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A B S T R A C T

Thermochemical biomass-to-fuel conversion requires an increased hydrogen concentration in the syngas derived
from gasification, which is currently achieved by water–gas-shift reaction and CO2 removal. State-of-the-art bio-
mass-to-fuels convert less than half of the biomass carbon with the remaining emitted as CO2. Full conversion of
biomass carbon can be achieved by integrating solid-oxide electrolyzer with different concepts: (1) steam elec-
trolysis with the hydrogen produced injected into syngas, and (2) co-electrolysis of CO2 and H2O to convert the
CO2 captured from the syngas. This paper investigates techno-economically steam- or co-electrolysis-based bio-
mass-to-fuel processes for producing synthetic natural gas, methanol, dimethyl ether and jet fuel, considering
system-level heat integration and optimal placement of steam cycles for heat recovery. The results show that
state-of-the-art biomass-to-fuels achieve similar energy efficiencies of 48–51% (based on a lower heating value)
for the four different fuels. The integrated concept with steam electrolysis achieves the highest energy efficiency:
68% for synthetic natural gas, 64% for methanol, 63% for dimethyl ether, and 56% for jet fuel. The integrated
concept with co-electrolysis can enhance the state-of-the-art energy efficiency to 66% for synthetic natural gas,
61% for methanol, and 54% for jet fuel. The biomass-to-dimethyl ether with co-electrolysis only reaches an effi-
ciency of 49%, due to additional heat demand. The levelized cost of the product of the integrated concepts highly
depends on the price and availability of renewable electricity. The concept with co-electrolysis allows for addi-
tional operation flexibility without renewable electricity, resulting in high annual production. Thus, with limited
annual available hours of renewable electricity, biomass-to-fuel with co-electrolysis is more economically conve-
nient than that with steam electrolysis. For a plant scale of 60 MWth biomass input with the renewable electricity
available for 1800 h annually, the levelized cost of product of biomass-to-synthesis-natural-gas with co-electroly-
sis is 35 $/GJ, 20% lower than that with steam-electrolysis.

Nomenclature

Abbreviations

AAHs annual available hours of renewable electricity
AE alkaline electrolyzer
AGR acid gas removal
AOH annual operating hours
ASU air separation unit
BCE-FUEL biomass-to-fuel with co-electrolysis
BSE-FUEL biomass-to-fuel with steam electrolysis
BtDME biomass-to-dimethyl ether
BtF biomass-to-fuel
BtJF biomass-to-jet fuel
BtL biomass-to-liquid

BtMeOH biomass-to-methanol
BtSNG biomass-to-synthetic natural gas
CE co-electrolysis
DME dimethyl ether
EFG entrained flow gasifier
FT Fischer-Tropsch
HTFT high-temperature Fischer-Tropsch
HTSR high-temperature water–gas shift reactor
HEN heat exchanger network
HHV higher heating value
IEA international energy agency
JF jet fuel
LHV lower heating value
LTFT low -temperature Fischer-Tropsch
LTSR low-temperature water–gas shift reactor
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MeOH methanol
MSW municipal solid waste
MtG methanol-to-gasoline
PEME polymer electrolyte membrane electrolyzer
PtH power-to-hydrogen
SE steam electrolysis
SNG synthetic natural gas
SoA-FUEL State-of-the-art biomass-to-fuel
SOE solid-oxide electrolysis
STN steam turbine network
TIGAS topsoe integrated gasoline
WGSR water–gas-shift reaction
$ united states dollar
€ euro
Greek symbols

energy efficiency
Mathematical symbols

CAPEX capital expenditure
depreciation cost
investment cost
operational cost
byproduct revenue
annual interest rate

LCOP levelized cost of the product
syngas modular
the mass flow of obtained product
the mass flow of biomass feed

MPSP minimum product selling price
net electric power input
net electric power output
standard enthalpy of formation, kJ mol−1

OPEX operational expenditure
temperature, K

Superscripts

project lifetime

1. Introduction

A large amount of fossil fuels is currently used to generate electric-
ity and produce gaseous or liquid fuels, leading to severe problems of
fossil-fuel shortage and climate change [1–3]. Coping with these issues
requires the energy mix being adjusted by increasing the penetration of
renewable energies [4]. Biomass, as an alternative source, accounts for
14% of the global renewable energy [5,6]. Biomass can be utilized to
generate heat, electricity, and gaseous or liquid fuels in a carbon–neu-
tral way [7–9]. The increased use of biomass allows for the potential of
carbon-free production of the secondary energy.

Biomass can be converted to various fuels (namely biomass-to-fuel
(BtF)) via thermochemical routes based on gasification. The biomass
gasification technologies mainly include moving-bed (425–650 °C at
atmospheric pressure), fluidized-bed (800–950 °C, 1–5 bar), or en-
trained-flow (600–1200 °C and 1–80 bar) [10,11]. Compared with mov-
ing-bed and fluidized-bed gasification technologies, entrained-flow gasi-
fiers (EFG) have been widely used in coal gasification for inte-
grated-gasification combined cycles [12,13] and coal-to-fuels, which
has a high oxygen demand but enables very high reaction rates and
conversion of biomass into syngas with low methane, low CO2 [14]
and almost no tar and gaseous hydrocarbons [15,16]. Syngas pro-
duction with oxygen instead of air and under high pressure leads to
a compact design of

downstream equipment, and reduces or even avoids power consumption
of syngas compression for fuel synthesis [11].

