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Abstract >> Hydrogen production can be classified based on the energy source,

primary reactor type, and whether or not it emits carbon dioxide. Utilizing color
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representation proves to be an effective means of expressing these distinctive
characteristics. Among the various clean hydrogen production techniques, there

has been a growing interest in turquoise hydrogen production, which involves the
decomposition of methane or other fossil fuels. This method offers advantages
in terms of large-scale production and cost reduction through the sale of sol-
id-carbon byproduct. In this study, an extensive literature review was conducted
to select and analyze several promising candidates for turquoise hydrogen pro-
duction processes. The efficiency and economics of these processes were eval-
uated using stream data reported in the literature sources. The findings indicate
that the levelized cost of hydrogen production (LCOH) is significantly influenced
by the sales of byproducts, specifically the solid-carbon and carbon monoxide
byproducts.
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Table 1. Various hydrogen production methods®

(turquoise hydrogen)of| tst #A o] Z7}star

ol

Energy source Raw material Process Product Color represenation
T o H, +CO
Coal Coal, steam (H,0), 0> | Gasification (800-950C) e : Brown
(emission to atmosphere)
Steam methane reforming H, + CO,
Natural Natural t H,0 o . G
atural gas atural gas, steam (F0) (SMR) (800-900C) (emission to atmosphere) ey
Natural gas Natural gas, steam (H20) SMR + CCS Haz + CO; (captured) Blue
D iti .
Natural gas Natural gas e(c:rgg) 00 Sé )lon H> + C Turquoise
Thermochemical
lear h H. o H,+ R
Nuclear heat Steam (H,O) decomposition (-950°C) 2+ O ed
Nuclear heat + Thermochemical + water
uelectricit Steam (H,0) electrolysis (20-80°C or H, + O, Purple
Y 650-850C)
Nuclear electricity + Water electrolysis .
H o o H, + Pink
heat Steam (F0) (20-80°C or 650-850C) 2+ 02 n
. Water electrolysis
El H o o H,+ Yell
ectricity Steam (H,O) (20-80°C or 650-850C) 2+ O ellow
Water electrolysis
Renewable energy Steam (H,O) H>+ O, Green

(20-80°C or 650-850°C)
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2.1, Case 1 &™: thermal decomposition

Fig. 19] =A|3F 342 Keipl
_4 Oﬂ‘:‘o}] J_xqg 7]gro
AAsE7] 91t A A2 %

Ao|ticase 1). +AA| %’—Xégié pressure swing

adsorption (PSA) A2E AAst e, d2sf 54
oA Aake FH7IE Foll A 85%2] A welst
o] &5 99.999% © AAska, )

nRkg ek} ZhR o
Aeer 7l F25 = |
dovAl= A7z Fastlen, SuE AAsHA]
a2 WIS AEEel] i

1,350 C &2 AA3Iict 114 ki Alo]ZE(cyclone)
¥} ZE(fabric filters) 5 &3l o] =, oF= vi&
7] Aoj H3E Ast] 98 @ FZE A
k3L

2.2 Case 2 &%: fluidized bed reactor
Fig. 20] T=A|St case 2 3742 Keipi

e
@ U2 gl £ 25 3 100

LB

Methane Decomposition Reactor
(thermal)

Electricity : 16.3 MW T:1350°C

Preheat Residence time : 3.1 s

CHa4: 1.1kgls

Tail gas recycle
-1.9392 kgis

CH4:86.07 v%
H2 : 13.93 v%

____________________________________________

PSA (added in this study)
Fabric filter

Hz (99.999%) : 0.2223 kgls
Preheat

! Cooling

—— Methane

Electricity @Z Cooling
—— Product gas 1
= =+ Solid Carbon

Hydrogen
—---» Heat - Sapskes

Fig. 1. Process diagram of case 1
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2.3 Case 3 3%: autothermal process
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i

|
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U Hydrogen
===y
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T
H
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i
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H
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Fig. 2. Process diagram of case 2

