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Thermodynamics

*1st law
-Energy cannot be destroyed or created
-So why bother?

e 2nd |qw

-With every conversion it will probably become less useful
- Exergy is destroyed
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Technology conundrum

biofuels
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syntheﬁc carbon-neutral hydrocorbons
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hydrogen

biohydrogen

Source: Gert Jan Kramer, Shell, Leiden & Utrecht
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Fuel Deliveries

Gasoline . 5356
Diesel N 8304

Net streams of wood pellets, /™ ‘ — )

biodiesel and bioethanol for Europe J et-A1 ' f = 43 1 8

—~-

*In Millions of Liters per year, for The Netherlands

Bioethanol: Biodiesel: Pellets: Energy Content:

>1000 Mi/yr [ > 600 Mi/yr [N >1000 ke/yr I - > 20 PJ/yr
@ Z 501-1000 Ml/yr mmmmm  301-600 Ml/yr s 501-1000kt/yr mmmmm = 10-20 PJ/yr
Sourceis 101-500 M/YT memmm  61-300 MI/YT s 101-500Kt/yT mmmm = 2-10P/yr Source: Central Statistics
one country 10-100 MI/yT e 6-60 MI/yT e 10-100 Kt/yT = =  0,2-2PJ/yr

Bureau

M1 = Million litres; kt = Thousand tons
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The world economy already runs on
phOtosyntheSiS; it’s all a matter of conversion

Photosynthesis:
« H,O + CO, > Sugars + O,
» Few conversion steps

Fossil fuels:
» Biomass > - > Hydrocarbons
» Many conversion steps, millions of

years

Product formation:

« Simple molecules > > >
Complex molecules

« Few/many conversion steps

Discover the world at Leiden University

Biomass:

» Sugars > > > Complex
molecules

» Many conversion steps

Refinery:

» Fossil fuels > > Simple
molecules

» Few/many conversion steps
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Biomass:

» Sugars > > > Complex
molecules

» Many conversion steps

BioRefinery:

+ Complex molecules > >
Simple molecules

» Few/many conversion steps




The world economy already runs on
phOtosyntheSiS; it’s all a matter of conversion

Photosynthe5|s 571 : Biomass:
e H,0 + CO, - Sugars + O, 1 . Sugars > > > Complex
* Few conversion steps y molecules

16 g » Many conversion steps

BioRefinery:

« Complex molecules > >
Simple molecules
« Few/many conversion steps

Product formation:

« Simple molecules
« Complex molecules
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Direct conversion 8-12 photons per CO,

Carbon fixin =
reactions 5 @-@

/ ADP + Pi
NADP*

N

PSII Cytbf  PSI ATP synthase
(CF,CF, complex)
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AP is running around in circles...

AG? = +237 kJ/mol of H,,
1.23 eV/electron Transparent
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Energy & Environmental Science, 8(10), 2811—2824. http://doi.org/10.1039/C5EE00457H
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ynthesis every photon counts
= , I '\ V- //" /Tg/ - \"% PAR Outdoor Daily Light Integral (DLI) Maps (O3

\,‘ LA ! a developed by Jim Faust, Clemson University (&
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To estimate the DLI inside your greenhouse for a particular month

(1) Use a light sensor to determine light intensity outdoors at noon on a clear day.

(2) Go into your greenhouse and take light intensity measurements at plant level.

(3) Use these values to determine the percentage of light outdoors that reaches your crops. For example, if you measure 6,300
footcandles outside the greenhouse and an average value of 4,100 inside, your light value is about 65%.

(4) Multiply the DLI value indicated in the maps above by the transmission value to obtain the average DLI inside your greenhouse. For
example, if your transmission value is 65% and the DLI for your location is 20 mol-m2d-", then your average DL that month is 13 mol-m2d-!

