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Abstract Power-to-protein (PtP) is a sustainable approach to produce single-cell proteins that uses renewable
energy to generate electricity, which in turn powers the protein synthesis. Anaerobic digestion (AD) can be
incorporated into this approach, to provide the carbon, nitrogen, and trace elements needed for PtP. Through
this combination, a sustainable ADPtP process for protein synthesis could be developed. This article introduces
the existing technologies for utilizing AD to culture microorganisms and obtain single-cell proteins, analyzes
the process efficiency and energy consumption after the introduction of PtP technology, and describes the
basic method of ADPtP, including the integration of the two processes. Using the electrochemical reduction
method, upgrading biogas to cultivate methane-oxidizing bacteria is straight-forward and has remarkable
environmental benefits. The ADPtP process, designed using the Wood-Ljungdahl carbon conversion pathway,
has key advantages in terms of safety, reduced explosion risk, and improved conversion efficiency. In addition,
the methods of resource integration into the process include electrochemical biogas upgrading, electrochemical
ammonia extraction from the digestate, and electrolysis of water to produce hydrogen. China’s biogas
production, potential reserves, and renewable-energy-based power generation will provide a basis for the future
developments in ADPtP. The current policy environment is encouraging and a huge market demand exists for
single-cell proteins. Therefore, ADPtP has a sound foundation and strong prospects for implementation as a
new green process for protein production in China.
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U R (single-cell protein, SCP) & —FliEfE Y
EORBRS, RIEESEQRN SR, B S
= A4 E[67-81 g/(100 Q) HE LKL FARERS E 0D
N A B R SR M B B 7, DR R A R R R
AIRFE R 19684, 4N MR (BRI HE S w32 1Y, b8
J& VI 22 W AL ARE T R R AS 5 A A= 0 A = 5 40 B 8 1 1
T, gm0 mEREE L B B NP R A R
I N 2 i T e S, K 2 BT 5 A8 15 75 Sk AR N DLAE A R IR
FEPRNIRH. SR, AR I ) B B A D SR L B R
AETEVS Ge il R, DR IX L P SE AR T Re &6 A HE W i Pk

T, WA AT P AR AR R I K R, — B R RT P AR RE TR
O] F AR FD AR P A B R P R —— “ R B R

(Power-to-Protein, PtP) 7 R B HI#% K i & e 119 |
20154FE LAk, #FFE N 51— B 807 T R AT P2 R R S 40 i
EARMF AT, EFI20164, PPFIME S 1 7E bk 43
e QWA HFKS B4R, SR T4 Bk 2 6", PtP
S FRE I B SR B AR R AN AT AR A COH i N B
T, R ALK T AR A U A A R B AT O RE DR AU
H) “H% 5”7 (Power-to-Gas, PtG) 4 A&k i /& % PtG
N T St 3G R A 0 R o o ) P A v R T O AR K B A
Hyo S8 5 R HAVACE IR (CO5) K7t AR M LA R4S
FARER AR, RE WL (anaerobic digestion, AD) #24:4)
J R FE A AL B R, AR A A 1 55%-60%
[1ICH,F140%-45%[11CO, "™, AL PP T 2 #2176 A2 1 Btk
W5, AT AR EUEIE. Rk, BADE PP AN “IREH
th-HEE AR (ADPtP) 7 T2, B TR F A 50
A R R B B0 H B R e IR AR 1% T A LUREE AL
JETE RSN, 5IUE 0 CLEW IR 779 IR T
SR ELTT LABE G 35 e i UG . R, ADPPAE 4bFE K B A
JEFE DRI, RSO R R T $e 4538 0 5D # b
B A R TR 2 R — AR R TETT e ARSI AR R AR
PR,

FIH AN L, MR 25 TADPPHI R Si 4558, A SCHILE
AR HATSADPPAHHR I E AR, HEAN AN TS, RiEESE
FIF, B T 2B 588, AT EMR. HRSBITHR R
U Ak, ghA RE A RS A AR YR IR X ADPPTE
RIE MR R ST R .