— Methane
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Carhon separation
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Fig. 3. Process diagram of case 3
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2.4 Case 4 3%: CO, upcycling process

C
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Bl A AEARE o] 85te] HEkS: AAA]Z|aL, 2.5 Case 5 27! plasma sourced reactor

2 Fig. 50 Ueld case 5 3L Ze}ZulE of 4%
Heatﬂ!}j;”llw iuw AN Condonser B s s %]—gi A ]’%6_]'0:] 4?_:17 ]‘/\(Uﬂ% 'g:‘ “‘BHE]"_‘ :g—xé
mb,me | i CorTrsome j T co:etkgs _'g::w: oZ Lr_L/\E)] 75—]_95\ r/]. Schneider % o] Zﬂo]-b‘]- 7( ‘9_
iy " ' — Podiigas - - =

= =i Faeto] 48 $Ho| 7Hsd . A7 Uds o]

I W Y — ‘enm‘mumﬂ A7 = =] <
CHe [18.03%) \0/’_'\0/ ' E"f‘:' " Oé%xe]TX] 2 T":}/‘\j' o]—/V\E]— 4 }\g*}— '9‘ 012 kg/si
(/N Sn— SO = ;H:al:llﬂGMW /g;g]é_]'?il O]Oﬂ }\o%{s" E}ZU]— z&aﬂ 135’01: E‘l
b1 Condenser
— szyd@ 3 gt AR AR Case 5 342 Sek=nt
-BTizkgs HEQ |
awm @ g oux g sho] 212,1000)9] g L=
Fig. 4. Process diagram of case 4 £ FEsith o= Z2Aof vla] AY Aaxr) I x|9
Table 2. Summary of incoming and outgoing streams
Parameter Therme}l. Fluidized bed Autothermal CO» upcycling Plasma reactor
decomposition reactor process process
Reactor temperature 1,350C 1,200C 800°C 1,200C 2,100C
Residence time 3.1 sec 3.4 sec None None None
Electricity 16.3 MW 16 MW 0.1 MW 16.6 MW 23.8 MW
. 3.0 kg/s 3.0 kg/s 0.02 kg/s 0.64 kg/s
H 8.87 k
input | CHa o recycled) | (63% recycled) | (17% recycled) gs (3% recycled)
H, 0.222 kg/s 0.190 kg/s 0.007 kg/s 1.891 kg/s 0.120 kg/s
product Ces) 0.80 kg/s 0.70 kg/s None 2.58 kg/s 0.44 kg/s
CO None None None 9.51 kg/s None
> StmeA MO UXE =2H X343 X3S 20233 62
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AFS ke g8 an

Plasma Reactor

CHa: 0.62 kgls

Tail gas recycle
0.06 kgls

CHa:20.33v%
H2:79.67 v%

Fabric filter
H2 (99.999%) : 0.12 kg/s 12

Plasma: 23.8 MW
Preheat
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CH4 conversion : 94 %

o
Bt
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Fig. 5. Process diagram of case 5
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o

il

T 7_cosouon

S} B8 % =1 H]L(total life cycle cost)S A4t

o} sh=tl, W A] CAPEX, %] 519] H]-&{(purchased
equipment cost, PEC), % 9 -3%] H]-8(operation

and maintenance cost, O&M), A& H|-&(fuel cost,
RO/ Faolan AS el G oA &
) 271 ASES Lgstolof gtk 7)o of
2re A Bl Este] A4 Akl 2ol
selaly] o B4 7 v, Welk, HEw,
An], 44 717F 52t o)A}, o] H](contingency)

2Rl 318 AFgo] LCOH Aitol = ofof

52l
Y, ¥ =Rl 34 gke) 714H9l Hag
s A4 S 2819, PEC, O&M,

Aol A sy,

27}
=9

2 i

“”LSLOIHrEmlor_?IJ_I

rﬁ

M

total life time cost
total life time hydrogen production

LCOH=

Edof|A] AAIE case 1, 2 34| PECE= 2016W
Jgolng @AM ugow #lsls] 98
chemical engineering plant cost indices (CEPCI)E &