The state-of-the-art biomass-to-fuel (SoA-FUEL) process, the chemi-
cal synthesis of fuels, requires a higher stoichiometric hydrogen-to-car-
bon molar ratio (2–3) of syngas; however, the syngas derived from bio-
mass gasification is hydrogen deficient with low hydrogen-to-carbon ra-
tio (below 1). Hence, syngas composition needs to be adjusted by re-
ducing the carbon fraction and increasing the hydrogen content, which
can be achieved by employing the water–gas-shift reactor (WGSR) with
the result of an increased CO2 concentration. More than half of biomass
carbon ends up into CO2 [17] and needs to be removed via an acid gas
removal (AGR) process, e.g., amines-based chemical absorption [18].
Potential fuel products include synthetic natural gas (SNG), methanol
(MeOH), dimethyl ether (DME), and Fischer-Tropsch (FT) fuels (i.e., jet
fuel (JF) and gasoline). The process design of wood-to-SNG investigated
in Ref. [19] reported a thermal efficiency of 58% based on the lower
heating value (LHV) and a low overall carbon conversion of 35%. Differ-
ent technologies for liquid fuel production from lignocellulosic biomass
studied in Ref. [7] concluded similar overall biomass-to-liquid (BtL) ef-
ficiencies (LHV), i.e., 51.3% (crude FT fuel), 52.5% (MeOH), and 53.5%
(DME). These efficiencies are higher than those reported in Ref. [20]
from 37.9% to 47.6% (LHV), depending on the synthesis technologies,
e.g., FT synthesis, methanol to gasoline (MtG) or the Topsoe Integrated
Gasoline (TIGAS) synthesis. Similar efficiency numbers (40–45%, HHV)
have been reported for biomass-to-FT liquids in Ref. [21].

To deal with the low carbon utilization in the SoA-FUEL process,
an alternative is injecting green hydrogen into the syngas derived from
biomass gasification to increase the H/C ratio, so that the biomass car-
bon could be fully converted to fuels without WGSR and AGR. Green
hydrogen is mainly produced via H2O electrolysis driven by renewable
power with the by-product, i.e., high purity oxygen, used as the gasi-
fication agent. In this way, the expensive and energy-intensive cryo-
genic air separation unit (ASU) can be avoided [17,22]. A big poten-
tial is predicted for such power-to-fuels processes, and it has been pre-
dicted that nearly half of total ammonia and two-thirds of methanol
will be produced via electrolysis by 2050 [23]. The core of green hy-
drogen production is electrolysis technology. Comparing with low-tem-
perature electrolysis technologies, high-temperature solid-oxide electrol-
ysis (SOE) is more advantageous to couple with biomass-to-fuels, be-
cause of (1) higher electrical efficiency with steam electrolysis, (2) en-
hanced system-level heat integration by utilizing waste heat from gasi-
fication process to generate steam for SOE [24], thus resolving the bot-
tleneck of enhancing system efficiency of power-to-hydrogen. Such ben-
efits have been proven by coupling SOE with biomass-to-SNG and mu-
nicipal solid waste (MSW)-to-SNG, achieving LHV system efficiencies
of 70% [25] and 67% [26], respectively. Compared with conventional
processes with WGSR and AGR but no SOE, the coupling of SOE with
biomass-to-MeOH and -FT liquids can enhance the system efficiency by
13 [11] and 6 [27] percentage points, respectively. Although the in-
tegrated systems achieve higher efficiency, it is greatly affected by the
availability of renewable electricity: When renewable electricity is not
accessible, the whole system needs to be shut down. This might be over-
come by the co-electrolysis-based biomass-to-fuels, in which the CO2
captured in the SoA-FUEL process is sent to the SOE together with steam
to produce syngas for the downstream synthesis process. This co-elec-
trolysis-based concept is flexible for full carbon conversion: When re-
newable electricity is not available, the system switches to the SoA-FUEL
process with the CO2 captured and stored, which could be converted
when renewable electricity is available.

In this study, two concepts for full biomass carbon conversion are
proposed by integrating SOE: (1) biomass-to-fuel with steam electroly-
sis (BSE-FUEL) and (2) biomass-to-fuel with co-electrolysis (BCE-FUEL).
The first concept operates the SOE with steam electrolysis (SE) to re
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place the WGSR and AGR, with the SOE sized by the hydrogen flow re-
quired for full carbon conversion. The second concept operates the SOE
with co-electrolysis to convert the captured CO2 from the state-of-the-art
biomass-to-fuel processes to the target fuels. The direct co-electrolysis
of syngas is not considered in this paper due to the deep syngas clean-
ing needed for the SOE, and it is also assumed that, with cost- and en-
ergy-intensive amines-based CO2 capture, the levels of impurities in the
CO2 stream are below the tolerance of the SOE. Particularly, employing
only direct co-electrolysis of syngas asks for high availability of renew-
able electricity, which can hardly be possible in practice.

The two integration concepts (BSE-FUEL and BCE-FUEL) of
SOE-based biomass-to-fuels are techno-economically evaluated and
compared with the SoA-FUEL plants for various products, i.e., SNG,
MeOH, DME, and JF via FTS. The operational flexibility of the two
SOE-based biomass-to-fuel processes is investigated considering the in-
termittent nature of renewable electricity. The rest of the paper is orga-
nized as follows: the processes involved are described and modelled in
Section 2. In Section 3, the methodology is introduced with a detailed
definition of thermodynamic and economic performance. Afterward, the
thermodynamic and economic performances of the studied cases are dis-
cussed comprehensively in Section 4 to support the practical process
design. The conclusions are drawn in Section 5.

