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Risk from climate change depends on cumulative CO2 emissions
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Photovoltaic Price Trend
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UK auction reveals offshore wind cheaper than new gas

UK electricity costs

— Wholesale price  — Offshore wind -~ Onshore wind Solar ~— Nuclear ~—— Gas

Offshore wind
Nuclear

Gas

e -~
. - -
T e -

£0

https://www.carbonbrief.org/analysis-uk-
auction-offshore-wind-cheaper-than-new-gas



Shell SKY Scenarios

THE EVOLVING ENERGY SYSTEM CO, BALANCE SHEET IN SKY

fR Fossil fuel production g} CCS b Biofuel produetion £} Bioenergy with CCS sl Carbon in products B Growing biomass

2 020 Bioenergy production and use

Net emissions Photosynthesis
35.2 Gt

are Gt of €O:) Materials

37.8 Gt

Fossil fuels
Todoy, mast carbon in fossil energy producﬁon is burned and emitted to the mmo:sphere,

while the CO, absorbed by wood and other p|oms used for energy is also returned to
the atmosphere.

2050 Emissions from biofuel use

Net emissions

Photosynthesis

28.6 Gt

Geological storage of CO»

Fossil fuels

In Sky, in 2050, the storage of COs s rapid|y scchng up. There are equa| contributions from
the embedded carbon in materials production and CCS. Fossil energy CCS leads the way,
but bicenergy CCS (BECCS) is close behind.

Emissions from biofuel use

16.1 Gt
Photosynthesis
Net-negative 6.4 Gt

emissions

13.7 Gt

Fossil fuels ~ Geological storage of CO:

In Sky, at 2100, the bioenergy systemn has reached its resource base limit and is twice the
size of the fossil energy system in CO; terms. The active management of CO, means that
the total energy sysfem is provid\‘ng a drawdown of CO; from the olmosphere,

2070

Emissions from biofuel use

15.1 Gt

Photosynthesis

16.5 Gt

Fossil fuels Geological storage of CO2
Note: The numbers do not add up exactly in 2070 owing Io rounding up of data.

In Sky, in 2070, the energy system has achieved netzero emissions. Fossil energy produdion is
less than half today's level. Alongside direct CCS and the use of carbon for materials, the remaining
fossil energy emissions are fully offset by captured CO; from an expanded bioenergy system.



Biological Carbon Capture and
Utilization

* Avoid CO, release during fermentation

Bogorad et al. Nature 2013, Lin et al. PNAS 2018

Conventional Fermentation: Sugar = alcohol + CO2
Reductive Fermentation: Sugar + Reducing agent = alcohol

* Increase CO, fixation by photosynthesis
Yu et al. Nature Comm. 2018

* Develop non-photosynthetic CO, fixation

Li et al. Science 2012



Pathways to Life |
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Theoretical Energy and Mass Yields

C.H,,0, => 2C,H.O + 2CO,

energy % mass %

2540 2 x 1235 kJ/mol 97.24% 51%

CH,,0, > C,H,,0 + 2CO,

2540 2455 kJ/mol 96.6% 41%

2 C.H,,0, > CH, + 4C0, + CO

2x 2540 4543 kJ/mol 89.4% 27%

Jet fuel
10



Oxidative Glycolysis

Embden-Meyerhof-Parnas (EMP) pathway

$0.4/kg ~ Glucose ", F6P— FDP
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Non-oxidative Glycolysis (NOG)

Glucose = =~ FO6P

s

Carbon
3AcP 3 E4AP " Rearrangement 2 FoP
(C2) (C4)
3 AcCoA
Bifidobacterium breve. / \
Phosphoketolase Carbon yield = 100%
EthanOI Acetate
F6P > AcP + E4P Butanol

X5P = AcP + G3P 12



Two Modes of Non-Oxidative Glycolysis (NOG)
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Bogorad et al. Nature 2013



Construction and Evolution of an NOG E. coli strain
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Construction and Evolution of an NOG E. coli strain

Glucose Glucose
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ATP + CoA
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Rational Pathway Design