F1 FRFEHREELRBS S~ E5BREFE

1 REIEK (AD) J32 K& #}

ADE FE I FH PR B K K 5 A & I K R R AL 7= 5
PO WG = I BN TS TR T, BHLE Y
BFEFAE . J5KTG Ve RIEDFEFT BIF B TR I
T [ PR 7240, TSR PRI B 7 1, 32 2515 55%-60%
HICH, L 540%-45%CO, "™ JE AR NADRI =%, X
L AD I FE AT A LR 52 PR R K R R P . IR 4
BRI PR 48015 e B FBE AL 7= 2 T A D 2E B YR o R A T A
H190%, Biki Eir< 1.2 mm, EAYIRTES & 82%-6%,
WA RD R nTE R, DS R R TR, M
KWL, 70%-80%H)EE  35%-45% ) M A7 E R,
REEURBARREE, HEASEN60%-80% ", Tk
REL, ADI R E R R RN RERE Tk, RUVAFE
R A AL A S B 5 BIRHE, B IRt R AR IR & &
. AN, ADIEFE AR /0 2-3 log (EI100-1 0004%) i JEAK 2
i, AR SRR TR e 3 57 R .

2 REVEW-BHBEHER (AD-SCP)
R AR L %57

Hul, 22 TADASCPI AR 3 ZAHE “ Wil ™
SCP” “YHA”SCP” “WHAHWHWW/”SCP”, 32
T~ BRI ACIR . KR B 3R KA 1 FR BRI (B
GG T2 TR Re FEAIK, H Dy 1 B G 3 FR W P A2 7 A B8
HHYT, FEAT TR B G R 5 ) DRI ALK S e
B U 5 VR G 7L ) 5 KOIR ST A L H RE R e A 4 K
fr &, AR HES R CH, BN CO N ik Ik 55 77 F bt
4L (methane-oxidizing bacteria, MOB) i & A 4L 41

(hydrogen-oxidizing bacteria, HOB) 3kH(SCP, % KK
Tyt R AL, BRI RS AR L E AR, mEIA
PtP, BUid i A (AT PR AR AR IR D VRS T WA K I AL
J9H, HAE R AR PR AL, T 58 42 F e 5 R AR 5 IR
ST AV B el AT G Y e, [ AR R AN IR T AL
L2 A R RIR . R A s B I AE = i, HLAT DA AF
ZE R AN VBRI AT F AR RE R K L

PtP L EAFTERE IR AL T TR, RIL AR S RE R 2 e
ADPtPRIAT PRI O, WFFE R I, 4R FH SR A AR K = H 55 77
HOBI, 1 kg A4 T3 g #E 25 kWh “2. SR R,
T Ak 2 000 D [ B 15 1) 2018 8% 77 SCP R FA A7 BE 3 Ak 2B W)
Jii32.8 mg/kd, BRI kg4 -FY REFEN8.5 KWh (R [)R

Table1 Yield of biogas and characteristics of digestate produced by anaerobic digestion with different raw materials

Vil Digestate

o S 2L
Uk o B A i i PR
Raw material (%ﬁ?_a;y\lfslg Total nitrqgen Ammonia nLtrogen Total phosp1horus Total potas1sium Rifrexnike
(p/g L) (plg L) (p/g L) (p/g L)
& Manure 606.2-869.1 0.8-5.3 0.91-3.9 0.061-0.54 1.370 [17-18]
V5 /K5 e Sewage sludge 472.3-691.8 0.8-4.7 0.363-0.543 0.208-0.781 0.026 [17,19]
AT G IefA kD Straw (silage) 492.06-1472.5 1.4-1.29 0.893-1.15 0.074 [171
i b % Food waste 651.34-2371.03 2.43-10.1 0.388-5.226 0.46-0.477 [17, 20]
M=l P 354
Agricultural-industrial waste 821.5-1444 2.949 (105 g/kg) 2.499 0.102 4.710 [17]
S 5 (8 P50 456.8-1398 110 g/kg 1.7-7.5 0.233 [17,21]