2. Biomass-to-fuels

The systems investigated are based on EFG for gaseous and liquid
fuels, i.e., SNG, MeOH, DEM, and JF with the SOE supplying hydrogen
(steam electrolysis)/syngas (co-electrolysis), oxygen, and additional ca-
pability of enhancing heat utilization.

2.1. System description

2.1.1. Biomass-to-SNG (BtSNG)

(1) State-of-the-art biomass-to-SNG (SoA-SNG)

The SoA SNG plant with EFG, WGSR, and AGR is illustrated in Fig.
1. The biomass feedstock (1) is first fed into an EFG using pure oxygen
(5) as oxidant agent, which is supplied by an ASU. The obtained syn-
gas (7) is cooled down to 290 °C and then divided into two streams:
stream (9) enters the WGSR to increase the H2 content, and the by-
pass stream (10) is mixed with (14). Part of the CO2 in syngas (16) is
removed via monoethanolamine (MEA) based chemical absorption to
reach a desired syngas molar modular number, which is defined as (H2 -
CO2)/(CO + CO2). For the synthesis of SNG described in [28] in detail,
the hydrogen-rich syngas (27) with the module number of 3 [28,29] is
converted by isothermal methanation reactors (290 °C, 25 bar) for en-
hanced single-pass conversion [30,31]. The exothermic methane syn

thesis involves two global reactions (Eqs. (1) and (2)) with the catalyst
Ni/Al2O3 [28,32]:

(1)

(2)

Raw methane is then upgraded to grid-quality SNG, compressed fur-
ther for grid injection. The network requirement of Zhejiang Province in
China is 34.2 MJ/Nm3 (LHV), 94 vol% of CH4, 37–42 bar.

(2) Biomass-to-SNG with steam electrolysis (BSE-SNG)

The BSE-SNG system is illustrated in Fig. 2. Biomass is fed to the
EFG with syngas produced and cleaned afterward. For adjusting the syn-
gas composition, hydrogen is produced via the SOE with the following
process: Demineralized water (5) is vaporized and superheated (7) to be
mixed with cathode recirculation (13) as the reactant feed and sent to
the cathode to produce H2. The cathode recirculation (13) is to keep the
reduction atmosphere to avoid re-oxidation of Ni-YSZ [34]. The elec-
trolysis by-product, O2, is swept by pure oxygen flow, which offers addi-
tional ability for thermal management of the stack. The oxygen recircu-
lation (15) allows the stack for a higher current density, thus resulting
in a larger production capacity [35–38]. The produced oxygen (18) is
then compressed and supplied to the EFG with extra O2 (21) as a final
by-product. The hydrogen (23) is compressed, cooled and mixed with
the syngas (4). The SOE is sized to ensure that the gas composition (26)
reaches the requirement of the downstream fuel synthesis.

(3) Biomass-to-SNG with co-electrolysis (BCE-SNG)

The BCE-SNG system is illustrated in Fig. 3. The CO2 captured in the
SoA plant is sent into the SOE to produce syngas by co-electrolysis of
CO2 and H2O. The SOE is sized by the available CO2 captured from the
syngas after the water–gas-shift reactor. Such a system can enhance the
carbon conversion compared with the SoA case and the flexibility of the
whole plant: When renewable electricity is not available, the plant can
still work with water–gas-shift reactor and CO2 removal (the SoA mode)
with the captured CO2 stored for the period with available renewable
electricity.

2.1.2. Biomass-to-MeOH (BtMeOH)
The molar module number M = (H2 − CO2)/(CO + CO2) of the hy-

drogen-rich syngas for methanolization is at around 2.0 [11]. Methanol
synthesis is less exothermic than methane synthesis. The major reac-
tions (Eqs. (3) and (4)) with the catalyst Cu/ZnO/Al2O3 [39–41] are

Fig. 1. Schematic of the state-of-the-art biomass-to-synthetic natural gas system with EFG, single-stage high-temperature WGSR, ASU (cryogenic distillation) and AGR (MEA-based CO2
removal). The heat exchanger network (HEN) is not explicitly designed but its performance is estimated via the classical chemical engineering approach described elsewhere, e.g. [33].
The Rankine cycle (steam turbine network (STN)) is not explicitly presented but is optimally placed and sized for heat recovery.
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Fig. 2. Schematic of the biomass-to-synthetic natural gas system with steam electrolysis. The synthetic natural gas, the Rankine cycle and the heat exchanger network are handled in the
same way as described in Fig. 1.

Fig. 3. Schematic of the biomass-to-synthetic natural gas system with co-electrolysis. The synthetic natural gas, the Rankine cycle and the heat exchanger network are handled in the same
way as described in Fig. 1.