* Add 18 mol photons/m2.d with 700 nm LED at low light days
 Yield is 100 kg/m2.y tomato at elevated CO, levels

« This is an absolute quantity

» Relative percentages (STT, Solar to Tomato) are misleading

Discover the world at Leiden University http://www.lighting.philips.com/main/products/horticulture/press-releases/green-q



Photons to product, not energy

PHOTOSYNTHESIS erbon fixation In T eorm
———— =00

PR
( , ATP
ﬂ N . | i
o i e Maintenance,
: A |I] 2-4 photons

= Reduce losses

[B700
A
- Photosystem [
{The rmosynechoc occy
elongatus)

2,050, +4H" +4¢| | CO, +4H' —5(H,C0)+H,0 |

Production is close to the physical
limit with 8 photons, however, only 2 photons per electron
at low light intensity
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4hv 4hv

A Visible Infrared H,CO + H,0
—1 e
Cathode — XT. <@l
y € e
° = 210 ) \ - +{e)+ co,
half-reactions I S
L N 1
°, +@ Absorber
{
Reaction Conversion rate  CO; conversion poten- Fuel/chemical produc-
AM1.5 tial tion potential
[umol cm2s1] [tons ha'! y] [tons ha'! y!]
2H"+2¢— H; 0.086 - 52-130
CO, +2H" +2e- — HCOOH 0.086 1120 - 2800 1182 - 2956
CO, +2H" +2e-— CO + H,O 0.086 1120 - 2800 720 - 1799
CO, +4H" +4e- — H,CO + H,O 0.043 560 - 1400 386 - 964
CO, + 6H" + 6e — CH3;0H + H,0 0.029 378 - 945 274 - 686
CO, + 8H" + 8¢ — CH4 + 2H,0 0.022 280 - 700 103 - 257
2CO, + 12H" + 12e- — CH3CH,OH + 3H,0O 0.014 378 - 945 197 - 494
N,+6H +6e — 2 NH; 0.029 - 308 - 772

http://edepot.wur.nl/341608
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Direct Conversion

Photoanode —

0,+4 H+>

— Photocathode / \

Energy
transfer
cascade

2 H*

=/

Antenna effect

electrode

Photoanode 0, CH,0;

<— Photocathode
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BioSolar Cells
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Conversion with unprecedented yield

o) e gt - e
By ,'u"byh_j P > ys--y-...-\ o { E= Joint Research Centre
& 1 T», L. ©European Communities, 2006

X ») : http://re.jrc.ec.europa.eu/pvgis/

S

* CO2 (ton/ha.yr)

« Ethanol (ton/ha.yr)

« Ammonia (ton/ha.yr)

2550 450

90% photon absorption,
80% chemical conversion,

: :
70% overall yield A

See: www.sunriseflagship.com
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Artifical Photosynthesis Approaches

1000 ha (100 MW range)

Sustainable e-fuels Direct Conversion of
«Hydrogen Boosting photosynthetic atmospheric CO; into
eCarbon based organisms products

Sustainable e-chemicals Transfer of natural
principles

- ] Present TRL Level
Approach Mission A Mission B Mission C
= Fuels Chemicals Capture CO,

1. Electrochemical conversion with renewable power

-8 o- o-
fuels and commodity chemicals from CO,, H,0, O,, and N, 3 5 s
2. Integrated artificial systems ) o o
fuels and chemicals from CO,, ... N, and direct solar energy 5 . .
3. Direct conversion via biological and biohybrid systems
unconventional methodology for photochemical conversion of 3-6 0-3 0-3

atmospheric CO, with high yield
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Carbon neutral industry

A
Renewable co, Solar fuels and chemicals: timescale

energy | OOO market-readiness level
.

Disruptive

o
! Sustainable
o, | ({ technologies ‘ chemicals

£ R, é
-ty

Transport Agriculture Chemical Industry

Technology readiness level

Solar energy for a circular economy
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Atmospheric CO,

\.I

- - CO, H,0and O,
P
; &

CO,- and H,0-permeable,
alcohol-blocking membrane

Photocatalytic layer with
CO, collector

Heat pipe effect to
transport ethanol gas
to cold collector

Ethanol

Storage in a tank
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Seasonal energy storage

Europe beyond 2050:
700 million people - 2 TW SUNRISE Power

Efficiency of Surface per Total area
solar capita needed
conversion
100 % 30 m? 0.3 %
Artificial
10 % 300 m? 3% Photosynthesis
1% 3000 m? 30 %
0.1% 30000 m? 300 % B ©
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Zero waste society

