Fuel Processing Technology 216 (2021) 106776

Contents lists available at ScienceDirect

Fuel Processing Technology
journal homepage: www.elsevier.com/locate/fuproc

Research article

Techno-economic analysis of hydrogen enhanced methanol to gasoline
process from biomass-derived synthesis gas
Malte Hennig a, b, Martina Haase b, *
a
b

Karlsruhe Institute of Technology (KIT), Institute for Technical Chemistry (ITC), Herrmann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
Karlsruhe Institute of Technology (KIT), Institute for Technology Assessment and Systems Analysis (ITAS), Karlstr. 11, 76133 Karlsruhe, Germany

A R T I C L E I N F O

A B S T R A C T

Keywords:
MtG
Biomass to liquid (BtL)
2nd generation biofuel
Synthetic fuel
Renewable energy
Techno-economic analysis

In this paper, the implications of the use of hydrogen on product yield and conversion efficiency as well as on
economic performance of a hydrogen enhanced Biomass-to-Liquid (BtL) process are analyzed. A process concept
for the synthesis of fuel (gasoline and LPG) from biomass-derived synthesis gas via Methanol-to-Gasoline (MtG)
route with utilization of carbon dioxide from gasification by feeding additional hydrogen is developed and
modeled in Aspen Plus. The modeled process produces 0.36 kg fuel per kg dry straw. Additionally, 99 MW
electrical power are recovered from purge and off gases from fuel synthesis in CCGT process, covering the
electricity consumption of fuel synthesis and synthesis gas generation. The hydrogen enhanced BtL procces
reaches a combined chemical and electrical efficiency of 48.2% and overall carbon efficiency of 69.5%. The total
product costs (TPC) sum up to 3.24 €/kg fuel. Raw materials (hydrogen and straw) make up the largest fraction
of TPC with a total share of 75%. The hydrogen enhanced BtL process shows increased chemical, energy and
carbon efficiencies and thus higher product yields. However, economic analysis shows that the process is un
profitable under current conditions due to high costs for hydrogen provision.

1. Introduction
Global energy demand has increased continuously in recent years. In
2017, about 80% of primary energy was generated from fossil fuels such
as crude oil, natural gas and coal [1]. More than 35% of the energy is
used for mobility applications, i.e. for shipping, aviation and road traffic
[1]. The use of fossil raw materials for mobility is associated with the
emission of large quantities of climate-affecting carbon dioxide (CO2)
which is the most abundant greenhouse gas (GHG), accounting for about
two-thirds of GHGs in the atmosphere causing global warming [2].
With the revised version of the Renewable Energies Directive of the
European Parliament and of the Council adopted in December 2018
(RED II for short) [3], the EU introduces the political framework for the
use of renewable energy sources in the transportation sector for the time
period from 2021 to 2030. This framework includes a minimum share of
renewable energy sources in transportation of 14%, including a mini
mum share of 3.5% from advanced biofuels by 2030, and a limit on the
quantity of conventional biofuels from food and feed crops to a
maximum of 7%, and from used cooking oil (UCO) and animal fats of
1.7% [3]. According to [3], advanced biofuels encompass, amongst