Adaptive Evolution

Characterization

I JCL16 I (6) Deleted gapB and (9) Deleted icIR to up- (18) Determined Xpk, Tkt and (22) Determined Tktis
l pgk in EMP and zwf, P regulate GS and Tal are the most limiting | still limiting by in vitro
edd, and eda in ED overexpressed pck (Fig. 3) =»| enzymes in the NOG pathway pathway assay (Fig. 5B)
(1) Deleted gapA and pathways to remove 1 using in vitro pathway assay
mgsA in EMP and MG potential suppressor (Fig. 5A)
pathways, resulting in genes, resulting in (10) Deleted pfkA and poxB
PHL2.PHL2 required SGC PHL7. to prevent potential futile
to grow cycles
(2) Expressed xpk, the only (11) Integrated xpk to
issi i enome, resultingin (19) Expressed xpk, glucose
IRl e P19 s (A e uptake genes (gif), gk, tht2, (23) Further expressed
U Sl tsed to grewin - ini A tal and glpX through plasmid = tkt2 and tkt1 through
glucose minimal medium glucose minimal medium L
| with acetate (slow) pPL274 plasmid pTW371
(3b) Evolution in
glucose minimal
liquid medium + (163) 20)
(3_a) Evolution ith See d (7)» E_volut_ion_in gluc_ose (1.2). Evolt_mqn n glqcose (14) qull_nion !" . Evolution in Evolution in (24) Evolutionin glucose (26a) Evolutionin
in glucose with expresse minimal liquid medium minimal liquid medium + glucose minimalliquid | | | glucose glucose minimal medium plate > glucose minimal
ikl gl 2 LeeCw e SGC medium + acetate (Fig. minimal liquid | | minimal liquid medium plate
medium + I} expressed mutD5 w/ expressed mutD5 4A and Fig. S1A) T -
SGC (4b) Evolved strain
capable of glucose
growth
A
(25) Isolated and
s characterized evolved
(4a) Failed_| [ (5) Growth due to (8 Failedtogrowin | | (13) Failed [ @5 1solated and [[anFaied ][ @)Failed | | 529 ;‘g:é;) (;aobéezﬁ’ (27) Isolated and
suppressor glucose minimal characterized evolved cgh growin g.lu A characterized
mutations medium strain NO_GG. NOG6 can (16b) Identified minimal medium (Fig. 6) evolved'straln
growinglucose = | gynthetic Pck promoter NOG26 (Fig.7 and
m "'T?' Te‘:' “Thw'th modification. Apyk. 1 s?r:.ghl‘l?ciii ‘r::::ugnl;:rv
PHLa3 (Fio s1Ber. [ PtsG and acs mutated 26b) Identified xpk on :
PHL13 (Fig. S1BC). with IS insertion (Table ( pp|)_274, rpos, deR, mﬁiéngn;:as':tgr ':an
1and?2, Fig. 3C and were mutated with IS L)
Fig. $1D) insertion (Table 1 and 2)

Lin et al. PNAS

Improved
2018 growth6



Economy of oxidative and non-oxidative

glycolysis for making ethanol

redorel - 1.5C,H,,0, > 3C,H.O +3CO,

fermentation

sugar price = $0.4/Kg ethanol price = $0.75/Kg

http://www.nasdaq.com/markets/sugar.aspx

(Formate)
s C.H,,0r +6“H,” ©>3CHO + 3H,0

1.5CH, +3H,0 > 1.5C0, + 6 H,

sugar price Then it makes sense to use NOG + H2.

: >
H2 price 90

H2 price < $S3/Kg

(= 0.133)

When

17



Reductive Fermentation

(H,-assisted CO, fixation)

Traditional fermentation

C.H,0, > 2C,H.OH + 2CO,

+  6H,+2C0, > CH.OH + 3H,0

NOG: Reductive

ermontion . CcHp,0, +6H, > 3 C,H.OH + 3 H,0

18



CO, Saving

Non-oxidative

(NOG) C6H1206 + 6 H2 9 3 CZHSOH + 3 HZO
Methane 1 5 CH, +3 H,0 - 1.5CO, + 6 H,

steam reforming

C.H,,0, +1.5CH, > 3C,H.OH|+ 1.5 CO]

