is equalxa,, where
Cis the concentration ang, is the standard AM 1.5G solar spectrum, i.e. 18067 (assuming no losses in
the concentrator). Floquet periodicity is used ¢ocaint for realistic propagation of the plane wavex-
direction. The real part of the calculated elecind magnetic vector field§] (E,) and O (H, ), are used to

calculate the time averaged Poynting vettoeq. (4), and the corresponding optical generatite, eq. (5),

Su, =5 0(E,¥H,). @
-0,
GoptA =”0ptT . (5)

The optical quantum yieldip, is assumed to be 1 for the photons with enetgiger than the band gap of
the material. The cut-off wavelength fipk: will be different for each of the three semiconius of the triple
junction Gasilne 4dP/GaAs/Si solar cell and is determined by the retdeband gaps.
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Fig. 2 Not to scale schematic of the 2D computational dor@-plane), indicating the boundary conditions
for the solution of (a) the coupled Maxwell equati@gs. (3)), and (b) the charge generation andsfiea
equations (egs. (8) — (10))

. The

opt,

The overall generation ra@,. is the sum of all the individual wavelengths’ gextion rate, i.e.ZG
A

total power dissipation densify, , is the sum of the electrical (resistive) los&s,and the magnetic losses,
Q... given by:

Q =§(D(JXEEX)+ 0,06 ¥0O QOE ), (6)

Q, = D(%i W(B,H)) +(B,H) +(B [E ), @)
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whereJ =gEandB = yH . The overallQ, is calculated from the individual wavelengths’ hdasipation

density by summing them together. The concentiatassumed to be non-absorbing and hence the ctample
spectrum is available at the outlet of the conedoir

2.2 Semiconductor chargetransport The Poisson equation, eq. (8), and current consenvaquations,
egs. (9) and (10), are solved simultaneously, pa@ting the definitions of electron current dgnsi, , and

hole current densityj , from egs. (11) and (12), respectivély

Deav) =-a(p-n+ N, = N) (®)
DEI]n:q(R—G)+q3—? 9)
-0, =q(R- Q9+ qg—f (10)

£is the electric permittivitygis the electronic charge, ang N, are the concentrations of ionized donors

and acceptors, respectivelg,andG are the carrier recombination and generation rategluding optical
generation (eq. (5)).

3.(rt) = ng O, + 1k, TE W N)O nf% 0.0 T, (11)

3,(10) = Py, ~ 1,k TG B N)D - D, 00 T, (12)

n andp are the electron and hole densitiés, andJE, are the gradients of the local conduction andncde
band energies] is the lattice temperaturg, andy, are the electron and hole mobilities, abg, and D, ,

a with F,, as the

Fy, (F, (@) 7%

Fermi-Dirac integral. The total current, and thgs/ariation with voltage, is obtained from the spinthe hole
and electron current densities.

are the thermal diffusion coefficients. The funoti@ is defined asG(a) =

Fermi-Dirac statistics and finite volume solvétsare used to solve egs. (8) to (10). The BCs fer ) to
(10) are depicted in figure 2.b. They describedifferent ohmic contacts used for each part ofRke Each
p-n junction is simulated separately and then theal®V’s current voltage characteristic is genedat
assuming the series connection of these thie@ipctions. The tunnel diode connecting the twojpnctions
is not modeled assuming that it has negligibledsss

2.3 Heat Transfer The energy conservation equatién
oT
pCpE+pCpu MT =04k T)+Q, (13)

is solved in order to calculate the temperatutld firethe PEC device. Finite element methods aRABRDISO
solver®is used to solve eq. (13R=Q + Q, + Q,..,» describes the heat source and it includes thefitoea
the electromagnetic heating (egs. (6) - (7)) arehiibal reaction*:

OE,, .
Qreact: _JSDD¢S_ J IDD¢I+ (¢s_ §0|_ Eeq+ T aTq) II0(' (14)
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The velocity vectory, is zero for solid components. The thermal coridigt k , for porous media (e.g. GDL)
is replaced by an effective conductivity, , accounting for a volume-averaged electrolytegsobnductivity.

The BCs for eq. (13) are depicted in figure 3, tstivgy of thermal insulation on the sidewalls ardibside
of the simulation domain, and heat flux (naturaheection) on the top side. The water channel igkeqg
initially with water at 293K and then it's left tee heated by the incoming radiation and by thectegePV
heat. For the reference case, there is no continutflow of the cooling water in the system as sagne
preheated water is circulated between the anodiore# and the water channel. The concentratosisnasd

1

to be non-absorbing and is modelled by a thernsa$tance approacf thus,h,, = with

(o +(=s )

conc

L.... representing the mean photon flux length in theceatrator.

