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Figure S1. Thermal equilibrium simulation for the reverse Boudouard reaction (Factsage software following the C + CO, - 2CO reaction
molar ratio at 1 atm of pressure). The selected temperature range was from 200 to 1100 °C at intervals of 50°C.
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Figure S2. UV-vis spectrum of CB before and after light irradiation confirms carbonaceous materials’ high light absorption. Samples
were shown to be stable with no apparent modifications detectable by optical methods following light irradiation under reverse
Boudouard conditions.

Since the UV vis spectrum of the used carbon samples showed very low reflectance properties (~2 % average in the full range from 300
to 2500nm), it is safe to assume that most light irradiation used in the natural solar and solar simulated experiments were absorbed and
could contribute in chemical and thermally induce reverse Boudouard.

Figure S2a. TEM of a) Biochar and b) Alfaaesar carbon

Table S2-1. ICP-MS of CB CABOT sample of 0.4116 g. The total amount of the primary metals is 169.4 ppm and is distributed as in the
following table.

Metal ppm | Metal ppm | Metal ppm | Metal ppm | Metal ppm

Be 0.18 Pb 0.36 \Y 1.09 Fe 4.62 Si 9.84
Ag 0.18 Cr 0.49 Ti 1.46 Mg 5.59 Sb 11.18
Cu 0.24 Ni 0.67 Ba 1.82 K 6.01 Mo 11.48
Mn 0.30 Zn 0.91 As 2.31 Al 7.96 Ca 26.18

Co 0.30 Tl 0.91 Se 2.55 B 8.26 Na 64.57




Table S2-2. XPS % concentration of the assigned binding energy functionaly found.

Assigned bond % conc. Before CO, and light | % conc. After CO, and light
O-C=0 3.86 6.26
c-0 8.03 5.42
Cc-C 44.02 59.37
c=C 44.09 28.95
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Figure S3. XRD pattern of 22CB (CABOT) material before (b) and after (a) photo-driven Boudouard. Carbon samples showed two main
broad signals implying low graphitic structure with slightly asymmetric displacement on the crystalline plane 100 (44.5 26) and
preserved the diffraction 002 planes at 26.6 26 after light irradiation. This behaviour suggests that the structure is resilient to

photodegradation during CO production. These results agree with published data 1
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Figure S4. Photo-driven Boudouard reaction using a 595 nm filter in CABOT C,B and ultrapure C,B (Alfa C,B) samples. At a light
intensity lower than 21 W cm and a reactor temperature of 350 °C, the ultrapure C,B sample presented Arrhenius behaviour while the
CABOT sample exhibited a linear trend characteristic of photochemical behaviour. In addition, a higher CO rate was observed in the
CABOT sample at the same conditions.



Material S5

Procedure for kinetic experiments, Figure S5: Xe arc lamp light intensity was set to 34 W cm and the reactor pressure was set to 29.7
psig in each run. The sample was weighed before and after the batch reaction step times shown in Figure 2f. Hydrogen, carbon
monoxide and methane concentration were quantified using a GC instrument (SRI8610) calibrated using calibration standards for H,
(250, 500 and 1000 ppm), CO (198, 523 and 5000 ppm) and CH, (261, 523 and 5000 ppm). CH, was omitted in the graph due to the
shallow concentration produced (< 0.005%). The reactivity of the photo-driven reverse Boudouard process was evaluated using the time
expression represented in equation e1.

dfA

t=Ao TASA
fAl(r )

(e1)
Where A0 is the initial CO, moles, T4 is the reaction rate, S4 is the exposed surface area to light, and fA1 and fAZ are the fractions of
reactants over time (CO, concentration remaining).

From the first-rate law

rA=kA (e2)

Where K is the reaction constant and A is the CO, moles over time. Graphically, we could determine the reaction order n for the photo-
driven reverse Boudouard reaction, as shown in (e3).

In (rd) =Ink + nln (4) (e3)
From e2, we could replace A as the mol fraction expression and
A= Ao-A
Ao (e4)
to produce (e5)
rA =k (Ao)(1-fA) (e5)

Once we replace (e5) in (e1) and integrate over the reaction fraction fA1and fA2 we can obtain the reaction constant K for each reaction
time as presented in (e6)

1
k= (-In@-74) €6)

As a result, Kk =0.0367 £ 0.00258 h-+ was calculated from each step time and stoichiometry of the reaction produced 2x T4 which
represents CO rate, is calculated as 0.886 £ 0.064 mmol cm2 h~,