Municipal solid waste

VS: K% [ {4, VS: Volatile solid.
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B E40%-50%) 'Y, 4G SCPI SR MmNk it 5, — ik
WA EISCPIN KL 80.970, & T s, Hik xS
REFERL AT UTRAE. o072 e ME 4 A P A 7K A i 3 FL AR
=1, SillmanE 57 FI Al iZ i i 4 R 45 & Matassas§ A\ 1 &
H, 1026 55 7R HOBIE 4: 2 I 4% BE B, 455 R 1 kg2EH i
S EEFEAN 4.7 kKWh P22 FE Ak 22 VB T4 ) B 9 MOB
T e M, I REFEJ915.3 kWhikg, 1% H ik B XM &
W8, TR AL 61278, itk T &M 5
FEERTHILL, BIA TGS 5 R AP W AE VIR FE L 72
ARG, A MEARS B 110%, SARE
PP~ 24 15 17 86.6% . TG & b 4 T AUREAE910.3-
12.5 KWh, 47 FH e 25 B2 B0 Ak b 008 I, T 5 1T
AEFETE4.94-14.4 KWhGEI Y, W25 [E M= HEHL AN E , BB
FEK PR 28 kWhikg P B FE 5 A0 SR I B DA B
B, BIEMS VIHEES.5 V, L RS 051748 hiG
SXoF 3 T A 9 3 AT DA B S 1 A I TR AR 43 3
33.6%-. 50.8%. # R E80% N NEA R, N 141 kg
EARRBEAEA L 2.76 kWh P, 22 5007, 5HAR T2 AL,
PtPSADZ: &4 | L 28 FE, (HER &5 7V HA+
VIR« HEHUS .

3 REHK-BIFZEZERK (ADPtP) T
ZEMER

MR AN B S RIRFE AL IR 2, ADPtP L Z AT 43 N 35
B, R HLAL S R SRR L R RS- A #R - Vb 4 (Calvin-
Benson-Bassham, CBB) fif ¥ 5 3 {1 f# - [ % /K (Wood-
Ljungdahl, W-L) #2850, Jfe: A 43 b s A 40
A P A0 2R R (I ADPP L A AR 2: ) 40
if CBBif ¥ AE 7= B 4T i £ 1 7 A ADPEP T 2 A2 s i fE3:
W-L i A2 [# 52 CO,Ja A2 7= B4 i 25 115t I AD PP I 2 i 2.

F2 PUTETREAHEUN~LMBELR (SCP) HXFA

31 BUFEZELRERER
B 592300 S A = R A AL S B S S R )R
EHERMAEYKMADPIP L, WERAR 1T 8. 18RS 2% 4%
FMOB, VAT I CH ME B IE , 005 A1 SRR T-H Ak
TRAK AL AR, MOB I CH 2B 7= s g i 2% (1 5 1) s i 20
(1) B9,
CH, + 0.104 NH, + 1.45 0, =0.52 C,H, ;0,5N,.» +
0.48 CO,+ 1.69 H,0 <))
MO B PATE 4l 5% 3% FIR & 55 5% 75 Bl 2 1F N ik 47 15 5%,
RasouliZ¢ it 70 R MH, 785256 = 4544 ~ { Fi Methylococcus
capsulatus (MOB) 4l 323k 71.15 g L' d” [A:40)5 " &
(DCW/COD) 40.38 g/g] i1 7 % i i 4 $152.5%
(AR AT A B T S 4k 8 DU BN BV EAT KRR 5
AT, 45 RV R m24 g L' h" Y& (DCW/
COD) #90.37 g/g], H & &I B F 5 /3 570%. 2i55 %3k
B E A R —, AR TR L, 5805
ST AR A 21 R IR TR R DLSR A B R AR o 7 A
AR HE R, AR DS 78 R 2 K R & 5 2 8 0, W AR R
DA 2 VR & 55 5 45 s VT 4R 42 Ph W 45 2 S HL KR A7 A B 7R 2K
N2 G575, 40, Khoshnevisans il YazdianZ5 4 T LA
Methylomonas sp. N IRA R AY & (DCW/CH,
=255 ) AT 75 $0.88 + 0.05 g/gFl0.257 g L' o7 429,
MOB [ % & 1l % 15 J 2 77 $153%-70%2 [8], Mishra
S FC R, 15 FHMOBI S A7 i\ B 52 1R AR 5T 7 12 18.2-
30.4 mg/kd " Z T B B ARG E AR, 5SADS &
F=SCP_LZ 5. 547, (R e T 4w 48 A (10 {77 B Bl R ) 22
NE A R BT R A, 3 9 R A AR P A7)
HHAL IR R AL BB TAEE AT
3.2 CBBfEIf#RR
TECBBIEH (1A FE2) 1, CO i i B ik FE ML 1 ‘& 45
BRI AT, SR 5 R BE-1,5 - BB R AL N A B (RubisCO)
HEALCOFE AL N 3~ R H JH1 K 3k — 25 S Ak A bl 2 g 90,