F3HA0T, Y Hr] BGB( L0t FARLS H1G
FUAEH Cope A Q% 3)2 o831l ALY
th 153} HIE Aol AMg-Eh= AR Sl Al4(capital
recovery factor)= 4] (4] LrEP 23} o] Bt
FROIARE )Tt EHE T (1) ©]&5}o]
ARBct. €l B2k o] s R HS
& FAbol= A58 &3 4x(constant escalation lev-
eling factor, CELF)7} ZQ3ld], 4] (4)2} (5)E o|&

Table 3. Main features of various turquoise hydrogen production concepts

Case Concept Feed material | Outlet gas | Heat source | Reactor type Catalyst Carbon product | Remark
Thy 1
1 ermz'i . CH,4 None Electricity Plug flow None O 10
decomposition
Fluidi
2 uidized bed CH4 None Electricity | Fluidized bed None (0] 16)
reactor
Autoth 1 Ni-Br mol
3 | Awothermal o i O, Plasma | Plugflow | o moiten None )
process metal
i
g | COrupeyeling |y Co O Plug flow None 0 None
process combustion
5 | Plasma reactor CH4 None Plasma Plasma torch None (0] n

Vol. 34, No. 3, June 2023

Journal of Hydrogen and New Energy <<



sto] Alkstal ol & A&l At HhgsiTt. 4
@2k 5)°lA k= %%ﬁ}ﬁﬂ—m r,o w2 ASES

Zhelek. ek ARY] EUS(CHa A A F
AB(CL)E A (T §)2 o183kl Axtstgion],
4 (49} (5)ollA] AR CELFS H8le] A4ks}%

=

CRF
Ty = E 4 AOH>< 3600 ) @
CELF
Consr= 33550 it o) ©
i (14, )"
A O
(14i,,)"—1
CELF= CRFx ’“(%IZ) (%)
B 1+7r, ©)
1+i,,,
'q, =(m,x ¢, x LHV) X CELF @)
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B WA o WAB(P,,)% 4 Ok

AlAre] wkedsteith COx upcycling &7 (case 4)
o] Zfoll= FARESl dAStEAE A8 oR
mj7} 7h5stE o] & Q13 420] WMIE( L) 4]

(10)2} Zo] At A Tejssic.
carbon (nllmrbon X Ccarbon) X CELF (9)
Py =(mppx cpp) X CELF (10)

ol wet % 43 ¥E (G A (1DE 018
sfo] Akstela, HFA0E LCOHE 4] (12)9 2
o] Axtstec.

Crotar = Zppet Cogrrt Cp) = (Pryypon + Pep) (1)

carbon

.C:‘oml (12)

TTLH2

LCOH=

» BFLAYN T3S =27

T 27] BA HE-S B S8t 7HES
Table 4°] A2]3t9al, 54 LCOH AKXt A=
Table 50| QoFslgith gEla AL A|HL € 7|&
e 719 A AP o ng B} Biga

o] A}-&(effective interest rate)S B WA A A5}
At A7F 9 A|7Hannual operating hours)-2 &3
olA AAE 710 e gt ol W] W 31
Al g AAol Bt ol ofgt AupE wekEch
ESE AA|E A7) vH]E 9 AF v]E

¢

2 International
Husha, wE 339 4
AE & 114 g4 L 7HEEH(carbon black) 0.2 A}
A=Echa 7HA5FTE B304 AotEl autothermal
7d(case 3)2 Elo] AA|sh= qfiz AAEI7]
ool v A2 AAUYR Ato] Elof Ql=d], B
B3} Bl Qs AR FHE SAAste] 4
AS st on, 2A| Do whE FAp vl gHAE

2 23l 0.6 2|42 fo] M5} Ti(six-tenths rule).