Experimental data collected during the kinetic experiments

(m-li-ri::tees) ppm CO produced C.B mass (mg) over time ppm H2 produced % CO2 conversion
0.5 12885+4500 192.3+0.05 914+80.2 0.21
1 25328+5263 192.2+0.06 1564+151 0.42
2 46231+6011 191.7+0.07 1708+201 0.77
3 775044650 190.8+0.10 1343111 1.28
4 85186+15111 189.6+0.25 2265+351 1.41
5 120189+7211 188.1+0.06 2388+299 1.99

An additional reverse photo-driven Boudouard experiments were performed for an extended time (10, 20 and 30 minutes) and
generated a maximum CO, conversion of 2.59, 2.89 and 6.59 % respectively. Xe arc lamp light intensity was set to 28.4 W cm™2 and the
reactor pressure was set in average to 15.5 psig in each run. The system was not presenting an equilibrium state after this period. A
prominent conversion of CO, also suggests de feasibility of using natural solar light (higher intensities) for industrial applications.
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Figure S6. LED wavelength dependence tests on reverse Boudouard using CABOT C,B. Conditions: 15-20 psi of CO,, 60 minutes
irradiation, UV LED at 365 nm. b) Wavelength dependence tests using blue LED at 470 nm. c) wavelength dependence using green LED
at 525 nm. d) Wavelength dependence tests using white LED between 420-600 nm and e) wavelength dependence using 625 nm red
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Figure S7. Isotopic dlstrlbutlon for reverse Boudouard solar test using 2CB + *2CO, (a) and 12CB + 13CO »(b). An almost equal *2CO/3CO
isotopic ratio distribution confirms that CO, provides equivalent carbon contribution as C,B in the formation of CO product.
Relative intensities and normalized values for the isotopic experiments using 2CO, and 3CO, over carbon black.
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Figure S8. TGA uptake experiments of CO, over CABOT C,B sample. An average CO, absorption of 125.3 + 3.4 mmol CO,/gC,B (0.57
% w CO,/w C,B).
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Figure Sg. Setup for batch photo Boudouard process using a Perfect Light solar simulator 300W Xe lamp. The reactor had a volume of
11.8 mL and utilized a quartz window, temperature thermocouple and pressure gauge. A Newport power meter with an 18 mm detector
spot diameter was used. By manually varying the power (current between 10 to 20 amp) in the Xe lamp (from 7.00 W to 27.05 W) and
the diameter of the light spot (6 to 10 mm using focusing lenses), we could reach net light intensities from 12.7 W cm™ to 34.4 W cm™
used in this study and presented in Fig. 2.

For the solar tests, the spot diameter of irradiation was 2 mm, and the unfocused natural light intensity was 2.85 W for a maximum
focused light irradiation of ~ go W cm™* (Fig. 3a).



Section S10. Calculation details for the surface reaction pathway

Spin-polarized density functional theory (DFT) calculations were performed using the Vienna Ab-initio Simulation
Package (VASP)23 on a 128-atom, 4-layer graphite(0001) surface (constructed from cif file of ref. 4 via the
Crystallography Open Database®) with at least 15 A of vacuum in the c direction (see Figure S10a below). For all
calculations, we used the Strongly Constrained and Appropriately Normed (SCAN) functional by Perdew et. al.
combined with the rVV10 van der Waals correction’ implemented within VASP8, a 600 eV energy cutoff, and a
Brillouin zone sampling at the I point only due to the size of the unit cell. Structural relaxation was performed with
the top 2 layers of the unit cell allowed to relax and the bottom 2 fixed until the norms of all forces within the unit

cell are < 0.03 eV/A The projected augmented wave (PAW) formalism was adopted for the pseudopotentials, with
the GW version of the pseudopotentials used for all elements.

Generated by cif2cell 2.0.0. None : Tru
Space Group: P 1 (#l1-1)

a= 9.76753 & o = 90.0000°

b= 9.79753 A B = 90.0000°

c = 33,55359 & v = £0.0000°

V = 2789.3467 A-3

s

Figure S10a. An illustration of the graphite(0001) unit cell used for the DFT calculations.