CO and CO2 methanolization:
(3)

(4)

The synthesis reactor considered in this paper is operated isother-
mally at 230 °C and 56 bar with more details given in [11,28]. Since
the hydrogen-rich syngas production processes are the same as that in

Figs. 1–3 with the syngas-to-methanol process illustrated in Fig. 4.
The hydrogen-rich syngas is compressed and mixed with the recircu-
lated gas (9). The stream (3) is further compressed to 56 bar and then
heated to 200 °C, and finally sent to the methanol reactor. The reac-
tion product (6) is cooled to 40 °C and fed (7) to a flash (Vapor-liquid
separator). The gas stream (8) is compressed and recycled, with a small
amount of the purge gas (10) to avoid the accumulation of inert gases
and CH4. The raw methanol (17) is depressurized and separated in an

Fig. 4. Schematic of the methanol synthesis process. The hydrogen-rich syngas production processes illustrated in Figs. 1–3 are not repeated.
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other flash drum to produce crude methanol (20), which is further up-
graded to a high purity of 99.5 wt% with a two-stage distillation. The
purge gas (11) and flash gas (19 & 21) are burnt with additional heat
supplied to the remaining process.

2.1.3. Biomass-to-DME (BtDME)
The current commercially-available DME synthesis is the dehydra-

tion of methanol over a catalyst [42–45]:

(5)

The methanol dehydration reaction is slightly-exothermic; thus it can
be handled by an adiabatic reactor [28], normally operating at 250–400
°C and 20 bar [42] with the one-pass methanol conversion of 70–85%
[28]. In this paper, the adiabatic reactor is assumed to be operated at
350 °C and 20 bar.

The process of methanol synthesis and dehydration to DME is illus-
trated in Fig. 5 with the methanol synthesis system already described
in Section 2.1.2. Pure methanol (28) is pressurized and mixed with the
recirculation (43). The mixture (30) is heated to 350 °C and sent to the
DME reactor. Raw DME (33) undergoes two-stage distillation to reach a
high purity of 99.6 wt%.

2.1.4. Biomass-to-Jet fuel (BtJF)
The FT synthesis is a highly exothermic polymerization reaction that

converts CO and H2 mixture into a range of hydrocarbons and water, as
shown in Eq. (6) [46–48].

(6)

The main reactions during FT synthesis can be represented by Eqs.
(7) and (8).

(7)

(8)

Commercial technologies for the FT synthesis are usually classified
into high-temperature FT (HTFT) and low-temperature FT (LTFT) syn-
thesis at 20–45 bar [46,47,49]. The HTFT operates at 300–350 °C and

is the most suitable for producing motor-gasoline and linear 1-olefins
over a Fe-based catalyst with the H2/CO mole ratio of 0.5–2.5. The LTFT
operates at 200–240 °C and is favorable to produce long-chained hydro-
carbons, i.e., kerosene and diesel based on Co-based catalysts, with the
H2/CO mole ratio of 2.0–2.3 [46–49] and a higher one-pass CO conver-
sion of 70–90% [17,48,50,51]. The target product of this process is JF,
so the LTFT synthesis with Co-based catalysts is adopted at 220 °C and
25 bar with the one-pass CO conversion of 80% [46,52,53].

The JF synthesis via the LTFT process is illustrated in Fig. 6. The
hydrogen-rich syngas (1) with the H2/CO mole ratio of 2 is mixed with
the recirculated gas (8), which is then heated and sent to the FT reactor.
The mainstream (4) from the FT reactor is cooled to 40 °C and then sent
to (5) a flash drum to produce raw FT products (9). Afterward, the raw
products (9) enter a complex JF upgrading process, during which the FT
products (11) are first sent to column 1 to be separated as naphtha (29)
and a mixture of wax and distillate (12). The naphtha (29) is pressurized
and sent to the Oligomerization reactor (220 °C, 38 bar) over ZSM-5 cat-
alysts to be converted mainly to distillate-range products [54,55]. The
stream (33) out of the Oligomerization reactor is cooled and enters the
column 2, with the light hydrocarbon (35) separated at the top as the
by-product, and the motor-gasoline and distillate (38) separated at the
bottom. The mixture of wax and distillate (12) is cooled and then fed
into the column 3 to be separated into wax (14) and distillate (40). The
wax (15) is pressurized and sent to the hydrocracking reactor (340 °C,
40 bar) for kerosene, naphtha, and paraffin products [46,54]. The re-
actor outlets (21) are cooled and enter the column 4 to obtain the JF
(24). Light hydrocarbons are sent to the column 6 for the by-product
motor-gasoline (28) and LPG. The distillate (38) and (41) are mixed and
pressurized for the hydroisomerization reactor (355 °C, 60 bar) to hy-
drosaturate the olefins [53,56]. The reactor outlets (47) are cooled and
enter the column 5 for kerosene range products (50) to be blended JF,
and the stream (52) as a blending component of motor-gasoline. The
purge gas (58) and flash gas (57) are burnt for energy recovery.

2.2. System modeling

The key components to be modelled for the system described in Sec-
tion 2.1 are (1) the EFG, (2) the SOE, (3) the WGSR, (4) the AGR,
(5) fuel synthesis reactors, (6) distillation for fuel upgrading, and (7)

Fig. 5. Schematic of the DME synthesis process via methanol. The hydrogen-rich syngas production processes illustrated in Figs. 2 and 3 are not repeated.
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Fig. 6. Schematic of jet-fuel synthesis and purification via the FT process. The hydrogen-rich syngas production processes illustrated in Figs. 1–3 are not repeated.

heat-exchanger network and steam-turbine network. The models of EFG,
SOE and fuel synthesis reactors (SNG, MeOH and DME) have been
developed and discussed in detail in our previous studies
[11,24,28,35,37,57]. The LTFT synthesis and upgrading are modeled
based on Refs. [47,52–54]. The distribution of the LTFT crude prod-
ucts is referred to [58] with Table 1 for the JF refinery, which agrees
well with those reported in Ref. [54]. The performance of the heat
exchanger network is estimated with heat cascade calculation, as de-
scribed elsewhere in Refs. [59–61]. The steam turbine network (STN)
is employed for optimal heat recovery and has been well formulated
in Refs. [62,63]. The compositions of the biomass (wood) are given in
Table 2.