Energy Agency” AtaS

Table 4. Assumption of parameters and values in calculations

Parameter Unit Value
effective interest rate (¢, /f) % 5.0%
nominal escalation rate (7,,) % 3.0%

fuel escalation rate (rf) % 4.0%
natural gas cost (c;) $/MWh $39.84
electricity cost (¢,,.) $/MWh $94.33
solid carbon price (¢,4401,) $/ton $ 400
CO(g) price (¢¢p) $/ton $ 600
total lifetime year 20y
annual operating hours (AOH) hour 4500 h
O&M cost ratio (0) % 7.0%
CEPCI (2016 year) None 541.7
CEPCI (2022 year) None 816
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|
Table 5. Results of economic analysis by different concepts
) ) ) ) ) ) LCOH LCOH
Case Concept Zpge Cosnr C r Clee P ion Pep (exclude (include
[$/kgH2] | [$/kgH2] | [$/kgH2] | [$/kgH2] | [$/kgH2] | [$/kgH2] | byproduct) | byproduct)
[$/kg H2] | [$/kgH2]
Thermal
1 L. 0.26 0.30 3.92 2.54 1.90 None 7.02 5.12
decomposition
o | Fluidizedbed | 50 0.44 418 2.92 1.95 None 7.92 5.97
reactor
3.p | Autothermal |, o0 5.02 3.14 0.04 None None 12.55 12.55
process
Autothermal
3-2 process 1.14 1.31 2.34 0.49 None None 5.28 5.28
(scale-up)
4 |CO2upcycling| -, o9 091 371 0.30 0.72 3.83 571 115
process
5 | Plasma reactor 2.06 2.38 4.09 6.86 1.94 None 15.39 13.45

4, AL Aot 2 EE
41 ZXH LCOH H|m

Fig. 60 LCOH At 23= Yelfigledl, F4
olz}o] wizte BAu} HAME whu 4=0] 3} ofH
£ 7o FHEste] YEhilth At AuE 12
M, thermal decomposition 3 7J(case 1)1} fluidized
bed reactor 3A(case 2)> FAbE T 429 23
3 LCOH7} A|9J3F 7FAT} 1.9 $keH, fo]7} U=
2 3}ol5}9ict. Autothermal E7%(case 3)2] PEC
1 0&ME Tk B3o] v3) 35 ol ol7} Lo
o= &8 =&(Ni-Br) FUlE ARESH7]of vke7] =

F

dLegof 7l gst YAALS 71 Y
&g (inconel) & AHE-RITEL 71 Aito]7] w&
O]E}m COx-upcycling 37 (case 4)2 B4 FHuf| o]
ojunt o]zt QAkshekA T olelE 1)) Aut
¢l LCOH7} 1.15 $kgHh 2 2| F=AME] gl o o]
740l mlsl vl
5% g FAo] Bls) LCOH7} A AAtE =),
ol 211:2(2,100C) ¥-&-7] FHH]E $J3] CAPEX7H
= A HEes ke

‘r_l\l_>1ﬁ>§i

o

It} Plasma reactor 3-7J(case
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AL A= Fig. 6] Uﬂﬂ-“‘ﬂr CO»-upcycling 34
(case 4)9] FAMES A €)%t LCOH= 5.28 $/kgH,=
g 27} laale AAAL AL ol Ea
29 st 429] BRIE( P, Pro)®] 4.55 SkgH,
ojm, o] g} TAO HALE 49| uugjé{ mlm)_‘jr
M 23630 o} $45 AA L A3 9)
-9 3}015}9i T} Plasma reactor 37%(case 5) A&
AbggfFo] W] W&o Ay trle] & 3k HkES
Aoz weken, A7) fael Welolut A Hel
2 0|5l LCOHE WA & 4 918 20

dabE. fxe dee Hgdem
SMWhz 7HAt7 g =lo] Qe & 74
4 A2 A2 (45.01 $MWh)S A3 79 LCOH
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