others, biofuels produced from lignocellulosic biomass, e.g. residual
straw and residues from forestry. These so-called second generation
biofuels are regarded as one of the most promising renewable alternative
to obtain liquid fuels for the transportation sector as they do not
compete with food and fodder production and at the same time bear a
high potential for greenhouse gas emission reductions [4]. In addition to
ecological assessments of second generation biofuels, techno-economic
assessments of new processes are necessary: by identifying critical pro
cess steps and parameters in terms of efficiency and costs, research and
development can be directed to where major improvements can be
achieved and economic feasibility be assessed [5]. Recent technoeconomic analysis of processes for the production of second genera
tion biofuels show, that production costs are currently higher compared
to fossil fuels, mainly due to higher feedstock costs [5–7].
1.1. Synthetic fuels from biomass
One way of producing second-generation biofuels is the thermo
chemical conversion of lignocellulose, e.g. straw or wood, into synthesis
gas by pyrolysis and gasification and subsequently to liquefied
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petroleum gas (LPG) and gasoline [8]. To overcome the logistical and
technical hurdles of the production of fuels from biomass instead of from
fossil energy carriers, the bioliq® Biomass-to-Liquid (BtL) process is
developed at Karlsruhe Institute of Technology (KIT) [9]. In this process,
wheat straw is processed in decentralized pyrolysis plants into a well
transportable slurry (biosyncrude) which has a significantly higher en
ergy density compared to straw. This slurry is transported to a central
high-pressure entrained flow gasifier for generation of synthesis gas
[9–11].
Synthesis gas can be converted to a broad range of products by
different processes that are well established in industry. Amongst these
products are hydrogen (H2), methane (CH4), methanol (MeOH), and
hydrocarbons (HCs), produced via Fischer-Tropsch or Methanol-toHydrocarbon synthesis [12,13]. Depending on process conditions cho
sen, methanol can be converted to different hydrocarbon products,
yielding primarily aromatic compounds and alkanes within gasoline
range (Methanol-to-Gasoline, MtG) or olefins (Methanol-to-Olefins,
MtO) [14]. The bioliq® process employs a modified form of the MtG
process, in which direct synthesis of dimethyl ether (DME) is used as
intermediate stage in fuel production instead of methanol synthesis. This
is advantageous as synthesis gas from the bioliq® gasifier already has a
hydrogen/carbon monoxide (CO) ratio close to one which is favorable
for DME synthesis [10,15].

2. Materials and methods
The examined hydrogen enhanced BtL process, i.e. the hydrogen
enhanced MtG process and associated up- and downstream processes, is
displayed in Fig. 1. The techno-economic analysis is done in three steps:
Firstly, the process concept for hydrogen enhanced MtG synthesis is
developed based on industrially well-established processes (cf. section
2.2) and subsequently implemented and modeled in the commercial
flowsheeting software Aspen Plus V10 (section 2.3). Based on the results
from fuel synthesis modeling together with mass and energy flows of
upstream and downstream processes, the calculation of chemical and
energy efficiency (section 2.4) and the economic process evaluation is
carried out. The methods and input data utilized for estimation of in
vestment, production costs and revenues are presented in section 2.5. A
brief description of upstream processes for synthesis gas generation, of
downstream processes for fuel gas utilization, and of provision of
hydrogen and biomass (cf. Fig. 1), is given in section 2.1.
2.1. Upstream/downstream processes
The process for generation of synthesis gas from biomass, based on
the bioliq® process concept, was modeled previously by Trippe et al.
[15,24–26] and is used as starting point for the hydrogen enhanced MtG
synthesis in this paper. In a first step, residual straw is converted to a
slurry by means of fast pyrolysis1 in a twin screw mixing reactor at
550 ◦ C. Slurry for a 1000 MW entrained flow gasifier2 is supplied by 11
decentral pyrolysis plants of 100 MW each and is transported over an
average distance of 250 km. This requires a straw input (wet mass) of
284 t/h, and results in the generation of 192 t slurry per hour (cf. Fig. 1).
As in this paper, carbon dioxide from gasification is to be used as
feedstock material in the hydrogen enhanced MtG synthesis, it is
assumed that no carbon dioxide is separated from synthesis gas in the
gas cleaning section. Thus, the mass flow of clean synthesis gas increases
and its composition changes to 38.9% H2, 47.7% CO, 13.4% CO2 by
volume while the modeling of the gasification process itself remains
unaltered. Additionally, the gas composition for subsequent MtG syn
thesis is adjusted by the amount of hydrogen fed into the system instead
of using water gas shift reaction.
Purge and off gases from methanol and fuel synthesis are used as fuel
gas for energy recovery (electricity production) in a Combined Cycle Gas
Turbine (CCGT) process according to [15,26] (cf. Fig. 1).
Hydrogen provision by alkaline electrolysis is accounted for based on
the research of Wulf et al. [21,27,28]. In our paper, two alternatives are
considered: one producing hydrogen off-site and the other producing
hydrogen locally. This has consequences both on the cost of hydrogen
provision as well as on how oxygen for gasification is supplied but does
not affect the fuel synthesis process itself. When hydrogen is produced
off-site, oxygen needs to be provided by air separation. Hydrogen is
assumed to be transported via pipelines over an average distance of 400
km to the production site and is provided with a pressure of 7 MPa
[21,27,28]. When hydrogen is produced locally, oxygen from electrol
ysis can be used and needs to be pressurized to gasification pressure (8
MPa) making air separation obsolete.
Biomass provision refers to provision of residual straw and includes
straw collection and baling on agricultural areas as well as transport via
tractor and trailer to decentralized pyrolysis plants over an average
distance of 30 km according to Haase and Rösch [29].