In addition to the pristine graphite surface, five different models of surface defects (created near the centre of the
unit cell) were attempted (Figure S10b):

b

Simply removing one surface carbon atom (C46)

b. Removing one surface carbon atom (C46) and capping the dangling bonds (4 unfilled valences) with four
hydrogen atoms

c. Removing one surface carbon atom (C46) and capping the dangling bonds with a surface ketone and two
hydrogen atoms

d. Removing one surface carbon atom (C46) and capping the dangling bonds with a surface hydroxide and two
hydrogen atoms

e. Replacing one surface carbon atom (C46) with an oxygen

The ability of each surface to adsorb CO, was first tested by placing a bent CO, molecule near the defect site (or in
the case of the pristine graphite, near the center of the unit cell) and allowing the structure to relax fully. Upon
relaxation, only models a, d, and e had CO, adsorption intact (Figure S10c), and as a result, only they were used for
subsequent modelling of reaction intermediates involving CO formation and a subsequent surface reaction with a
second CO, molecule (Figure S10d). Placing the CO, molecule directly on the surface without bending does not result
in adsorption. However, placing the bent configuration results in the stable configurations as noted above — this
observation indicates that there is likely a large kinetic barrier towards the CO, adsorption step that could be



facilitated photochemically. Kinetic and photochemical studies on the reaction pathways between each
intermediate are beyond the scope of this report and will be presented in a future publication.

Figure S10b. Five different models were employed for surface defects. a) ideal graphitic layers, b) 1-C vacancy c) 1-
C vacancy, replaced by ketone C=0 and added 2H capped d) 1-C vacancy, replaced by an -OH and added 2H capped
e) 1-C substitution by a -O-.

z E h Pristine graphite

Figure S10c. Results of CO, adsorption tests on pristine graphite and the five surface defect models, main
coordination mode n20,C?
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Figure S10d. The surface reaction sequence and intermediates involved for CO, adsorption on the carbon surface
model (the pristine graphite surface is used here for illustration purposes).

Within the surface periodic boundary model we employed, which does not allow the loss of graphitic carbon atoms
from surface edges, losing a graphitic carbon directly out of a surface lattice site as part of CO formation was not
energetically favourable (Fig. S10e). Given experimental observations on an equal amount of 2C and 3C produced
in the reaction, we believe that such processes are much more likely to occur at edge sites that could not be captured
due to limitations with our model. However, the favourable effect of surface oxygenated species as intermediates
of the reaction and potential agents that facilitate the process is consistent with experimental observations.

Coordinates of each structure are available in VASP POSCAR format, along with a table of the energies corresponding
to Figure S10e, which can be found in Supplementary File 1.
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Figure S10e. Energetic landscape of the intermediates involved in two consecutive CO, adsorption and CO formation
steps on the graphite(0001) surface model and its defected variants a, d, and e, as shown in Figure S10b.



Material S11. Mathematical model for process systems analysis

Indexes are presented as lower-case italicized roman characters, sets and subsets as upper-case bold roman characters, parameters as
italicized Greek characters, and variables as upper-case italicized roman characters. Super-indexes are used exclusively for notation
purposes; they are written using capital, non-bold, non-italicized roman characters.

Sets
iel Unit operations present in the flowsheet
c . .
1 Parabolic collector units
comp . .
I Compressors used in storage units
ST
1 Storage tanks
™ i i
Mixer units
R .
1 Reactor units
S . .
I Separation units
P . .
I Splitter units
j€J Streams
FD
] Feedstock streams
SR
J Feed streams for make-up solvents
IN
Ji Inlet stream to unit
jour
i Outlet stream from unit /
kek Components
KREF
7 Reference component in reaction r
rE€R Reactions
teT Time periods (years) in which the project is divided
Variables
NPV Net present value
(CCAPITAL o
Capital investment
WORKING
c Working capital
FEEDSTOCK
c Total costs of feedstocks
CUTILITIES -
Total utilities cost
FIXED )
C Fixed costs
(CCAPITALINV
i Installed cost of unit operation i
GEN
E Total electricity generated using by-products
E; Rate of electricity consumption in unit operation i
[EBATTERY . )
Batteries storage capacity
LED
E™ Rate of electricity demand in by the LED system
MASS
F™5 Mass flow of stream j
MOL
F75 Molar flow of stream j
MOL
Fojk Molar flow of component k in stream j
REF
Foi Reference component in reaction r occurring in unit i
FREACTOR .
Mass flow entering each of the N reactors modules
H, Enthalpy of stream j
N Total number of reactors
c
Q; Cold utility consumption in unit i
H
Qi Hot utility consumption in unit i
RF
Q% Refrigeration utility consumption in unit /
GREVENUE
Total revenues
CREDITS ) )
N Total credits received from by-products
SALVAGE .
S Salvage value at the end of the project
GDEPRECIATION L
Depreciation
SF; Split fraction toward stream j
Tcl; Total capital investment for unit i