The operating windows of the stack have been studied in detail in
our previous study [28]. In this work, the stack is selected to operate
under the exothermic mode, and the corresponding operating parame-
ters are shown in Table 3.

3. Methodology

The techno-economic evaluation is carried out using the in-house
platform developed at EPFL, which can readily integrate the Aspen

Table 1
Product distribution from LTFT jet fuel refinery.

Products Ref. [54] (mass %) This work (mass %)

Fuel gas 7.4 7.0
Liquid petroleum gas 11.4 17.2
Gasoline 19.6 16.7
Jet fuel 57 58.6
Unrecovered organics 4.3 –
Water 0.3 0.2

models developed and perform plant-wise heat integration to close
the energy balance of the overall system. This platform has been em-
ployed to investigate the design of many complex systems, e.g.
[24,28,35,37,64]. The detailed workflow of the evaluation is de-
scribed below, following Refs. [11,35,64,65]:

(1) Process models are simulated to obtain the mass and energy flows
of the considered process and also each equipment.

(2) Heat and mass integration, formulated in mixed integer linear pro-
gramming problem, is performed mathematically with the selection
and sizing of utilities to close the energy balance. The utilities con-
sidered here are mainly the electrical heater, syngas burner and
steam turbine network.

(3) Classical hot–cold and grand composite curves are obtained for the
interpretation of thermal integration. The minimum numbers, area
and cost of the heat exchangers are estimated by the vertical heat
transfer [33].

(4) The evaluation indicators, i.e., the system efficiency, levelized cost
of the fuel produced, are then calculated following Sections 3.1
and 3.2.

3.1. System efficiency

The thermodynamic performance is determined in overall energy ef-
ficiency (η), which is defined as

(9)

where is the mass flow rate (kg/s). The superscripts – and + refer,
respectively, to the net electricity produced (output) and consumed (in-
put), [27]. Only one of the net electricity input and
output occurs.

Table 2
The compositions of biomass.

Material Ultimate analysis (air-dried, wt.%) Proximate analysis (air-dried, wt.%) Heating value (kJ/kg)

C H O N S Moisture Ash Volatile Fixed carbon LHV

Biomass [11] 48.88 6.29 33.59 1.7 0.06 4.79 4.69 72.29 18.23 18,313
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Table 3
Practical stack operating point with the stack inlet temperature of 750 °C and 1 bar. The
stack power is corresponding to 5120 cm 2 active cell area.

Operating variable SE CE-SNG
CE-MeOH/
DME CE-JF

Average current density (A/
cm 2)

0.95 0.95 0.95 0.95

Average voltage (V) 1.36 1.38 1.40 1.41
Cathode feed H2O/CO2
(sccm/cm 2)

8/0 6.25/
1.59

5.65/2.08 5.25/
2.50

Reactant utilization (%) 80 80 80 80
Anode feed (sccm/cm 2) 20 20 20 20
Outlet temp. (°C) 836 823 825 825
Stack power (kW) 6.67 6.75 6.82 6.87

The heat and mass integration has been considered in the efficiency
definition. For example, the integration of steam turbine network for re-
covering high- and intermediate-grade heat affects the net electricity in-
put or output. The use of syngas burner as hot utility reduces the prod-
uct production, which is eventually reflected in the efficiency number.

3.2. Levelized cost of the fuel production

Based on the capital expenditure (CAPEX) and operating expenditure
(OPEX), the levelized cost of product LCOP ($/GJ) can be calculated ac-
cording to [66]:

(10)

where is the capacity of fuel production (GJ/year), is the
byproduct revenues ($/year), and is the depreciation cost ($/year).
The can be calculated:

(11)

where the is the investment cost ($), is the annual interest rate and
n is the plant lifetime (year). More information about CAPEX and OPEX
has been given in Part A of the supplement material. The assumptions
for the economic evaluation include a plant lifetime of 25 years [67],
an interest rate of 10% [66], annual operating hours of 7200 h [67],
an electricity price of 73 $/MWh [68], and a biomass price of 5.1 $/GJ
[69].

4. Results and discussion

The biomass-to-SNG, MeOH, DME, and JF described in Section 2.1
are evaluated techno-economically and compared with the same bio-
mass input in Sections 4.1 and 4.2. Section 4.3 further investigates
the operational flexibility of the cases.

4.1. Thermodynamic performance

4.1.1. System energy efficiency
The overall system energy efficiency (LHV) of the BtFs is calcu-

lated with Eq. (10) in Section 3.1. The main influencing factors on
system efficiency are (1) the type of biomass, (2) the stack operating
point, (3) thermodynamic inefficiencies of fuel synthesis and upgrading,
(4) system-level heat integration, and (5) heat recovery. The proposed
BtF cases employ the same type of biomass and similar stack operat-
ing points. Therefore, the difference between the thermodynamic perfor-
mances of different systems in Fig. 7 are mainly due to the factors (3),

Fig. 7. The energy efficiency (LHV) of biomass-to-fuel systems with additional informa-
tion, e.g., biomass consumption, the electricity consumption of electrolysis, imported elec-
tricity and stack number, given in Part B of the supplement material.