1.2. Hydrogen-enhanced fuel synthesis
In the thermochemical conversion of biomass to synthesis gas for fuel
production significant amounts of carbon leave the process unused in
form of carbon dioxide [15,16] which is also true for the bioliq® pro
cess. One possibility for enhancement of carbon efficiency in
gasification-based production of biofuels is the feeding of additional
hydrogen for fuel synthesis, enabling the utilization of carbon dioxide
contained in raw synthesis gas as feedstock material in order to increase
product yield and thus carbon utilization and efficiency [7,16–18].
For production of hydrogen, different technologies already exist at
industrial scale or are currently under development [19,20], amongst
others, steam reforming of natural gas, electrolysis of water, and gasi
fication of biomass. According to Wulf and Kaltschmitt [21], hydrogen
production via alkaline and proton exchange membrane electrolysis
using renewable electricity sources (i.e. from wind power) would be
most favorable from an ecological perspective. Currently, electrolyzers
are available in the MW scale. However, several projects have been
announced that strive to close the gap towards the required 1000 MW
scale by 2030 [22]. With increasing stack size lower costs for hydrogen
provision can be expected [23].
The aim of this paper is to investigate the implications of the use of
hydrogen on process performance regarding product yield, conversion
efficiency and carbon utilization as well as on the economic performance
of a hydrogen enhanced BtL process in comparison to the BtL process
analyzed by Trippe et al. [15,24–26]. In terms of process modeling, the
focus of this work is on the fuel synthesis (cf. Fig. 1). MtG process has
been chosen for fuel synthesis as in contrast to Fischer-Tropsch syn
thesis, carbon dioxide can be used directly in methanol synthesis
without prior conversion to carbon monoxide in an additional reverse
watergas shift reactor (cf. [7]). Additionally, MtG yields a narrower
product distribution in the LPG and gasoline range whereas FischerTropsch products consist of gases, fuel (gasoline, kerosene, diesel),
and waxes that require further processing [15]. A process concept for the
large-scale synthesis of fuel from biomass-derived synthesis gas via MtG
with utilization of carbon dioxide from gasification by feeding addi
tional hydrogen is developed and modeled in Aspen Plus. The technoeconomic analysis based on the results from process modeling encom
passes the calculation of fuel (i.e. gasoline and LPG) production costs as
well as the calculation of the operational result of the hydrogen
enhanced BtL process.