zZ Minimum selling price

Parameters
a Plant capacity in terms of the total amount of CO produced
C_REF
e Reference capital cost used to estimate the total capital investment of unit i
FM_REF
B Reference mass flow used to estimate capital and operating cost of unit i
SE . .
B Total amount total amount of energy in the form of light that reaches the reactor.
MOISTURE . . . .
B Moisture content in the carbonaceous material entering the reactor
ASH . . .
B Ash content in the carbonaceous material entering the reactor
Vi Factor used to oversize units in intermittent operation
SLN ) .
Duration of the longest night
LED .
§ Cost of the LED system as a fraction of the reactor cost
M e Selectivity toward component k in reaction r
Ejk Fraction of component k directed toward stream j in a separation unit
QPERFORMANCE
t Factor that determines the performance of the biorefinery in period year t
0 Cost of electricity from the grid
H -
6 Cost of hot utilities
c i
6 Cost of cold utilities
RF
0 Cost of refrigeration
gFEED
J Cost of feedstock stream j
oTAX
Government tax rate
QPEPRECIATION
Depreciation factor used in time period t
QRATE
Internal rate of return
gTC! . oy . .
Factor used to determine the total capital investment for a piece of equipment
Mw
Ak Molecular weight of component k
HF
Al Enthalpy of formation of component k
cp
A Heat capacity of component k
JLHY
ke Low heating value of component k
co,|c
2 oo .
A CO,|Cfraction in the reactor inlet
JASH ) . .
Maximum ash content in the reactor inlet
T
Ji Temperature of stream j
REF
¢ Reference temperature
SR . .
¢ Rate of solvent replacement in sorption processes
8 Conversion
BRE . -
n Roundtrip battery efficiency
PCE . -
n Power conversion efficiency
SCE
n Light to chemical efficiency
CHE

Chemical to electricity conversion efficiency
Equations
In both processes, the equations used in the model are mostly the same (differences will be indicated by adding the letter “e” to the
equations exclusively used to model the LED-P case and the letter “I” for those exclusively used to model the 10-P case). The objective
function to be minimized is the minimum selling price of CO, defined as the product price that makes zero the net present value. Egs.
(1)-(20) are used to define the objective function and associated variables.

NPV
— O = SREVENUE | GCREDITS | GSALVAGE , GDEPRECIATION _ ~CAPITAL _ ~WORKING _ ~FEEDSTOCK _ (~UTIL
TAX
REVENUE _ - zMASS PERFORMANCE (1 -6 )
S =ZF¢co o t ( RATE)t 3 @
146 -
ter
1_gTAx
GCREDITS _ EGENZ QEHPERFO}§MANCE( ( RATE)B 5 3)
1+6 -
teT



1
GSALVAGE _ (0.35CCAP1TAL + CWORKING) “4)

1 + QRATE\IT| -
( 92,4)(

GDEPRECIATION _ CCAPITALZ eDEPRECtIATION e (5)
&t (1+6777)
(CCAPITAL _ Z 6TCICCAPITAL1NV 6)
i€l
CWORKING _ (y o5 CAPITAL %)
TAX
(CFEEDSTOCK _ Z Z GPERFORMANCEQFE]ED FMASS (1 _RZTE 2 . ®)
LET; ¢ FD (1 +6 )
UTILITIES PERFORMANCE E H c RF ARF' (1 - QTAX)
c =229 (6%, +6"Q" + 6°Q¢ + 67 Q") ——— ©)
1+ 6RATE)t 3
teTiel (
1_gTax
CFIXED _ Z 025CCAPITAL ( ) (10)
= (1 + GRATE)L‘— 3

We use the following general definitions: the total molar flow of each stream (Eq. 11), the total mass flow (Eq. 12), and the stream
enthalpy (Eq. 13).

FMOL = ZF’V]’.,‘}(L, vji€eJ (11)
keK
FMASS = Z AMVFMOL vie ) (12)
keK
H = Z(/IHF + 25 (@] - R FMOL, v e (J0VOUT) i el (13)
keK

We include mass balances for four types of process units: (1) mixing and storage units (Eq. 14) (2) reactors (Eq. 15), (3) separation units
(Eq. 17), and (4) splitters (Eq. 18). Importantly, the set 1’ representing the storage units is empty in the LED-P case. We note that the
mass balance for separation units is written in terms of parameter €.k, which denotes the fraction of component k that is sent to stream
J by the separation unit. Since this is an exploratory study, we have assumed that perfect separations occur (i.e., Eu =00 E4= 1).