* unsustainable
limited
* environmental impact

* geopolitical dependencies

Transformation of the energy system

Discover the world at Leiden University

LT

Paradigmatic change of the economic system

accelerated by SUNRISE
WYy ®

)
a
N

* sustainable

* unlimited

* environmental friendly

* locall regional approaches



Where are we now

Lab technology platform

P&ID PEC10-1setup == anode subssm
version 181017 = cathode subasm
StH

feed water subasm

Rom ==

MES201 @.
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0.single collalectrolysis stack
single cellPEMWE stack

1.anods subssm
chedcvabe

dhrainvalve.
temperature senzor stack

3.f00d process wotor subasm.

level sensor dem-wotes reservoir

ched vae demi woter reservoir

5.cloctrical subssm
programmeble power supply

PECI01

501

6.control and monitoring subasm
Fter

ventibtor panel
sensor

7. thermal smnagemant subssm

hestexchanger
therm circulstor

8. Enclosurs panel subosm
abinet

P02
EZAS0s

HETO1
702

Pilot technology platform




Solar fuel: 3-4 fotonen per elektron
1.1 V band gap

1.23 V ionisatie potentiaal

Ny i
. > - e

electrolyzer réhdstoféel

Al (1) = hv, — k,T1n(1/T)
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Overpotential budget

Open voltage tandem 2.8V
Thermoneutral potential 1.23+0.25=1.48
Back reaction: 0.5V

Overpotential: 0.4V (H20) +0.2V (H2)

Proton resistance: 0.2V

Compression: 0.2V

Triple play: use one potential loss (0.34 V) for
- Thermoneutral (0.25 V),

- Overpotential (0.4V)

- back reaction (0.5V)

Discover the world at Leiden University



Non-adiabatic conversion for high yield

Time-dependent Schrodinger equation « Two photons per electron and 70% external chemical yield
* 90% absorption of photons
* 80% internal chemical yield

0
zH(t)‘w(t)> — Zh& lw(t» Materials efficiency

e n adiabatic elements
« n2-n nonadiabatic (off-diagonal) elements

Quantum
instabilities for
r\ breaking and
> - /\ making of chemical
) Quasi “\ bonds
quantum |p>
hvo coherence Aust E Buantu
Electron cpie
Y scavenging

Discover the world at Leiden University



Photosystem |l water oxidation

Responsive matrix Photoanode (pH 5.5)

Side view of PSII dimeric reaction centre complex
refined at 3.5A Cohe_rent electron transfer
mixing
P680‘/P680_+ ____________________

R-factor 30.4% and R, 34.4%
Em [V]
versus A -0.58V Phe-/Phe .
NHE 0.4 m - Energy
Non-heme Fe =0 s Loss
Stroma 0.2 Qa-/Qp  2tPHBS : 0.59ev
0.0 «feenenns -0.08V QBHZ/QB
+0.01V
+0.2
Redox ladder
+0.4
v
at pH 5.5
H,0/0, (MnsCa
Si/Si+1
F0.91V  e— YzIYz+ 2)
P680/P680+ .

Yz/Yz+ ()

OEC

.21V _J.25v
hole transfer

Overpotential

Barber et al.
Dau et al.
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Photosynthetic membrane

Carbon fixin =
reactions 5 @-@

/ ADP + Pi
NADP*

PSII Cyt b,f ~ PSI ATP synthase
(CF,CF, complex)
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Photosynthesis: Complicated with little true
complexity

L-polypeptide M-polypeptide

-
a® o | N ot @
PsaA PsaB s ! g
C-terminal C-terminal a0 6’ \5 R )
domain domain Chia® - ‘ j ichia (Ay)
chla ¥ ¥ J' ¢
NG Sceha (A)
chia 7™ chia’ (P700)

Suggests commonality in enzyme mechanisms as well
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Evolution of Photosynthesis

Eucaria
Methanococcus Ga
Bacteria
Archaea
2,8
3,5
Giacometti G, Giacometti G (2010)
Evolution of Photosynthesis and Respiration:
Which Came First? Appl Magn Reson 37:13-25. F First cellular organism 4,0
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Life Science Evolution: engineering
complexity without redundancy

Function based framework System robustness
System Biological
Needs System
Sty » Independence Axiom
Morphology

- Maintain the independence of

Establish . ;
the functional requirements

Interfaces

|dentify . .
I\Edgl%%ljslar  Information axiom
Define - Minimize the information
Modules content of the design.
Map DPs to : :
Biological Entiies Allows for adaptation while

withstanding environmental
fluctuations

Thomas, J. D., Lee, T., & Suh, N. P. (2004). Annual Review
of Biophysics and Biomolecular Structure, 33, 75-93.
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Design domains and ranges

A.