Heat flux (natural convection)
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GPL — Thermal

Cathodic Channel Insulation

Thermal Insulation

Fig. 3 Not to scale schematic of the 2D computational dor-plane), indicating the boundary conditions
for the solution of the energy equation, eq. (13).

24 Electrolyser chargetransport and reacting flow Charge transport in the electrode and electrokte (
=1, s, respectively, for ionic or electronic comthrs) is given by*

0o, =Q,, (15)
J, =-0,0q, (16)

accounting for the electrochemical reaction via tkaction currentjo, modeled via Butler-Volmer
expressiott,

: f amF”ac —a . F/7ac \
IIoc,m =1 O,m(CR exp% )_C o) exp(mRiTtm ),v (17)

wheren, .is the activation overpotential for reaction m anel total overpotential of the reaction is given by

M =@ =4~ Ecqms (18)
form= 1,2, accounting for the anodic one-step oxygerugion reaction (OER),
2H,0 - O, +4H +4e, (29)
and cathodic one-step hydrogen evolution reaction,
4H,0+4e - 2H+ 40H. (20)

The charge conservation equations, egs. {X3p), are solved via finite element methods and GM®S
solver?®, The boundary conditions for egs. (25)16) are depicted in figure 4.a, where a positéiextric
potential is applied to the anode side and theocktlis maintained at zero potential with insulationthe
sidewalls of the simulation domain.
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The fluid flow and mass transport in the channeld #ne porous gas diffusion layers are modelledhley
Navier-Stokes equations with the Darcy extenstdf)

gﬁ(u Dﬂ)gi= Dm—PDw%(Dw(Du)T)—%%(D w1, —(%+%)u+ﬁ (21)
P P P P p p

and the species transport (eq. (22)) is modelletheyMaxwell-Stefan diffusion modélfor the low density
fluid mixture, with the diffusivities replaced blge binary diffusivities for the present speciesgai

p%(w.wp(u M) =-00, +R,, (22)

where « is the mass fraction anjdis the mass flux relative to the mass average itglacgiven by!®

r OT

Ji = _pa)lz Dyd, - D, (23)
X

R is the rate expression describing its productionconsumptionD, are the multicomponent Fick
diffusivities, D are the thermal diffusion coefficients, addis the diffusional driving force acting on species

k. The species transport equation, eq. (22), avedalia finite element methods and a MUMPS soR.eBCs
for eq. (22) are depicted in figure 4.b, descriktimg inlet and outlet conditions of the differehtianels. The
water at the output of the water channel is fetheoanodic channel at its inlet with normal velpCityater
There is no continuous inflow of cooling water tater channel; the same water, initially suppliethmwater
channel, is circulated between the anodic chammbtize top water channel.

Electric Potential No slilp wall
: Laminar inflow —"water Channel
Insulation _, Anodic Channel with avg. velocity o —— I: Outlet with zero
. i nostipwall.,  Noflux | exit pressure
GDL Laminar inflow— Anodic Channel
with avg. velocit GDL
Natfion & ¥
No flux,
GDL No slip wall No flux.
GDL +— No slip wall
Cathodic Channel “— Insulation L aminar inflow—s! Cathodic Channel ‘—Outlet with zero
with avg. velocity 1 exit pressure
Electric Ground No flux, No slip
(@) (b)

Fig. 4 Schematic Xy-plane) showing boundary conditions for (a) eledtemical simulation, and (b) fluid
flow (both reactive and non-reactive flow) simuteus. (Note: Schematic is not drawn to scale).

2.5 Meshing strategy and computational expense Different meshing strategies are adopted for differ
physical simulation modules in order to minimize tverall solution time of the coupled multi-phygsproblem
and assure mesh independence of the solution. ©kerastrictive requirement came from the EM sirtiihes
(egn. (3)) as minimum element size in the directibimcident radiation has to be at leastdf/the incoming
wavelength. Additionally, this minimum element sigeadjusted by a factor ofrié to take into account the
change in the refractive index as light travelsrfrone material to another. A variable mesh appreahused
for different wavelengths to minimize the computtilge. The solution of the other transport and eoretion
equations, egs. (8) — (10), (13), (15) — (18), veamglarly optimized in order to allow for mesh e@ngence and
to minimize the computational expense. Particuldmbyundary meshes with minimum wall distance givgthe
“Y+ wall distance estimation method” were useddsolve the boundary layer for fluid flow, mass duect
transfer calculations. The distributed mesh was tsget a dense mesh near the boundary layer eodrser
mesh in the center of the fluid channel. A meslaipgroach with smaller element sizes, i.e. 8.3nMnBin
domain dimension of 100nm x 1cm, was used in tbe@and cathode layers, where the electrochenaiaetion
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occurs. The mesh size was increased in the otimeaide for the solution of egs. (9) to (18) in ortkereduce
computational timeA workstation with 64GB RAM and 8 cores was useddtve the coupled equations. It
needed 16 hours to solve one global iterationf(dlmeving section).