(4), and (5): The SoA cases reach an overall energy efficiency of 51%
for SNG, 49% for MeOH, 48% for DME, 48% for JF. The efficiency num-
bers are similar, due to the employment of STN, which recovers the heat
converted particularly from the exergy destructed from chemical reac-
tions. The BSE cases have the highest energy efficiency (68% for SNG,
64% for MeOH, 63% for DME, 56% for JF). The integration of SoA and
co-electrolysis (the BCE cases) improve the energy efficiency (66% for
SNG, 61% for MeOH, 54% for JF) compared to the SoA cases except for
the BCE-DME case (49%).

Along with the increase in the steps and complexity of chemical re-
action and fuel upgrading, exergy destructions will be increased, lead-
ing to lower system energy efficiencies (e.g., SoA-JF without STN via
LTFT reaches the lowest energy efficiency). Due to the mild exother-
mic reaction of MeOH dehydration to DME, SoA- and BCE-DME via
MeOH-to-DME achieve similar energy efficiencies; however, BCE-DME
case results in a lower energy efficiency due to additional requirement
of hot utility (provided by syngas combustion with details referring to
Section 4.1.2).

4.1.2. System-level heat integration
The integrated grand composite curves with the steam cycle are com-

pared in Figs. 8–11. All processes except BCE-DME can realize heat
self-sufficiency without hot utility, and the system efficiency can be en-
hanced by recovering excess heat via the steam cycle. The key parame-
ters and size of optimal steam turbine and integrated composite curve
are reported in Part B of the supplement material.

The BtSNG (Fig. 8a, b, and c) is the most exothermic case, due to the
strongly exothermic CO and CO2 methanation reactions. There is a large
amount of heat released from the gasifier, syngas cooling, WGSR, SOE
outlets, and methanation reactor, which is converted to power via the
steam cycle. The steam extraction at a lower temperature after expan-
sion is then used to supply the majority of heat required by the AGR and
the steam generation for the SOE stacks. The H/C ratio of the methana-
tion reaction is higher than those of methanol and LTFT synthesis, thus
resulting in a larger stack number of BSE- and BCE-SNG. The heat de-
mand for steam generation for the SOE stacks is about 1.5 and 2.6 times
of that of BtMeOH and BtJF processes, respectively. For the SoA-SNG
(Fig. 8a), since a large amount of CO is converted into CO2 through
a WGSR and removed via AGR, the heat released from the methana-
tion reactor is only 34% of that of BSE-SNG (Fig. 8b). For the BCE-SNG
(Fig. 8c), the captured CO2 in SoA-SNG is fed into the SOE with H2O via
co-electrolysis to produce syngas required for SNG synthesis, thus simi-
lar heat release is obtained in the methanation reactor as the BSE-SNG.
Since the BCE-SNG is still equipped with WGSR and AGR processes, a
large amount of process heat is needed, leading to a lower energy effi-
ciency.

For the BtMeOH (Fig. 9a, b, and c), although the methanolization
reaction is less exothermic, the heat released from gasifier, recovery
boiler, stack outlets and methanol reactor can still meet the heat de
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Fig. 8. Integrated composite curves of BtSNG with the yellow standing for the steam cycle and the black for the remaining process: (a) SoA-SNG, (b) BSE-SNG, (c) BCE-SNG.

mand of the steam generation for the stack and WGS, stack-inlet heat-
ing-up to 750 °C, AGR and two-stage distillation reboiler in three
methanol processes. The remaining heat is recovered by the steam cycle
to generate power.

The BtDME (Fig. 10a, b, and c) integrates methanol-to-DME based
on BtMeOH, thus the gasification, recovery boiler, WGSR, AGR, SOE,
and methanol synthesis processes are the same to BtMeOH. The addi-
tional heat released from methanol-to-DME is relatively small and has
a limited impact on the overall heat integration. However, the column
3 for the DME purification is operated at 20 bar with the reboiler tem-
perature being 210 °C, intensifying the heat integration below 230 °C.

Hence, the net heat load presented in the grand composite curve is
smaller than that of the BtMeOH. For the SoA-DME (Fig. 10a), com-
pared to the SoA-MeOH, due to the energy consumption of DME pu-
rification, although the system can realize heat self-sufficiency, there is
no excess heat available for the steam cycle. For the BSE-DME (Fig.
10b), due to the energy consumption of DME purification, excess heat
of the BSE-DME is less than that of the BSE-MeOH, thus requiring a
smaller steam cycle. The steam extraction from the steam turbine can
partly meet the heat demand of steam generation for the stack, enhanc-
ing the cascade use of the heat of the energy pocket below 200 °C. For
the BCE-DME (Fig. 10c), the system cannot realize heat self-sufficiency,
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Fig. 9. Integrated composite curves of BtMeOH with the yellow standing for the steam cycle and the black for the remaining process: (a) SoA-MeOH, (b) BSE-MeOH, (c) BCE-MeOH.

and a part of syngas is sent to the auxiliary boiler to meet the heat gap,
thus the energy efficiency of the BCE-DME is only 49% in Fig. 7.