Z FMOL = E FMOLyk €Ki (1T u IM) (14)
jE]IN j E]UUT
Z FMoL 4 Z(snhpm Z FMOlvkeKie® (15)
j E] r€ER j E]OUT
FRff = ) P vreriel” (16)
kEKRfFjE]”.V
FMOl=e,, Z POl vkeKkje®lie (17)
j El
FMOL = sF, Z POl vkeK,je % iel” (18)
je/N
SF=1,viel” 19
]
]E/OUT

The capital costs for the different process units was calculated in Egs. (20)—(26). In this work, we assumed that the photocatalytic

reactors are designed modularly (Egs. 20—-22); such that their capital cost increases linearly with the number of modular reactors

required. Both in the LED-P and in the 10-P, the total number of reactors needed was calculated as the ratio between the change of

enthalpy in the reaction and the total amount of energy incorporated in the products (Eq. 21). This amount of energy is determined as
SCE SE

the product between the light to chemical efficiency (7" ) and the total amount of (B°") energy in the form of light that reaches the

reactor. The value of B has been established based on the work by Kim and coworkers. 1011 We assumed that this value is the same
for both the LED-P and the 10-P. In the IO-P case we estimate the cost of the parabolic solar collectors required (Eg. 23I). We note that
Eq. 20 contains a factor 5LED, this factor accounts for the cost of installing and LED system. In the I0-P case it is equal to zero, while in
the LED-P case it has been set equal to 1. In general, it is difficult to find information about the capital cost of photocatalytic reactors;
as a first approximation, it is reasonable to assume that the cost of the LED system is as expensive as the reactor itself. The cost of
separation operations and the cost of the compressors required in the |O-P case are estimated in Eq. 24. Again, we note that the set of

comp
compressors | is empty in the LED-P case. Finally, in Eq. 25 we calculate the storage tanks' cost. This value is scaled with respect
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LN .
to the maximum amount of mass stored ( ,where 8" is the duration of the longest night estimated based on historical data).1?

REACTOR
TCl = (1 + 6y N|——| " vie If (20)
REF
L
IR
jes®it ey
N= pSEnSCE 2
Ui
Z FM.AJ!_SS
TN
FREACTOszeli 22)
N
TCl, = A“REFy Nvie© (230)
FMASS
_ ke[ YT oe7 s S, ;COMP
TCI, = B°R Vi e (15U ICOMPy (24)
BFPMREF
L
SLN pMASS
_ pC_REF J 067 \; = ST
TCI, = B°R (ﬁm_m) vie ) (250)
L

In the LED-P, the capital cost associated with the battery system is estimated using Eq. 26, while the capacity of the battery system
using Eq. 27. We note that we assume that the process remains operational in the longest night, and the batteries are sized accordingly.

EBATTERY
_ oC_REF 0.67 ;i = 1S
TCI; = B ( EREF) ViEl (26e)
L
SLN
EBATTERY — 7 Z H, - Z H.| viel® (27e)
nPCEnSCETIBRE J
et ey
The utilities consumption is estimated based on the assumed duration of an average day (20 hours) by using Egs. (28)-(32).
A?ASS ge day Y gEq
_ pE_REF J S, ST | jCOMP
E, = pEF Z e € (DU 1T U 1OMP) (28)
TN i
JE] i ¢
MASS
H _ QH_REF j . S ST | R
QY = poH-! Z’BFMjEF,VlE(I Ut U I?) (29)
jefit !
MASS
C _ pQC_REF j : S, ST (| IR
Q¢ = poc Z Ve (PU T U IR (30)
SN i
jer; !
MASS
RF _ HQRF_REF J . S, ST | R
QFF = pORF. Z FM_REF,VLE(IUI u ) (31)
jesit

The electricity demand in the LED system used in the LED-P case is calculated in Eq. 32. This equation assumes that the electricity is
obtained directly from photovoltaics for 10 hours (average day), and the remaining time (at night=14 hours) comes from the battery
system.

10/24 14/24
ELED = 10/724) | (14/24) Z H.—ZH.,VL'EIR (32e)
nPCEnSCE nPCEnSCEnBRE 4 J 4 J
e/ je)]
The electricity generated from the by-products is estimated in Eq. 33.
EGEN _ Z nEFFALZVF[V]l"(I){L‘ vj E]E (33)
kekK
The plant capacity is constrained to a fixed value Eq. 34.
FM/}SS —avje ]FD (34)
Additionally, we impose constraints on the fraction of CO,:C (Eq. 35) and ash content (Eq. 36) at the reactor entrance.
c|co )
Z FJ%%LZ =4 2( Z FIVIIUOCL + Z Fj.BlAg%AR) viel® (35)
jely ey jesty



_ ,ASH MOL MoOL . IR
ZFj,k—’1 ZFj,C+ ZFj,BIOCHAR JViEl
jelty ey jelty
We also define equations to set the composition of the original carbon source. The parameters used in these equations are defined
based on experimental data. Two components are considered: moisture (Eq. 38) and ashes (Eq. 39).

