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SUPPORTING INFORMATION FOR

Simulations of the irradiation and temperature dependence of the

efficiency of tandem photoelectrochemical water-splitting systems

Sophia Haussener, Shu Hu, Chengxiang Xiang, Adam Z. Weber, and Nathan S. Lewis

Spatial and temporal variation in solar irradiation
Figure S1 depicts the spatial, hourly and seasonal variation in solar irradiation.
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Figure S1. Annual mean of hourly solar irradiation (a), and hourly resolved irradiation for

four characteristic seasonal days in Barstow, California (b).

Materials properties
Table S1 presents the properties of the materials chosen for the system as well as their
temperature dependence between 300 K and 353 K. The increase in solution conductivity

with temperature was approximated by

K = K7 p0a (1+ @[T —293]), (S1)
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where x;7=203x and o were fitted to experimental data available for 1 M sulfuric acid . The
temperature dependence of the conductivity of a non-permeable polymeric membrane, i.e.

Nafion, was given by

Kmem = KO,mem exp(_ RE-T- j ’ (SZ)

where E, represents the activation energy 2. The decrease in the equilibrium potential for the
one-step water-electrolysis reaction with increasing temperature is given by

U=U,-T-a,, (S3)
where Uy is the equilibrium potential assuming a hydrogen reference electrode, and oz is
given by the temperature-dependence of the Gibbs free energy (AG=-nFU).The

electrochemical reactions were described by Butler-Volmer expressions,

Yred Yox
. . Cred &, OERHER F770p C O OERHER F770p
i =i re ex —| 2 | ex ,  (S4)
R,OER/HER 0,0ER/HER ( Cred’O J p( RT j { c J p( RT

0Xq

with

Ea
= ] . (S5)

o oermer = lo.oermerT,, eXp(_
The kinetic parameters used in the study are for state-of-the-art catalysts, i.e. Pt-based
electrodes for the HER reaction and RuO,-based electrodes for the OER reaction. For the
HER, transfer coefficients between 1 and 2 have been reported *, and values of o per = ac Her
=1 were assumed. For the OER, aaner = 1.7 and o xer = 0.1 were used, which is consistent
with the reported 35 mV per decade Tafel slope * as well as an assumed negligible back
reaction at the potential of interest. The temperature dependences were extracted from
various experimental studies >

The temperature-dependent conductivity of a transparent conducting oxide (TCO)

layer was given by
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AE
Otco = RAOt exp(_ﬁ) (S6)
s,0

where R; is the sheet resistance of the TCO material of thickness t, and AE is the activation
energy in eV °. The temperature dependence of the band gap was described using the Varshi

model*®12,

2
E, =E,, -2l
T+

(S7)

with the constants o, and 2 fitted to experimental data for Si and GaAs *2.

Table S1. Parameters used for the various materials and components in the system, as a

function of temperature.

Parameter Value Param. Value Param Value Ref.
iooerTref  4.62 Acm™ E.ocr  48.6 ki mol™ - - 56,13
ioner et 142.02 Acm?  Eaper  28.9 kI mol™ ; - 7.8
K0,mem 2273Sm™ Eamem 2 kJ mol™ - . 2,14
K|, T=293K 40Smt a 0.019 K* - - 1

Rso 100/ Ao 3.695 AE  0033eV °
Egosi 1.1557 eV ws  7.021.10%eV K By 1108 K 1012
Egocaas  1.5216 eV trcans  8.871:10%eVK? foaas 572K 10,12
An -48.1611 Buo 55.2845 Chy 16.8893 1
Aoz -66.7354 Boz  87.4755 Co. 244526

Table S1 also presents the set of parameters used in this study. The supporting

information shows detailed current-voltage behavior and characteristics (isc, Voc, FF) of dual-
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absorber tandem cells for hourly, seasonal, and local variations in the solar irradiation and for
various isothermal system temperatures.

given by

The temperature-dependence of the saturation concentrations of H,(g) and O,(g) were

Coe = &XP(A, + B, /(T /100K) +C, In(T /100K))/ M,, , -1000,

(S8)
in the units mol/m®,

Semiconductor performance and characterization

Figure S2 depicts the change in current-voltage characteristics of a dual-absorber
tandem cell (made of 1.7/1.1 eV bandgap materials) during a typical summer day at Barstow.
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Figure S2. Current vs. voltage performance and its variation during the day of a dual-absorber
tandem cell composed of 1.7/1.1 eV bandgap materials for a typical July day.