For the BtJF (Fig. 11a, b, and c), the LTFT reaction is exothermic
with the reaction heat between the methanolization and methanation
reactions. Therefore, compared to the BtMeOH/DME, more excess heat
can be recovered through the steam cycle. The BtJF has a large en-
ergy pocket above 200 °C, i.e., a lower level of heat cascade utilization,
mainly because a large number of light hydrocarbons are recovered by
the recovery boiler in the LTFT synthesis and upgrading process.

4.2. Economic performance

The economic indicators of the investigated cases are shown in Fig.
12 with more details on capital investment and economic assumptions
given in Part A of the supplement material. Assuming a 25-year plant
lifetime, 10% interest rate, 7200 annual operating hours (AoHs), 48,000
h stack lifetime [70], the stacks will be replaced 3 times for the whole
plant lifetime, and the replacement cost is included in capital invest-
ment. The increase in the plant capacity will reduce the specific invest-
ment cost (Fig. 12a). For the three processes (SoA, BSE, BCE) with

9



UN
CO

RR
EC

TE
D

PR
OO

F

H. Zhang et al. Applied Energy xxx (xxxx) xxx-xxx

Fig. 10. Integrated composite curves of BtDME with the yellow standing for the steam cycle and the black for the remaining process: (a) SoA-DME, (b) BSE-DME, (c) BCE-DME.

the same product, the SoA process results in a higher specific CAPEX
due to a lower fuel yield, followed by BCE and BSE processes. For in-
stance, for the SNG production, the specific CAPEX ($/kW LHV prod-
uct) is 3300 for SoA-SNG, 2341 for BCE-SNG, and 2208 for BSE-SNG
for the scale of 60 MWth biomass. While for different products, the spe-
cific CAPEX with 60 MWth biomass input is calculated as follows: (1)
For the SoA processes, the SoA-JF has the highest specific CAPEX (5169
$/kW), followed by SoA-SNG (3300 $/kW), SoA-MeOH (3206 $/kW),
and SoA-DME (3046 $/kW) with the same order of magnitude. (2) For
the BSE processes, the BSE-JF has the highest specific CAPEX (3880 $/

kW), followed by BSE-DME (2315 $/kW), BSE-SNG (2208 $/kW), and
BSE-MeOH (2062 $/kW) in the same order of magnitude. (3) For the
BCE processes, the specific CAPEX has a similar variation trend to that of
BSE. The specific CAPEX ($/kW LHV product) is 6–8 percentage points
higher than those of the BSE for JF, SNG, and MeOH in 60 MWth bio-
mass, which is 21 percentage points higher than that of the BSE for
DME.

The variation trend of levelized cost of the product (LCOP) along
with plant capacity is similar to that of the specific CAPEX, as shown in
Fig. 12b. For the same product, the SoA process can achieve the lowest
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Fig. 11. Integrated composite curves of BtJF with the yellow standing for the steam cycle and the black for the remaining process: (a) SoA-JF, (b) BSE-JF, (c) BCE-JF.

LCOP, followed by the BSE and BCE. Taking the SNG production as an
example, for the plant capacity of 10–60 MWth biomass, the LCOP is
28–10 $/GJ for the SoA-SNG, 30–23 $/GJ for the BSE-SNG, and 32–26
$/GJ for the BCE-SNG. While for producing different products the LCOP
of the plant with 10-60 MWth biomass is also calculated: (1) For the
SoA processes, the SoA-SNG has the lowest LCOP for the plant capac-
ity of 10–45 MWth biomass, followed by SoA-MeOH, SoA-DME, and
SoA-JF. When the plant capacity increases from 45 to 60 MWth biomass,
the LCOP of SoA-JF is reduced to the level between that of SoA-MeOH
and SoA-DME. The LCOP is 28–10 $/GJ for the SoA-SNG, 32–13 $/
GJ for the SoA-MeOH, 35–16 $/GJ for the SoA-DME and 58–13 $/GJ

for the SoA-JF. (2) For the BSE processes at the scale of 10–60 MWth bio-
mass, the BSE-SNG has the lowest LCOP (30–24 $/GJ), followed by
BSE-MeOH (33–26 $/GJ), BSE-DME (37–28 $/GJ), and BSE-JF (59–39
$/GJ). (3) For the BCE processes at a scale of 10–60 MWth biomass, the
BCE-SNG has the lowest LCOP (33–26 $/GJ), followed by BCE-MeOH
(36–28 $/GJ), BCE-DME (48–37 $/GJ), and BCE-JF (69–45 $/GJ). In or-
der to be profitable, the products should be sold at a price higher than
LCOP. For a payback time of 7 years, the minimum product selling price
MPSP ($/GJ) is computed according to Ref. [66]. The trends of MPSP
for different cases along with plant capacity are given in Fig. III of the
supplement material.
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Fig. 12. The variation of economic indicators with plant capacity.

The SOE-based biomass-to-fuel systems require a large amount of re-
newable power to drive the SOE, thus both the price and available an-
nual hours (AAHs) of renewable electricity have a significant impact
on their economic feasibility. For the BSE-FUEL processes, when renew-
able electricity is not available, the plant needs to shut down due to
the lack of large-scale storage of hydrogen and electricity. This means
that the AAHs of the BSE-FUEL processes need to be equal to AOHs. For
the BCE-FUEL processes, when renewable electricity is not available, the
plant can still be operated in the SoA mode, while the captured CO2 will
be stored for use when renewable electricity is available. Thus, when the
AAHs are smaller than AOHs, the system only needs to consider setting
up the storage of CO2 and O2, which is considerably easier than the stor-
age of hydrogen or electricity. Besides, in order to convert all captured
CO2, the size of SOE needs to be extended by AAHs/AOHs times.