2.6 Smulation flow Figure 5 depicts the flow diagram of the coupledlei@ontaining six physical modules: EM,
HT, FF, RFF, EC, SD. The EM simulation is perforni@cthe given temperature field, starting withcastant
initial temperature Tint = 293K). The resulting heat dissipation densitynisut to the heat transfer (HT)
simulation module. The interaction between diffémulation modules is shown by the respectivevast
The fluid flow (FF) module provides the velocity thie water, flowing in the anodic channel, to teaating
fluid flow (RFF) module and the heat transfer (Hiigdule. The HT module provides the temperaturetinpu
to all the other modules. Being fed by water cotredion from the RFF module and temperature froenHif
module, the EC module provid€gacito HT andiiec to RFF.In parallel, the semiconductor device simulation
is performed starting witfinit. The resulting current densities and electric iak from the semiconductor
and electrolyser charge transfer equations ard toghe operating point calculation module, whiaculates
the operating current and voltage. If the PV terapee distributionTop, at the operating point is not equal to
the initial temperature of the semiconductor sirialamodule Tsem), then the newlopis provided to the
corresponding modules and the loop is repeated pitticess is repeated iteratively until the tenpesea
converges Top,oid - Top,new< &r).

Initialization I'=17, ,

“ Adapt spectrumi Reacting Fluid
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Fig. 5 The simulation flow of the Integrated PEC system.
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The simulation results for a reference case arengiWhe dimensions and component characteristitiseof

reference case are given in Tables 1 and 2.

Table1l Temperature independent baseline parameters usieel &imulation for the reference case.

Parameter name

Parameter value

Unit

Irradiation concentratiorQ)

No. of wavelengths for EM simulation
Concentrator thickness

Integrated PEC system width (PV+EC)
Integrated PEC system depth (PV+ EC)
Diameter of water channel on top of PV
Thickness of Ggsilno.a<P

Thickness of GaAs

Thickness of Si

Diameter of Anodic and Cathodic channels of EC

Thickness of GDL

Thickness of Catalyst layer
Thickness of nafion/membrane
HER anodic transfer coefficient
HER cathodic transfer coefficient
OER anodic transfer coefficient
OER cathodic transfer coefficient

1
100
5
1.00
1.755
0.0002
0.73
3.74
300
0200
400
100
50.8
1
1
1.7
0.1

cm
cm
mm
m
um
pum
pum
m
pum
nm
um

Table2 Temperature dependent baseline parameters udseel smulation for the reference case.

Parameter name Parameter value Unit
Eg of Ga)_51In0_4gP 1.8773
Egof GaAs?® 412 eV
g 1.519_5.41>< 10°T
T +204
Egof Sit° 412 eV
g 1.166—4'73x 10°T
T+636
Electron (Hole) mobility using the Arora Mo oyo . m?(Vs)
Mobility Model 2° Mooy = Mg, min T
N, + Ny
1+(—2—1
n(p),0
Electrical conductivity of Nafiod!# S/m
Y 22.73 expfw
Anodic exchange current denstfyf*? 48600 Alcn?
4.62x expé—T
Cathodic exchange current densf Alcm?
g ¥ 142.0 exp( 28900,
Thermal conductivity, Interpolatect®
Specific heat capacity at constant pressure and
volume, Density of kD, H,, O, Ar
Electrical and Thermal Conductivity of Pt Interpolated®

*The band gap of Gailno.sd is assumed to be constant (due to lack of seffichvailable data) only for this reference casereh
irradiation concentration is 1 and we assume ttosilav not lead to large temperature variations. H@wevhen working with
concentrations >1, it is necessary to include teatpee dependence of 6£xalno.adP.
** For the reference case, we considered the mtglsiiemperature variation only for Si as it is therent limiting semiconductor and

hence would capture the majority of the effect.
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The AM 1.5G solar irradiation spectrum was modifiedontain 100 equidistant wavelengths betweem280
- 2500nm, as depicted in figure 6, in order to oedthe number of wavelengths to be simulated lilutcst
capture the spectral variations in the visible ifichred parts of the spectrum.