2.2. Process description of hydrogen enhanced MtG synthesis
Hydrogen enhanced fuel synthesis consists of three subsystems:
Methanol synthesis (A), hydrocarbon synthesis (B), and product
1
2

2
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Fig. 1. Process chain of the hydrogen enhanced BtL process based on the bioliq® process concept (decentralized pyrolysis, centralized gasification and
fuel synthesis).

recovery and purification (C). (B) and (C) are referred to as “fuel syn
thesis”. The developed process flow diagram is shown in Fig. 2. The first
step is the conversion of synthesis gas to methanol (section A in Fig. 2).
Methanol can be produced directly from carbon monoxide and car
bon dioxide without need for prior conversion of carbon dioxide to
carbon monoxide by reverse water gas shift reaction:
CO + 2 H2 ⇌CH 3 OH

(1)

CO2 + 3 H2 ⇌CH 3 OH + H2 O

(2)

Due to thermodynamically limited per pass conversion of synthesis
gas, industrial processes recycle unconverted synthesis gas to increase
methanol yield. Large scale single train methanol plants with production
capacities of 5000 tons per day typically operate three to four reactors in
parallel [30,31].
Next, methanol is converted to hydrocarbons (section B in Fig. 2).
Hydrocarbon product composition depends on reaction conditions,
catalysts, and recycling of light product gases [32]. While a one-step
process converting methanol directly to hydrocarbons is possible, a
two-step process offers better temperature control by reducing adiabatic
temperature rise in hydrocarbon synthesis, preventing cracking re
actions and excessive formation of light olefins [33,34]. Therefore, in a
first step methanol is dehydrated to a near equilibrium mixture of
dimethyl ether, water, and unconverted methanol (Eq. (4)).

Synthesis gas from biomass-based slurries is hydrogen deficient for
methanol synthesis. Therefore, additional hydrogen needs to be brought
in to adjust the stoichiometric number (SN) as defined in Eq. (3). A slight
hydrogen surplus is used to shift reaction equilibrium of methanol
synthesis further to the product’s side and achieve high methanol
selectivity [30].
SN =

[H2 ] − [CO2 ]
[CO] + [CO2 ]

2 CH 3 OH⇌CH 3 OCH3 + H2 O

(4)

Next, this mixture is converted to hydrocarbons. Schematically, the
formation of hydrocarbon chains (paraffins, olefins, aromatics) from
previously unconverted methanol and DME can be written as [34].

(3)

Fig. 2. Process flow diagram of the hydrogen enhanced MtG process: (A) methanol synthesis, (B) hydrocarbon synthesis, (C) product recovery and purification.
3
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− H2 O

2 CH 3 OH ̅̅̅→ CH 3 OCH3 ̅̅̅→ hydrocarbon

Table 1
Hydrocarbon product distribution in % (mass fraction) based on Chang and
Silvestri [39].

(5)

Even though coke formation is low in hydrocarbon synthesis, mul
tiple fixed bed reactors that are operated in parallel are needed [35].
While the others are in operation, one will be regenerated by burning off
coke.
In our model, two products, gasoline and LPG, are recovered from
the hydrocarbons produced (section C in Fig. 2). Hydrocarbons are
fractionated into a gaseous and a liquid fraction by condensation. LPG is
recovered from the remaining gas phase by rectification, separating light
and permanent gases. The liquid aqueous phase consisting of water
formed during methanol synthesis and subsequent DME and hydrocar
bon synthesis is removed. The organic liquid fraction is upgraded to
gasoline by hydrotreating.

Phase
Gas fraction

Liquid fraction

Mass fraction in %
Propane
Butane (n + i)
Other
Alkanes
Olefins
Aromatics

44.9

55.1

36.1
54.1
9.8
24.3
0.9
74.8

product distribution determined from gasoline produced by the bioliq®
process on a pilot scale [40] which employs a similar process as modeled
in this paper. Full conversion of methanol and DME can be achieved [39].
For modeling purposes, structural isomers of aromatic compounds as o-,
m-, p-xylene are lumped together. To assure that atom balances for C, H,
and O are maintained within the hydrocarbon synthesis reactor model,
stream composition of the gasoline synthesis reactor effluent is calculated
in an Excel subroutine, assuming formation of low amounts of hydrogen
and carbon dioxide. Of the total hydrocarbons formed, 55.1% by weight
are in the C5+ gasoline range with an aromatic share of 74.8%. 95.3% of
lighter hydrocarbons are within LPG range. MtG is less susceptible to coke
formation than MtO with coke yielding <0.2% of methanol feed [41]. It is
therefore neglected in terms of product distribution but considered in the
choice of process equipment (cf. 2.2).