(36)

Mw MOL _ pMOISTURE ; MASS
AwarerFgrocuarwarer = B Fgiochar 37
MW MOL _ pASH MASS
AusuFprocharasn =B Friochar (38)
Finally, we calculate the amount of sorbent that is necessary to replace (Eq. 40) in separation operations.
MASS _ ;SR MASS \,: ~ 1SR
F =¢ Fevje] 39

. J
i €J¢o_separation
Material S12 Reference values for capital and operating costs
The economic parameters used in the model are summarized in table S12-1.
Table S12-1. Values for the parameters used in the model

Equipment AFR 2CC [MMs] 20H 20C FLL AE o VD )T Ref.
MJfs] - [MJs] - [MJfsT  [MJfs]  [°C]

Crushing and drying 71.367 Kg/s 25.516 0.065 0.62 1 2 13,14
Reactor 0.0027 Kg/s 0.001 (0.002)* 30 1 2 15
Hydrocyclone 142.37 Kg/s 2.14 0.059 1 2 Aspen
Storage reaction products  78.73 Kg/s 77-3 10.39 14.74 1 Aspen
CO, Storage 77-63 Kg/s 11.2 7.06 5.99 1 Aspen
CO capture 7.65Kg/s 8.840 5.13 2.82 1 1 16
CO, capture 75.594 Kg/s 47.547 3.77 39.6 7.17 1 1 Aspen
Collector 0.025 2 15
Batteries 5.76x10*°Kg/s  8.440 1 17

*The base case for the reactor, in parenthesis, corresponds to the LED system, we assume a more expensive reactor in this case.1® For
the intermittent refinery, we assume that the reactor design will be simpler than in the LED case and we assume that the cost of the
reactor is half of the LED case.

Intables S12-2 and S12-3 we show the separation factors used to model the LED-P and 10-P. Note that for simplicity, we assume perfect
separations.

Table S12-2. Values for ik in the LED-P

Streams Coal Ash CO, CO CH, H, cC W
Origin Destination

Solid separation Splittera 1 1 1

Solid separation CO, capture 1 1 1 1

CO, capture Splitter2

CO, capture CO capture 1 1 1

CO capture Main product 1

CO capture Byproducts 1 1

Crushing and drying Mixer 1 1

Crushing and drying Waste treatment 1
Table S12-3. Values for &k in the [0-P

Streams Coal Ash CO, CO CH, H, w
Origin Destination

Solid separation Splittera 1 1

Solid separation Gas storage 1 1 1

CO, capture Splitter2

CO, capture CO capture 1 1 1

CO capture Main product 1

CO capture Byproducts 1 1

Crush and drying Mixer 1 1

Crush and drying Waste treatment 1

The relevant physical properties for the different components are shown in table S12-4.
Table S12-4 Relevant physical properties for the components in the model



1w 2AHF CP LAY
k [Kg/mol] k [J/mol] k [J/mol-K] k [J/mol]
Coal 0.01389 (o] 0.019 -4,37484
Ash 0.01474 o 0.019 0
CO2 0.044 -393510 45.719 o
CcO 0.028 -110530 30.341 -277828
CHy4 0.016 -74520 50.206 -800640
H2 0.002 o] 29.301 -233920
C 0.012 o 20.813 -1020000
W 0.01802 -241818 36.02 0

The value for the economic and performance parameters in the model is shown in Table S12-5. The capacity has been fixed such that
the plant can process approximately the same amount of CO, produced by the NREL refinery.18 Battery efficiency was set at 85% based
on the current state of the art.}® Likewise, the collector efficiency has been determined based on an NREL report for solar parabolic

collector systems.20 The power conversion efficiency was established conservatively, considering that at similar wavelength, efficiency
can be ~81% operating under optimal conditions. Since the process's operation conditions may not be optimal, we have used a lower

estimate of 60% 21. The light to chemical efficiency is directly related to the quantum yield is difficult to determine, especially because
specialized reactors may improve its value. We have conservatively assumed a value of 30%, this would yield an overall solar to chemical

efficiency of 22.5 for the |0-P case, which is not unreasonable and is inline with assumptions from previous studies.1®

Table S12-5. Value for economic and performance parameters used in the model
Parameter Symbol Value Units