—Mi)diﬁed spectrum
—AM 1.5G spectrum

[
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10675

-
(=]
T

10.45
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40.225

1 1 1
500 1000 1500 2000 25!90
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Fig. 6 Modified (blue) and original (green) 1.5 AM sofgrectrum.

Spectral Irradiance (W/mzlnm)

Spectral Irradiance (W/m*~/nm

Figure 7.a depicts the heat dissipation densitigénthe electrolyser. The heat is generated ontiiégranode
and cathode regions, accounting for the waterrelgsis reaction being endothermic. The generatite and
the EM heat dissipation density at the final oprgatemperature are shown in figures 7.b and 7he T
generation rate and the electromagnetic heat disipdensity exhibit their peaks close to thetiopndary
of the PV. This results from the large extinctiondifferent PV materials. The peak of heat dissipedensity
is observed within the material ¢at1.39 um) as the longer wavelengths have a snedtarction coefficient.
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Fig. 7 (a) Heat dissipation density at the operatingipwmiside EC. The left side is the top of EC whigh
close to the PV and hence downward peak corresgoraisode and upward peak to cathode. (b) Gensratio
rate and (c¢) EM heat dissipation density insidedtmplete PEC device at the operating point; theslde
corresponds to the top of the PV which is adjatetiie concentrator.
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i

! 1;): ) 1(}‘ G 10
Distance in -ve X direction (nm)

The variation of the generation rate and the EM Hisaipation density with temperature, @« 1, is minimal,
leading to very small variations in operating tenapare (0.8%). Nevertheless, the operational teatpes for

C = 1is several degrees above the room temperdtading to a noticeable change in the performandtee

PV. With increase in temperature under standard AKalillumination without radiation concentratiohgt
band gap and the open circuit voltage of the semdigotors decreases, leading to an increased rdnge o
absorbable wavelengths. With greater spectral respof the PV, the number of wavelengths contnitgutid

heat dissipation decreases and a decrease inibsigation density. Overall, we see an increagdershort
circuit current, decrease in the open circuit \gateand decrease in the operating temperature.
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Figure 8 shows the intersection of EC and PV paréorce curves and thus the calculation of the cperat
point. The intersection points lie well in the glatl region of the PV’s performance curve and hé¢nee
operating voltage is independent of the variatimneemperature of the PV. However as the PV’s curre
density increases with temperature the interseqtmint moves vertically higher (see figure 8) lemdito
higher value of the operating current density agiace higher hydrogen production.

—~ 40k OPERATING POINT-
« \
E 35} !

—-EC with EM at 305K]
0 0.5

[m)

—

q’ -

= 10[—PV with EM at 293K ]
S | |--Pv with EM at 305K ]
O sL|—EC with EM at 293K ;

Volta1g';5e (V) # i
Fig. 8 Current density versus potential of the triplegtion PV and the EC at 293K and 305K.

The change in absorbable spectrum with temperatgpgres the choice of an adaptive wavelength spact
for each iteration step. The minimum wavelengtlied@nce constituting the spectrum is given by @4) (
when considering a temperature change flato T,

hc hc

=MD, - 24
2 aTZZ min ( )

aTy _
SO 0. 5O,

The mobility of electrons and holes in the semiaartdr is significantly influenced by the temperatuwe
used the Arora mobility modé&l. Both mobilities decrease with temperature leathran increase in resistivity
and increased heat dissipation. As this effecoigrary to the effect of band gap variation disedssarlier,
only a coupled model can predict the true tempeggitofile of the integrated PEC system.

The solar to hydrogen efficiencg{H) is calculated using

‘]OP wOP
CLF,

STH= , (25)

assuming Faradaic efficiencies of 1 and negligjisleduct crossover. The STH for the reference case w
calculated to be 5.67 %. It is anticipated thahwilcreased optical concentration the current dgpsovided
by the PV and the temperature of water feedindgtbevould increase, both contributing to an enharigEd.
Nevertheless, charge transfer resistances in tim&geductor and electrodes would increase, reduitiag
STH.