Figure S3 depicts the short-circuit current density, open-circuit voltage, and fill factor (FF) of

two characteristic types of dual-absorber tandem cells, i.e. (i) a current-matched cell

composed of 1.7/1.1 eV band gap materials (i.e. GaAsP/Si), and (ii) a non-current matched
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cell composed of 1.43/1.1 eV band gap materials (i.e. GaAs/Si). The short-circuit current

density is proportional to the solar irradiation.

a) b)

—Il.7/i.1 e\}
—1.43/1.1 eV

2.4

) |
Sy Y
—1.7/

18t 1.6

C\IE .

L =, 1.1 eV
12 1.2 '

E .8 /1.1eV

=g 0.8

.
=
.

Jgnuiry pri July ctobbr Januagy  April July ctobar
0 1 ! L L L L L L I 1 I 1 1
0 12 24 36 48 60 72 84 96 00 12 24 36 48 60 72 84 96
hour (h) hour (h)
c)
1
0.8r 1
0.6 —1.7/1.1eV
' —1.43/1.1 eV
o3
&
0.4f
0.2¢
Jhnuagy  [April July ctobe]
00 12 24 36 48 60 72 84 96
hour (h)

Figure S3. Variation in short-circuit current density (a), open-circuit potential difference (b),
and form factor (c), of the current matching (1.7/1.1 eV) and non-current matching (1.43/1.1

eV) dual-cells during four typical days in winter, spring, summer, and fall.

Figure S4 depicts the short-circuit current density, open-circuit voltage, and fill factor (FF) of
two dual-absorber tandem cells, for variations in the isothermal system temperature (between

300 K and 353 K). The short-circuit current density decreases for a dual-absorber tandem cell
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because the current-matching band gap combination evolves into a less favorable current
combination (a non-current matching) as the temperature is changed. The results are in

accord with reported data *%.
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Figure S4. Temperature-dependent short-circuit current density (a), open-circuit voltage (b),
fill factor (c), and i-V-performance for 1I=1kWm?, for the dual cell composed of 1.43/1.1 eV

band gaps (at room temperature).

An artificial series resistance within the semiconductor model was used to more accurately
account for non-idealities. Figure S5 depicts the current density vs. voltage performance of a

dual-absorber tandem cell.
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Figure S6 depicts the changes in short-circuit current density, open-circuit voltage, and fill

factor for various combinations of band gaps at 1kW/m?, 1.5 AM solar irradiation.
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Figure S5. Current density vs. voltage performance and its change with increasing series
resistance, i.e. decreasing fill factor, for a 1.6/1.0 eV band gap dual-absorber tandem cell for
1sunand 1.5 AM solar irradiation. The dotted line depicts the detailed balance limit.
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Figure S6. (a) Short-circuit current density (mA/cm?), (b) open-circuit voltage (V), and (c) fill
factor for various combinations of top and bottom bandgap energies at 1 kW/m?, 1.5 AM

solar irradiation.
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Realistic dual absorbed tandem cell
The performance of a realistic dual absorber tandem cell composed of currently
available Si and GaAs cells has also been predicted via the measured performance of

individual single cells, as given in Table S2.

Table S2. Measured short-current density, open-circuit voltage, fill factor, and temperature

coefficients of commercial GaAs (Alta devices’) or Si (Schott °) solar cells.
GaAs cell Si cell
isc.0 24.39 mA cm™ 42.7 mA cm™
Voo 1.09 V 0.706 VV
FF 0.842 0.828
Otabs 0.084 % K™* 0.03% K™
Yabs OF Babs 0.187 % K™ 2mV K*

The intensity dependence and temperature dependence of the performance can be

approximated as:

iy =1 (1+ s [T — 298]) : Il , (S9)
0

V, =V, (1+ Vs [ T — 298]) , (S10)

Voc :Voc,o - ﬂabs (T - 298) ! (Sll)

with the measured temperature coefficients oaps, yabs, aNd Baps. The performance of the tandem
configuration was calculated by using the Si and GaAs cells in series, with the irradiation of
the bottom cell (Si) reduced by the fraction of light absorbed by the top cell (GaAs), as given

by its temperature-dependent band gap energy calculated using equation (S7).

“ www.altadevices.com/pdfs/single_cell.pdf
T http://www.schott.com/photovoltaic/english/download/schott_perform_mono_255-270_3bb_new_frame_data_sheet_en_0312.pdf
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Figure S7. (a)  of a conventional stand-alone PV system with a Si/GaAs dual absorber
tandem structure based on the measured individual cell performance, with the tandem cell
electrically connected to a stand-alone electrolyzer, for four typical seasonal days at three
isothermal conditions (T = 300, 333, 353 K), and (b,c) # of a PEC device with a Si/GaAs dual
absorber tandem-cell based on measured individual cell performance for four typical seasonal
days at three isothermal conditions (T = 300, 333, 353 K) for design B with n,c= 1, (b) le=
50 mm, and te=1 mm, and (c) lgy= 10 mm, and t= 10 mm, and (d) the normalized annually
integrated fuel production for the conventional system and for the integrated system with