2.3. Modeling of hydrogen enhanced MtG process in Aspen Plus
The implementation of the previously described process in Aspen
Plus is shown in the Appendix (Fig. A1.1). A summary of the most
important material flows (composition, pressure, temperature, chemical
energy) is given in the supplementary material. Throughout the model,
Peng-Robinson equation of state with Gibbons-Laughton Alpha Function
is used for thermodynamic calculations. This equation of state is rec
ommended for refinery operations by Aspen Plus. The GibbonsLaughton Alpha Function takes into account non-ideality of polar
compounds [36], making it suitable for modeling of methanol synthesis
also. A preliminary heat integration is implemented based on pinch
analysis. Use of waste heat for generation of electricity or district
heating is not considered in energy efficiency analysis. Within the sub
sequent subsections, key figures of the process model are given.

2.3.3. Product recovery and purification
After hydrocarbon synthesis, the reactor effluent is cooled to 313 K
and liquid and gaseous phase are separated. Water is separated from the
liquid organic phase. Light hydrocarbons < C5 dissolved in the organic
liquid phase will cause the gasoline’s vapor pressure exceed permissible
values specified in the European Standard for automotive fuels [42].
Therefore, those are separated by rectification in a degassing column at
1.0 MPa. The top product is recompressed to 1.5 MPa, mixed with the
gas phase from first phase separation and fed into the LPG separation
column operating at 1.5 MPa. At the top, light gases outside the LPG
range are drawn off while the bottom product is LPG.
As aromatic content in gasoline is limited to 35% by volume [42] the
bottom product from degassing column cannot be used directly as gaso
line but must be treated further by hydrotreating or separation of aro
matics or mixed with low aromatic fuels to comply with regulations.
Within this study, hydrogenation is chosen to produce a fuel that is fully
compliant with all regulations. Hydrogenation is carried out in a reaction
loop, recycling surplus hydrogen. Data for hydrogenation of mixed aro
matics free of sulfur is scarce in literature. Relatively mild reaction con
ditions of 513 K and 3.4 MPa are chosen, according to Wilson et al. [43].
The amount of hydrogen fed into the hydrotreating reaction loop is
determined by a design specification adjusting the ratio of hydrogen to
raw gasoline at 3000 scf/bbl (534.3 m3/m3). Hydrogen consumption is
calculated based on conversion of 60% of aromatic compounds, sufficient
to meet the 35% target, and full conversion of olefines to their corre
sponding fully hydrogenated specie. The calculated stream composition
does not reflect the product distribution that would be expected based on
thermodynamic calculations or reaction kinetics but is suitable for esti
mating hydrogen consumption. After hydrotreating, the reactor effluent is
condensed at 313 K. The hydrogen rich gas phase is recycled, purging 5%.
The gasoline is depressurized to 0.1 MPa and degassed.