Table 2 Current technologies related to single-cell protein (SCP) production based on anaerobic digestion

HARKA L3 Nitrogen AR e Enerey wE BELH
Technology type Carbon source source Hydrogen Microorganism consumption Cost Reference
D HAH THALHR ENGES B /% B A
VSEJ ééﬂﬁﬁdscr Digestate Digestate Unnecessary Microalgae / yeast fik Low i Low =2
production . ; =
from digestate IK R IR NS i B R 1% Low fi% Low [5, 7]
Hydrolysate Hydrolysate Unnecessary Yeast ’
i SIS URERR A A
Ji47*SCP amemmn | SHE 1 » -
SCP production U rlajded b?o o Culture Hydrogen tank in laboratory/ MOB/HOB = High = High [6]
from biogas P9 9 medium cathode gas after electroc-
hemical upgrading of biogas
L 236 55  Hi
A AR IR o, Digestate Hydrogen tank in laboratory HOB ik Low = High (1l
SCP production Co, Digestate Electrolytic water from HOB & High 1 Medium [12]
from biogas and 9 renewable electricity
nitrogen extracted TF 98 5 1A
from digestate RIS AL NS —_ ;
Upgraded biogas Digestate Unnecessary MOB = High 1 Medium [6, 24]

(98% CH,)

FERFAIR AR AR RSN 2 T2 BEAR S Z 0 ) “+7, R B “+7 N HE N m e #6: SV ORVE T S8 00 5 SV A S5 200 “*7, 24
ILF) k7 WHTE N EARA. FIAh, REFESEGA B o+ WPHE A A, BEREAE AL B 7 I E AR AR O A

When the electrochemical process is introduced into the source process of carbon and hydrogen, the energy consumption level is “+” respectively.
When it reaches “+”, it is judged as highly energy consumption. When the hydrogen source is from the hydrogen cylinder, the cost level is “*”.
When it reaches “*”, it is judged as high cost. In addition, it is judged as high cost when the energy consumption level reaches “++”, and the cost

level is judged as medium when the energy consumption level reaches “+”.
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29% ZE2H] 2023%4H X LE
( H A 20
Carbon fixation by
electrochemical method
= JY
E¥))5 Biomass JHE-MOB
-Bapterial- W
o~ N
i \ oH @
o 4l #-HOB ﬁ 12 §
L Bacterial-HOB
Cogeneration
RIRSA TR - W3R
\Calvin-Benson-Bassham cycle
VA (ND e
Digestate (N) EE{JC#E%?‘ .
Electrochemical o
—— nitrogen extraction 5 2
PRI =S
Anaerobic digestion
R R A%
kWood-LjungdzahI pathway
HEL R )5 Power-to-Protein
. EA co bEMLd E-Rd CH AH Juke H o
Biogas 2 Digestate Nitrogen source - “ = Organic matter Light energy gl A

E1 “REEU-BEEAR TZREE GRIFXE[12]1E20 . MOB: HtA L F: HOB: S AL H.
Fig. 1 Charts of ADPtP process (revised from Ref [12]) . MOB: Methane-oxidizing bacteria; HOB: Hydrogen-oxidizing bacteria.

WA P E I C O N BRI A A4 1 (hydrogen-
oxidizing bacteria, HOB) [{J44 I W &5 {F ARk IR ; HAMO,K
VET KL, 23 AE 9 i T AR L 52 44, BT F HLRE ]
FEA B YRR IR BRI . R (2) BT

4.09 CO, +21.36 H, + 0.76 NH, + 6.21 O, =

Ca.00H71301.89No76 + 18.7 H,O (2)

HOBI 15 7% # A 4 4l 55 97 5 IR & #5 9%, Morinaga®:

(1978) % Alcaligenes hydrogenophilus4li$4 35 34T 1 V41
WHFE, HAW 5 & (DCWIH,) H™ %4535 740.23 g/gAi0.1-
0.3 g L' h™, ok £y i 12 8 a5 & & K5 o 0k
70% U G4l IRA I A SRS T OFR8s
TR B RS R D) AR A, A R RS A . i
1, Matassa%#5 72 HOBIR & & ((HHOB Sulfuricurvum spp.
F 5 FRECRA A, SRR, £WF & (DCW/HY
40.29 glg, AW % 0,406 g L' h', SEARS B R RS
HONT1% B Ak, DLHOB M SRR () 88 11 5 & 7 3 & (1 7
HAER AR KNAR. HARS %, 48N
SR EAAR M. HALHOBE FifiHERhodococcus opacus.
Xanthobacter autotrophicus. Alcaligenes eutrophus (ATCC
17707) P14,

CBBE 5 2 AE A~ B (1 A2 40 S5 R 85 B v 58 o [l e 1
A E SRR, KA EA RS BB, PR Hus
F70%-75% “*1, FR AR B . {H RubisCOMR fik 44 [ Bk
RRAR HEIE MBS, BRI TR R AL RCE, AL AR
BEE AR R N9.5 mg/kd B2 shab, AR A i
N IR 25 5 R R (R BRI R BR 94.0%-75.6%, &
FRIFHD A7 AEAS AT AR %2 4 ) L.

3.3 W-LigRZH#ER

W-Li& 2 8l K 2. B 4# i A (acetyl-CoA, AcCoA) ik ik
P ZR AN R C—CHET Y. LR A, 2R
ST IR PR R [ s 3 A . TR s B 3

4 H,+ 2 CO,= CH,COOH + 2 H,0 3

BT 1Z 2% ADPEP L 25 3 2 4 A A i 72 3 At
TN, R AR A AE P G W-L IS K H A COL 510 N
CH;COOH (2iC,HsOH), S b xtm (4) frntY. =g e B gl
PP IR AR ANl B BRI B RESS) , DL—Z S Bigs I =
ARE N (L8R CEES) ARWHT EEE R, RN A

(5) Fis.
0.25 CO,+ 0.5 H, + 0.002 NH, = 0.002 C;H,0,N +

0.225 H,0 + 0.121 CH,COO" + 0.121 H* 4
0.121 CH,COO™ + 0.121 H" + 0.087 O, + 0.031 NH, =
0.031 C;H,0O,N + 0.087 CO, + 0.180 H,O €))

H AT, MolitorZF H141CO,. H,bL J 3% 97 383 it W-Li&k 4%
5% 2 R Bt i SR P R AR RS TR AR T
RGN AE— BB, AH NP 44, Clostridium
liungdahlii PETC (DSM 13528) 4 CO,it J5i N 4.1, K5 4.1
R CBREE . KD Ja ik NSl M B T A PR IR AR, OB 3
[ $ PR P B2 £F (Saccharomyces cerevisiae S288C) , F|/T]
LIRUL B B FR et ) R — DA R BT, S B B AR
WITORL AR 155 & 10 53 B 50%-60%, 4R (15 5 8 1.56 +
0.29 g L' d". Qu&k4likt 3% Trichosporon cutaneum 85153543
(£ & (DCWITS) =55 52 0.72 g/ig #1 3.0 g L'
™', 7 il B R 2 B AR B A B 50% 1 &b,
5 M SR FE B A FH ¥ 8% REV H Candiida tropicalis (KP276650)
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12 9 B2 e, R $A $1160.05% .

5 CBBE MR AAMI L, FFHW-Li% 12 [ 5 SR 5 R FH 57 9%
T R EOCAL A0 R A5, B A T H R O 1E /] — 2 7 4% v A I 58
ST PRI AR B Ab, A AU BT N B L R
L F24.4 mg/kd " B aS =R AR Y 7R DA BE R [ B )
R, BRI TE 3R BAR IR 2 6 R B 1 W- LI 5 3 45 2L
RA[TLFI80% O, (H MR BIA B Faoe # AL 7 #230-40 d
IFIR). RIS, 7SR50 5 40 A R K77 AR AR 5 Tl 7 SR AH
ZERGK (TNVER AR %A1 g L' hD , #E— Bk FiH T B
RRE AR, Bi% T AHHECRE LR WARIE, A TERE
B ROk, SRAFIE B LR A BRI I A6 T R DA B T2 IO 1
TP Ak S BIF 7 B A