M, 7, = 6.6, 5.9, and 8.3 kg m year™ for the PV+electrolyzer, the integrated system, and

the optimized integrated system, respectively, for detailed balance limit (solid line) and the

realistic case (dotted line).
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The resulting performance of the integrated system and a stand-alone tandem PV plus stand-
alone electrolyzer system (electrolyzer efficiency of 75% and a DC-DC-converter efficiency
of 85%) using Si/GaAs-based dual absorber tandem-cell based on measured single cell
performance are depicted in Figure S7.

As observed for systems that were assumed to operate in the Shockley-Quiesser limit, unlike

the integrated solar fuels generator system, the realistic stand-alone PV plus stand-alone
electrolyzer system displayed its highest » during mid-day and its highest 77, at mid-year.
Increases in the temperature from 300 K to 353 K of the light absorber components of the
discrete system decreased 77, of the stand-alone system combination from 11.2% to 8.7%,
with a slight increase in g, (from 0.24% to 0.27%). The integrated system for design B with
o= 1, le¢ =50 mm, and te= 1 mm, showed 7, = 11.3% and 6.4% for T = 300 K and 353 K,
respectively, with slight increase in o, (from 0.02% to 0.03%). Changing the dimensions of
the system to lgy= 10 mm, and t. = 10 mm resulted in an increase in 77, to values of 14.3%
and 10.6% for T = 300 K and 353 K, respectively, with decrease in o, (from 0.34% to 0.28%).
Figure S7d shows the normalized, annually integrated fuel production for the stand-alone PV
and stand-alone electrolyzer combination, as well as for two cases of the integrated solar

fuels generator system: i) with Ig;= 50 mm and t.= 1 mm and a large total overpotential, and

ii) the optimized case for Iy = 10 mm and t. = 10 mm with a small, non-limiting total

overpotential. The mass of H, produced annually, my,, ;. , was 6.6, 5.9, and 8.3 kg m year®

for the stand-alone PV and stand-alone electrolyzer combination, the integrated system, and
the optimized integrated system, respectively at an absorber operating temperature of 300 K

in all cases.

10



Electronic Supplementary Material (ESI) for Energy & Environmental Science
This journal is © The Royal Society of Chemistry 2013

Integrated vs. stand-alone PV plus stand-alone electrolyzer system

n, N4, 1M,, 0a, and the yearly amount of fuel produced by an integrated solar fuels

generator system were compared to the behavior of a system instead comprised of a
conventional photovoltaic (PV) module-based stand-alone system coupled electrically to a
stand-alone electrolysis unit. The efficiency of the system comprised of the discrete
components can be described by equation (11). An electrolyzer efficiency of 75% and a DC-
DC-converter efficiency of 85% were used in the calculations.

Figure S8 shows the performance of the stand-alone PV system in combination with
the stand-alone electrolyzer system. The dual absorber tandem-cell of the PV system was
taken to consist of 1.0/1.6 eV band-gaps at all temperatures, which showed to lead to the best
tandem-cell PV performance. Unlike the integrated solar fuels generator system, the stand-

alone PV plus stand-alone electrolyzer system displayed its highest # during mid-day and its

highest 77, at mid-year. Increases in the temperature, from 300 K to 353 K, of the light

absorber components of the discrete system decreased 7, of the stand-alone system

combination from 24.2% to 21.9%, with a slight increase in o, (from 0.97% to 1.13%). The
band-gap of the light absorber usually decreases by 0.002 to 0.006 eV K™ ** and therefore
this straight-forward comparison neglects the penalty due to reduced current matching, i.e.

lower ig, of such a dual absorber tandem-cell at higher temperatures.

11
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Figure S8. (a) » of a conventional stand-alone PV system with its optimal band-gap

combination for the dual absorber tandem-cell (1.0/1.6 eV at all temperatures), electrically

connected to a stand-alone electrolyzer, for four typical seasonal days at three isothermal

conditions (T = 300, 333, 353 K), and (b) the instantaneous efficiency normalized by 7, for

the stand-alone PV plus stand-alone electrolyzer system compared to the instantaneous

efficiency of an integrated solar fuels generator system with lgg= 10 mm, t= 10 mm, and 7,

= 1, at its optimal band-gap combination (0.8/1.6 eV at all temperatures) and (c) the

normalized annually integrated fuel production for the conventional system and for the

integrated system with m,, . = 14.0, and 17.4 kg m* year™ for the PV-+electrolyze and

integrated system, respectively.

12
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