Thermodynamic reference temperature REF 25 °C
Maximum ash content in the reactor inlet 2ASH 10 %
CO,|C fraction in the reactor inlet 610 3 -
Plant capacity a 130 Mol-CO/s
Rate of solvent replacement in sorption processes ¢5R 0.08 -
Roundtrip battery efficiency nBRE 85 %
Power conversion efficiency n"CE 60 %
Collector efficiency n° 75 %
Light to chemical efficiency ¢t 30 %
Chemical to electricity conversion efficiency nCHE 40 %
Factor to determine the total capital investment 7% 2.55 [-]
Sorbent cost HSOFR%E;)NT 0.8 $/Kg
CO, cost GFCEOEZD 39 $/Ton
Biochar cost 931%%%3412 350 $/Ton
Cost of electricity from the grid oF 1.59e-8  $/J
Cost of hot utilities o 2.32e-9 $/J
Cost of cold utilities a¢ 1.9e-10 $/J
Cost of refrigeration ofF 2.54e-9  $/J

For the performance rate, we used the same assumptions of the NREL lignocellulosic ethanol plant, such that in the first three years,
there is no production. Thus the performance factor is zero, the fourth year operation is 75%, and every year afterwards has 100%

efficiency.22 For the depreciation rate, we use MACRS method.23

Material S13. Sensitivity Analysis
To further understand the impact of the parameters on the MSP, we present in Figure S13-1 and Figure S13-2 heat maps with a
sensitivity analysis. The figures explore how changes in the chemistry, operation, feedstock cost, and capital cost parameters impact

SCE
the MSP. In the chemistry category, conversion plays the more relevant role in the 10-P, while the light to chemical efficiency (T ") is
more critical in the LED-P (Figure S13-1a - Figure S13-2a). This result is expected; higher conversions are associated with lower gas

. . . . . . SCE . . - .
storage requirements, which are a major cost driver in the I0-P. On the other hand, a higher " implies lower electricity consumption
and, therefore, lower needs for battery storage, which are major cost drivers in LED-P. From the operational parameters (Figures g4b-

5b), we have two insights: first, increasing the amount of ash that can be present at the reactor inlet does reduce the MSP; however,
co,|c
2
the improvements that can be gained from changing this factor diminish as more ash is allowed in the reactor feed. 4 has a
¢o,|C
2
significant impact in both processes, reducing A impacts both the feedstock requirements and equipment size. The effect of
changing the cost of feedstocks (CO, and biochar) is studied in Figure S13-1c - Figure S13-2c. In the figures, the cost of CO, can take

values as low as US$ o mt%, which reflects possible subsidies for carbon capture that may lower the final CO, cost. The figures show that



carbon cost has a more pronounced effect than the cost of CO,. One observation from Figure S13-1c is that there is a slope change
when the price of CO, is US$ ~15 mt™. This change of slope is related to a change in process configuration. When the price of CO, is
below USs$ ~15 mt there is no economic incentive to store it overnight. In other words, the recycle stream and the CO, storage unit are
not used anymore in the process design. Finally, Figures S13-1d — S13-2d show the effect of changing the capital costs; we break these
costs into two parameters: the reactor system (includes collector and reactor in the intermittent operation), and the separations. The

results in this plot are presented such that the axes can be read as fractional increases/savings on the capital costs.
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Figure S13-1. Sensitivity analysis of MSP in the IO-P to parameters in the following categories (a) Chemistry (b) Operation (c) Feedstock
cost (d) Capital cost. The reference value based on the base case scenario is shown with an “X".
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Figure S13-2. Sensitivity analysis of MSP in the LED-P to parameters in the following categories (a) Chemistry (b) operation (c)
Feedstock cost (d) Capital cost. The reference value based on the base case scenario is shown with an “X".

Figure S13-3, presents a sensitivity analysis for the variables exclusively related to the LED operation. Figure S3a explores the effect of
changing the battery cost (y-axis) and the LED efficiency (x-axis). Figure S3b shows the battery system parameters: costs and roundtrip
efficiency. Both parameters have a significant effect on process economics, but the effect of roundtrip efficiency is less pronounced. We
note that based on USDOE goals and projections, battery cost could be as low as US$ 88 kWh* by 2050 and battery efficiency as high

as 9506 2425
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Figure S13-3. Sensitivity analysis of the MSP in the LED-P concerning (a) Cost of battery storage and LED efficiency (b) Cost of battery
storage and battery roundtrip efficiency. The reference value based on the base case scenario is shown with an “X".