4. CONCLUSION

We developed a coupled multi-physics model andtieslumethodology to simulate the performance of
integrated photoelectrochemical devices using aunaed solar irradiation. The model couples
electromagnetic wave propagation, semiconductorgehgeneration and transport, heat transfer, floid,
mass transport, electrolyte and electrode chaegesport, and electrochemical reactions. Finite efgrand
finite volume methods were used to solve the gdaagrequations and the corresponding boundary dondit

10
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Complex temperature dependencies were includedffereht physics’ models. The absorbable spectrum
changed with temperature and hence required artiaglgpectrum changing for each iteration stepingiv
rise to a trade-off between precision and compantaime.

The peak of electron hole pair generation and mlaegnetic heat dissipation density lied closehtotbp
boundary of the PV mainly due to the large extmricoefficient of the triple junction PV’s matesalThe
heat generation inside the electrolyser existed iorthe cathode and anode region. The integraigidevice
exhibited minimal ohmic losses mainly due to thgéaconductivity of the electrodes and the smalidpath
lengths in the thin electrolyte. Consequently, dperating point of the integrated system lied i pateau
region of the triple junction PV’'s performance oeirwwhich exhibited an unnecessary large open tircui
potential. Consequently, the operating voltage slibvo be independent of the variations in tempegatu
However, the operating current density increasetl wicreasing temperature as the PV’s current densi
increased with temperature and, consequentlypledihianced hydrogen production. This effect shawde
dominating the negative temperature effects dudetseased mobility, increased resistivity, andéased
heat dissipation.

The model developed shows promise to be a valukgsign and optimization tool for PEC cells workinigh
concentrated irradiation and at elevated temperatur
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6. NOMENCLATURE

a, Anodic charge transfer H Magnetic field intensity (A/m)

coefficient ) e Local charge transfer current

a, Cathodic charge transfer density (A/M)

coefficient ) Iy Exchange current density (Am

B Magnetic flux density (m L, .

D Electric flux density (CIR) | :ggft?tm flux (i)

! e g y matrix O]

D, Fick diffusivities (ni/s) :

q Diffusional f i J Current density (A/8)
k ! uglona orce acting on J, Electron current density (AAN
; species k o ) Jo»  Operating current density (Afn

D. Thermal diffusion coeff. (kg/(m s)) :

e J, Hole current density (A/fh

D,., Electron thermal diffusion coeff.(kg/(m s)) _

‘ J Electrolyte current density (AAN

D, Hole thermal diffusion coeff.  (kg/(m s)) !

E Electric field intensity (V/Im) S _IE_LectrodIe cu(rjrentt' d.tens;ty (\%W K
Eq Equilibrium potential V) Koone erma (_:f)n uctivity of conc. - (W/(m K))
K Permeability of the porous
Eon Photon energy (eV) P _
_ o medium (M)
d Electric permittivity (F/m) L.. Length of Concentrator through
& Porosity ) which heat flows/ mean photon
g, Convergence error ) flow length (m)
F Faraday’s constant (A s myl n Electron density (1/8n
Gy«  Optical Generation rate (Whrs) N, lonized acceptor concentration (£jm
h Planck constant (Js) Ny lonized donor concentration (1Im
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N, Effective density of states in STH Solar to Hydrogen efficiency  (-)
Conduction band (1/n o Electrical conductivity (S/m)
N, Effective density of states in Tt Initial temperature (K)
Valence band (14n T, Lattice temperature (K)
N,0 Reference impurity parameter T,  Operating temperature of PV
for electrons (holes) (1An /semiconductor (K)
Nt Refractive index ) u Velocity vector (m/s)
N.am Activation overpotential (V) u,, Velocity field in water channel (m/s)
corresponding to reaction m u, Velocity field in anodic channel (m/s)
Mopt Quantum yield ) u, Velocity field in cathodic
n.,  Total overpotential corresponding to Channel (m/s)
reaction m (V) U Magnetic permeability (H/m)
P Pressure (Pa) Hy Dynamic viscosity (kg/(m's))
P, AM1.5G input intensity (W) U, Electron mobility (M(V s))
p Hole density 1/®) U, Hole mobility (n?/(V s))
P Density (kg/m) Hoi . ElECErON (holE) mobility
@ Electrolyte potential (V) reference minimum (FHV s))
@ Electrode potential (V) Hopy.0 Electron (hole) mobility
Q, Mass source or mass sink (kg#(sh) reference (AA(V s))
Q,  Total heat dissipation density  (W3m Ve Operating voltage (V)
Q, Magnetic losses (Whh v Frequency_ of incoming light  (Hz)
Q Resistive losses (WHAN @ Mass fraction : : ©
_ w Angular frequency of incoming
Q... Heat source from chemical Light (rad/s)
reactions (W/R)
S, Time averaged Poynting vector (Wjm
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