o oen 1.5 C.H.,0, = 3C,H.OH [+ 3CO,

19



Methane upgrading

Traditional C6H1206 - 2 CZHSOH + 2 COZ

Fermentation
+

Methane 0.5 COZ+ 1.5 CH4 - CZHSOH

upgrading

NOG
+

sen  CeHp,0¢ +1.5CH, > 3 C,H.OH + 1.5 CO,

Reforming

Natural gas price ~ $3/mmBTU, Ethanol price ~$0.8/Kg

Price of 1 mol of C2H50H
Price of 1.5 mol of CH4

=9.6

20



Methane upgrading

AG° Energy* | Carbon®

(kJ/mole) | efficiency | yield Comment

Reactions

1) CeH1206 --> 2 CoHgO + 2 CO, -228.4 0.97 66.70% Current fermentation

0 Proposed Methane
2) 0.5 CO, + 1.5 CH4 --> C,H6O 100.05 1.03 133% upgrading (AG° >0)

Proposed reductive

3) = 1)+2) CeH1206 + 1.5 CHs >3 CHeO +1.5CO, | -128.35 | 0.99 80% R

4) 2CH4 + Oy--> C;HgO+ H,0 -309.1 0.77 100% REMOTE

*Energy efficiency is calculated from the lower heating value (LHV) of combustion of
products divided by the LHV of the reactants.

I AG° and AH°,,, values were taken from Table 2

# Carbon yield calculation does not include CO,,.
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Augmented CO, fixation

3 CO,

°"'H." CBB

R» C,H.OH + CO,

~

/

3 H,0
\ u

New pathway
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CO, fixation by Calvin-Benson-Bassham (CBB) cycle

Cytoplasm
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Photorespiration

Chloroplast Peroxisom | |Mitochondrium
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MCG augments CBB pathway
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Per Ac-CoA Synthesis NAD(P)H ATP Rubisco The theoretical carbon

from CO, consumption consumption turnover yield

CBB+ PDH 4 7 3 66% (Ac-CoA/C3)
CBB+ NOG 4 6 2 100% (1.5 Ac-CoA/C3)
CBB+ MCG 4 5.5 1.5 100% (2 Ac-CoA/C3+C1)

Table 2 Comparison of ATP/NADH consumption and carbon yield among different pathways in assimilation of glycolate to
produce acetyl-CoA

Per Ac-CoA synthesis from glycolate NAD(P)H consumption ATP consumption The theoretical carbon yield
Native photorespiration pathway”' 0 0 50% (1 Ac-CoA/2 glycolate)
The bacterial glycolate assimilation route®’ 2 0 50% (1 Ac-CoA/2 glycolate)
The MCG pathway 1 2 100% (1 Ac-CoA/1 glycolate)

The MCG pathway can convert one glycolate to produce one acetyl-CoA without net carbon loss. The bacterial glycolate assimilation route converts two glycolate to only one acetyl-CoA

26



Bicarbonate concentration (mM)

MCG in S. elongates increased CO,,

fixation

S. elongatus PCC7942

——WT McG-142
~-McG-145 ——McG-140

2 4 6 8 10 12

14 hr

Bicarbonate assimilation rate

(mM/hr/OD730)

s

25

L5

0.5

S. elongatus PCC7942

*

McG-142 McG-145 McG-140
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Challenges of Algae and cyanobacteria:
Photobioreactor is expensive




Decouple Light and Dark Reactions

S YY

.- 'I - | . power supply
p ._ X = = ) . -|| .
Chiorophyll S o TEN -
Ez | rr e e
31 |
"_5 'ﬁ: //\/ \ Carotenoids \ + -
. | - oes H,

S / \ ‘:g,\,g_s#' 2% AY
e ———— LA N
e mlahotiotoal ) 1

i S B\ bt o
2 AR | oo i

AL L
=" lastocyanin : 1 J

..................................................

.................

oooooooooooo

thylakoid lumen

NADPH ATP { Calvin \ NAD(P)H «— H,
\ Cycle )
-

Energy efficiency Energy efficiency
0.3 % (practical) . 2.9% (practical)
5.7% (theoretical) Biofuel 9% (theoretical)




Decouple Light and Dark Reactions
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Biofuels (mg/l)
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Electricity-powered CO: fixation for
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Integrated Electro-microbial fuel Production

Gasoline substitutes



Thank you.