Material S14. LED-P-a 2050 vision

In this subsection, we pose a vision for the 2050 photocatalytic process design. Figure S14-1 shows the expected MSP when
implemented incremental improvements (from left to right) in the IO-P and LED-P parameters. The improvements on these parameters
have been selected based on reasonable assumptions or considering the targets for the different parameters established by the U.S.
Department of Energy or other U.S. government agencies. The cost of storing electricity in batteries is expected to decrease in the

coming decades significantly; we assume that the cost of storing energy will be US$ 150 kWh- by 2050.26 This value is a conservative
estimate consistent with NREL projections, we note that their more optimistic simulations US$ 88 kWh* are achieved. The battery
roundtrip efficiency is projected to reach 95%, some battery systems currently available have already achieved this value, which will

become more common in the future2® In the US, the cost of renewable electricity from photovoltaics is projected to reach a value of

USs 0.02 kWh by 203027 Likewise, the power conversion efficiency for LEDs is expected to rise to 86%;28 we have selected a more
conservative estimate of 70% in our projections.
Regarding the feedstocks, we estimate that biochar cost will be available at US$ 150 mt?, a significant improvement in comparison with

the current cost. For CO, we assume that the 2050 target of US$ 30 mt* will be achieved.?® We assume that significant reductions in
the reactor system will be achieved (~50%); this assumption is made by considering that photocatalytic reactors are still under
development and can significantly improve. On the other hand, separations, a more mature technology, are not expected to improve
significantly, and we assume only 20% savings. For operational conditions, we assume that the ash content in the reactor could be
increased to 15%, and the CO,|C fraction reduced to 2. Finally, we assume that improvements in the reaction conditions will increase
the conversion and solar to chemical efficiency to 30% and 60%, respectively. The main conclusion drawn from the plot is that the
intermittent and LED technologies are not significantly different from each other in terms of the MSP achievable in the medium and
long term. The operational advantages of LED-P make them an attractive option. However, the economic viability of these systems is
contingent upon the development of efficient and low-cost battery storage systems, photovoltaic conversion systems, and LEDs.
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Material S15. Estimated cost for syngas
. M = AMSP ., + (1 - ))MSP,
In Figure S15-1, we show the MSP of synthesis gas as a function of the CO content ( 2). We assume

that the Boudouard reaction produces CO and the hydrogen is produced by water gas shift reaction (WGS) to estimate this price. The
cost associated with the WGS process is calculated based on a detailed Aspen plus simulation. The financial parameters used to calculate

SPSyngas

the MSP of hydrogen were identical to those used in NREL ethanol production biorefineries.18 The plant designed to perform the water
gas shift reaction is shown in Figure S15-2. It consists of a reactor where the WGS reaction occurs, followed by a flash tank where

unconverted water is condensed. The kinetics of the reaction is modelled using data from Hla et al. 2009.30 The conversion inthe reactor
is almost complete. After the reaction system, we used a compression and separation system, this system allows us to obtain a
hydrogen-rich stream (92%) and a CO,-rich stream.
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Figure Si5-1. Synthesis gas cost as a function of CO mol fraction
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Figure Si5-2. A plant used to produce hydrogen using the water gas shift reaction

Material S16. Life cycle assessment
We perform a cradle-to-gate life cycle analysis of the LED-P and I0-P processes using the GaBi software and the associated energy
database. The analysis assumes that biochar production has an inventory of emissions similar to those reported by Hamedani and

coworkers.31 In our calculations, we did not account for CO, credits associated with biochar application to soil, provided that we are
using it to produce chemicals. We assumed that CO, was captured from the fermentation outlet in an ethanol production plant. The

energy requirements associated with CO, capture are determined based on the work of Geisler and Maravelias.32 The functional unit
selected is kg-CO and the only environmental category analyzed is global warming potential. Following a displaced burden strategy,
we distribute the environmental burden between main products and co-products (electricity).

Figure 516-1 shows the GHG emissions for the 10-P and the LED-P in four different scenarios. Those labelled as Initial correspond to
scenarios based on the base case design, while those labelled as optimized correspond to the most optimistic outcome in Figure S14.
In each case, we explore the possibility of supplying utilities using fossil fuels or alternatively using solar energy. In all cases, negative

emissions are obtained, and the LED-P case displays a significantly better performance.
0.0

10-P
LED-P

-0.5 4

-1.0 A

154

GHG emissions (Kg-CO,-eq)

2.0 4

2.5 T T T T
Fossil-initial Solar-initial Fossil-optimal Solar-optimal
Scenarios

Figure S16.1. GHG emissions estimated for the cradle-to-gate Boudouard processes
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