Engineering
Domain

Customer

Functional

Physical

Process

T

&y

Soas

{FR}
5

Biological
Systems

Fitness

Functions

Molecules,
Cells, etc.

Rates,
signals, etc.

. B.
£ Design Range System pdf
8 |e - /
=
B
3
o
a

'4 [FR or DP
System Range ’i °
J

Common Range

Discover the world at Leiden University




37

Responsive matrices

Quasi quantum coherence

hv,

Discover the world at Leiden University
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Photo-induced electron transfer and vibronic

coupling in responsive matrices

--- Hydrogen Bond

2 o ol
¢« ° ‘
Charge Transfer X t P} . { P}
Electron Transfer / o e Py y g ~e s+ P S e
Proton Displacement i € HisL168 - 100 1 W
y - 1 cm' X g

4 *. normalmode _ {

el .‘.‘
©p 1Y distortion : Py 711
—e M ~N (LUMO) . e .
o*‘ ‘ - I oo J-

. e . . o . »..‘o‘
—8_ o '

- ® o i \
e SRS
T. Eisenmayer, et al. (2013) J. Phys. Chem. B oz A feee w202 o
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Highlights quantum chemical modelling (F. Buda)

«DFT, ab initio Molecular Dynamic simulations are used to elucidate
structure and functional mechanisms:

Ground State
Excitonic State
Charge Separated State

3,54

e In silico design of donor-antenna-acceptor ;]
complexes for photo-induced charge transfer < M

L §
= 0,5

TiO, " A
r .
« Photo-induced charge transfer in Y\:}/

Bacterial Reaction Center
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TOWARDS ARTIFICIAL

PHOTOSYNTHETIS DEVICES
 Dye-sensitized Photoelectrochemical Solar Cell

-1 @ S
s Dye*/Dye*
o &
T CB
zZ Ll
2 H I H
> h +<_:> +
TN E—
S @ / 2H20/02:
ﬁoqwocm
+ Dye/Dye* ! ;
PEM
Anode (io‘mtf(’lr Antenna  TiO,
Electrode ow3 owd Dynamic
0, . [Ru"-0H,** N oL .
e /M oot -~ view of
H,0 12 | |
’ N ' Ru-WOC electron
(Ru'-001* N o . - T, 4 Injection
" = > . and PCET
. ,
Q‘Q processes
- e’ /H*
[Ru"'-00H]** [RuV=0]2*
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Liouville-von Neumann equation of motion

ihdp(t)
ot

= [H,p(t)]

p(t) = e"Hp(0)ett

1 0

H:H0+H1:ha)0(0 _1

) — 2hRyd 1, w, sin(wy,t) (? _()l) (molecular frame)

Hine = RZ(_wnt)Hle(a)nt) - _hROdlzwneiwntaZ(3_iw”tazayeiwntoz)e_iwnt(’z
= —hRyd;, w0, (interaction frame)

p(t) = 0, COS(Rodlza)nt) + o, Sin(Rodlza)nt)

Discover the world at Leiden University



Coherent transfer between states |[r> and |p>

Time-independent Hamiltonian: Hine = —fiRod1,0n 0y,
0%, 1 5
—. = 7 MRod120n X2
Coupled differential equations: .0X2 1 -
1= = ShRod 0014

71(8) = 71(0) (cos (5 Rodyzwnt ) + iz (0) sin (5 Rodyzwnt) )

Solution: 1 1
£2(6) = £2(0) (cos (5 Rods 0t ) + i, (0) sin (5 Rodp0nt )

t=0, state |r>: )Z1(t) =1 ,)22(0) =0

t = T[/(Rodlza)n) , State |p> )Zl(t) =0 ) )22 (0) =1

100% conversion through T(t) = 7, (O |r) + 7, |p)

superposition wave function

Discover the world at Leiden University