4 ADPtPEEFMRIEEESSTH

41 BRERFREESSFH

B & CH,E S AT Lo B 92 MOBHR SEAR S AS (135 5, (H
Hoh 54 15 1 40%-45%(1 COL LA K /> BEFH,S. HRT B %
BA AL AT LUK SRR (A s ) i C Ot 40t
B, SRR B E N, Acostai A HAL 2K TS
T4, BAM AR N54.08%H,. 40.61%CH,, DL /R
N, 50, . (HFE B BRI E, COLFEMK A N1 23K, T
FE = T I 5 B pHEBAR, LAHCO, TERAFAE, 7 B 2 i i gt vth
PpHIE ~8.07 41, Ak LA $199.9%. Ak, HAF T
PRBEFE L PR, SR L N CO,, AT A AT AL AR U A
HOBTE AT B Mg b N E AR, 1 CO K16 A1 HLA
AT DAY T B B R FH = 4E SCP.

F R VA SAE N R SR B SCPE A B IR B 2 25 . 8 i
ot B A A =S R AR A R A T 25k AT A i B AN A
B, BB TE R 254 77 SCPIE i N 5 i BE 2 R . R R
[l 7 T BT B A AR 7= T (PR AR B IR . PR R AR
IR BT 2%, K VA T b B B I 7 T 2R JE R AT
BSCOMERCHRTO kglt, —IXBEETHFETTIH6 454 MU/t {H[H]
&R B, H AT RS 72 SCP I8 7R 30 85 28 33 3 AR fe iR
Z, FEI D COHER 24 8 LA K &5 R G A0 2038 T 1 e
BE—B R A, FIHE A N BRIE RS SR E M 3K SCP
A7 AE 1V 2= SRR 12 H,SXT B vk 2 5F /B, 0F 9 R W 4 Na,S
W T #E1E5.73 mg/LI 24 MOBRI A K = A= sk E L, 74
TR IR BE IR TR 2434 %)8.13 mg/Li, 7
YR REESEEE FRY. ESCP &, Wb My & E
YRR M vl L3 i f G 32 5205 7%, DA 5 1R s Atk C/O L 431
(6:4) HilS 7R GELFD , mhi R 5 R 4.
4.2 JEREIREWF A

EADPIPT. 2, RIRRI 3 EORIF LI, & RA ML
A F T A R B IR T AL BRI, Ao A BRI T Ak
WA RS RIE T2 R AR AR R E B8, B2
2 AL R BRI A RUE 1R, 07 TR B BRI UK
Z, HAREIE R 2 5. B, KhoshnevisanZE#E47 1 #5 &
HAk 24 5 S5 B 7R MOB3R 3 SCPI W 7t , I FH X & Bk 22
filg it 7 3-3.5 VAL R 2145 ] LUK 915 A0 31%-51% 11 %[
Yo, 1B IE S FEMOBJE $£130.49 + 0.01 g/LIAEMR"™. I+
H, B0 Es WA 2 AR b 1) B 25 7 52 40 JEE 8 0 TV A PR =
12 R B E R UL R 3 #, TR Mz ik @ A T At A 25 1
BRI PEA

Rt — D AL 2 R G AR R, T LA Donnan
BT, 2 DR, AR R R R R R 18] T B PH 2T
WEERARE, LI FHES 7 (Na*s K's NH,' W HD SR (AR, %
AN, BT 22 5, PHES T (Na 1K) MRS
[l A, 2 S FE A PH RS T (NH,RTHD DUGRRF fa
LR TR A SRR, TR R, 125 R 410%
FIFEHCE, 51 \DonnaniZ M [ {4 22 3 R4 5 5 2000 e FEAE
7.8-10.1 kJ/gz ]!,

4.3 AT RS BBEIKTH,

ADPtP i F2 A F (0 &0, 3 B2 38 o I/ 7 R A K
AR T H PR A, R T P AR BE VR A L RE, AR AR KR AU
AR K = VS A 3R 5 A B s AEC (alkaline
electrolysis cells) - PEM (proton exchange membrane) H
fi#t. SOEC (solid oxide electrolysis cell) HLf#. i Fi g ik i
LA, J 5 — RioA R A, A I I A LG A L.

TR AEC: HAT R A AL, 291300 €/kWel (2017
), Fili20504F 5 A K R 21500 €/kWel P Schmidt&#F 7t
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