Taking the BtSNG as an example (Fig. 13), when the AAHs are 7200
h, the LCOP of BCE-SNG is about 7% higher than that of the BSE-SNG.
If the AAHs decrease from 7200 to 3600 and 1800 h with the electricity
price being 73 $/MWh (Fig. 13a), the LCOP of BSE-SNG will increase
by 23% and 91% for the plant of 60 MWth biomass; however, the LCOP
of the BCE-SNG will only increase by 16% and 27% for same plant size.
With the decrease in AAHs, though the LCOP of both cases will increase,
the increment of the LCOP of BSE-SNG is much higher than that of the
BCE-SNG. When AAHs are 1800, the LCOP of BSE-SNG is 1.6–1.3 times
of that of BCE-SNG for the scale of 10–60 MWth biomass.

If the electricity price drops from 73 to 35 and 0 $/MWh with the
AAHs of 7200 h, the operating cost will be decreased by 34% and 66%,
leading to a decrease in LCOP of the BSE-SNG from 24 down to 16 and 8
$/GJ, and a decrease in LCOP of the BCE-SNG from 26 down to 17 and
9 $/GJ for the plant capacity with 60 MWth biomass. The variation of
the MPSP is given in Fig. IV of the supplement material.

4.3. Operational flexibility

Take the SNG production as an example, the operation of the
SoA-SNG plant is mainly affected by the continuity of biomass sup-
ply, which can be easily avoided at the stage of site selection based on
the current construction experience of biomass power plants. With the

AOHs of 7200 h, the annual SNG production is 1.2 × 105 GJ with a bio-
mass input of 10 MWth.

According to results in section 4.1, the BSE-SNG plant can achieve
the highest energy efficiency, but the system is greatly affected by re-
newable electricity. When renewable electricity is not available, the sys-
tem must be shut down. Fig. 14 shows that when the AAHs are reduced
to 3600 and 1800 h, respectively, the annual production of the SNG will
be reduced by 50% and 75%, leading to a significant increase in LCOP
of the BSE-SNG.

Compared to the BSE-SNG, the BCE-SNG is flexible in operation.
When renewable electricity is not available, the SOE can disconnect
from the system, the system maintains the SoA mode of operation with-
out downtime, and stores the produced CO2 for use in the periods with
available renewable electricity. The plant can ensure stable and high an-
nual production, with high operational flexibility.

5. Conclusions

In this study, different biomass-to-fuel processes (i.e., synthetic nat-
ural gas, methanol, dimethyl ether, jet fuel) are carried out via the in-
tegration of solid-oxide electrolyzer, aiming at evaluating their compet-
itiveness systematically concerning thermodynamic and economic per-
formances. The evaluation of each system considers system-level heat
integration to close energy balance with the excess heat recovered by
the steam cycle. Major conclusions include:

• The thermodynamic performances of biomass-to-fuels mainly depend
on product synthesis and upgrading, system-level heat integration,
and excess heat recovered by the steam cycle. Due to the low carbon
conversion rates, the state-of-the-art biomass-to-fuel systems achieve
the lowest energy efficiency (LHV): synthetic natural gas (51%),
methanol (49%), dimethyl ether (48%), and jet fuel (48%). The bio-
mass-to-fuel with steam electrolysis systems achieve the highest en-
ergy efficiency (LHV): synthetic natural gas (68%), methanol (64%),
dimethyl ether (63%), and jet fuel (56%). By integrating the
state-of-the-art biomass-to-fuel systems and co-electrolysis, all cap-
tured CO2 can be converted with significantly increased efficiency
(LHV): synthetic natural gas (66%), methanol (61%), and jet fuel
(54%).

Fig. 13. Impacts of the electricity purchase price (0–73 $/MWh) and AOHs (1800–7200 h) on the LCOP of SNG.
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Fig. 14. Annual production with different AAHs.

• For producing the same fuel, state-of-the-art biomass-to-fuel can
achieve the lowest levelized product cost, while that of the two inte-
grated concepts highly depends on the price and availability of renew-
able electricity. The biomass-to-fuel with co-electrolysis has economic
advantages. With 1800 annual available hours of renewable electric-
ity, the levelized product cost of biomass-to-synthetic natural gas with
steam electrolysis is 30–60% higher than the co-electrolysis concept
for a plant with 10–60 MWth biomass.

• A lower price of renewable electricity can significantly reduce the lev-
elized product cost. If it drops from 73 to 35 $/MWh with annual
available hours of renewable electricity of 7200 h, the levelized prod-
uct cost of biomass-to-synthetic natural gas with co-electrolysis will
decrease from 26 to 17 $/GJ for a scale of 60 MWth biomass.

• Biomass-to-fuel with co-electrolysis can ensure continuous and high
annual production with high operational flexibility. Biomass-to-fuel
with steam electrolysis is greatly affected by renewable electricity.
When renewable electricity is not available, the system might need to
be shut down due to the lack of large-scale storage of hydrogen or
electricity.
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