2.3.1. Methanol synthesis
Synthesis gas is converted to methanol within a reaction loop. The
methanol synthesis reactor is modeled with a combined RPlug reactor
model consisting of a first adiabatic unit and a second isothermal unit.
Synthesis gas enters the first unit at a pressure of 6.0 MPa and 483 K.
Each unit is sized by design specs in Aspen Plus so that the gas tem
perature at the outlet of the first unit is 503 K and the combined resi
dence time of both units, calculated as gas hourly space velocity (GHSV),
is equal to 10,000 h− 1. Reaction kinetics for modeling methanol syn
thesis have been taken from literature [37,38]. As methanol selectivity
in industrial processes is above 99% [30], formation of side products is
neglected within this work. The influence of pressure drop across the
reactor is taken into account by applying Ergun’s equation based on
catalyst specifications from [38]. The reactor effluent is cooled to 313 K
and partially condensed at a pressure of 5.6 MPa. Unconverted synthesis
gas is recompressed and recycled with a purge ratio of 2% to achieve
high methanol yield. Liquid raw methanol, separated from the reactor
effluent, is depressurized to 3.4 MPa, degassed, and fed to subsequent
hydrocarbon synthesis.
2.3.2. Hydrocarbon synthesis
Methanol is evaporated and preheated to 473 K and enters the DME
synthesis reactor. The feed is further heated internally to the reactor
temperature of 523 K by reaction heat. The gas phase dehydration re
action is modeled using Aspen Plus’ REquil reactor model, calculating
chemical equilibrium composition based on minimization of free Gibbs
enthalpy. A temperature approach of 10 K is chosen to account for near
equilibrium conversion of methanol to DME [26]. Before entering the
gasoline synthesis reactor, the reactor feed is preheated to 613 K. Re
action takes place at 653 K and 3.3 MPa. The reactor is modeled with a
RYield type reactor model. As a once-through process is employed
within this study and reaction temperature is comparable, a product
distribution based on the experimental work of Chang and Silvestri
[34,39] is used (see Table 1).
Regarding aromatic content, this product distribution is similar to the

2.4. Calculation of chemical and energy efficiency
Energy flows in terms of chemically bound energy are calculated
based on the mass flows’ composition and the corresponding higher
heating value (HHV). As HHVs are not available for all hydrocarbon
products considered in modeling, they are estimated according to Boie’s
4
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method on the basis of the elemental composition (carbon/hydrogen/
oxygen) (cf. [13]). Detailed stream compositions are given in the sup
plementary material. The chemical efficiency ηch is calculated based on
energy content of products and educts:
∑
ṁ
HHV Product,i
ηch = ∑ Product,i
(6)
ṁEduct,i HHV Educt,i

Table 2
Assumptions for economic evaluation of the hydrogen enhanced BtL process.
Category

Value

Unit

Source

Manufacturing costs
Fixed costs
Depreciation period

15

a

7008
7
5
2
1

h
%
% of FCI
% of FCI
% of FCI

Own
assumption
[15,24,25]
[45]
[45]
[45]
[45]

71

€/t dry mass

8190

€/t

Own
calculations
based on [46]
[27]

8096

€/t

[27]

29.6

M€/a

[15,24,25]

29
44.40
0.043

€/t
€/MWh
€/m3

[29,47]
[48]
[49]

18.10

€/kg

[35]

19.25
57.54

€/kg
€/kg

[35]
[35]

28.93
2.00

€/kg
€/m3

[50]
[49]

50.85

€/GJ

[45]

4
6
3
2
15

% of FCI for
individual
process

[15,24,25,45]

% of
maintenance
and repairs
% of
operating
labor and
maintenance
and repairs

[45]

[45]

[48]
[51]
[52]

Annual operating hours
Interest rate
Working capital
Taxes
Insurance
Variable costs
Raw materials
Straw

The combined chemical and electrical efficiency ηcomb. takes into
account the surplus net electricity Ṗel,net generated in CCGT process also:
∑
ṁProduct,i HHV Product,i + Ṗel,net
∑
ηcomb. =
(7)
ṁEduct,i HHV Educt,i
When evaluating chemical and electrical efficiency of the hydrogen
enhanced BtL process including upstream and downstream processes, the
electrical power ṖElectrolysis for hydrogen production and hydrogen
compression needs to be included. Electrolysis requires a power input of
50.85 kWh/kg plus an addtional 1.27 kWh/kg for hydrogen compression
[28,44], resulting in an electrolysis efficiency of 76.2% based on HHV.

Hydrogen (off-site
generation)
Hydrogen (on-site
generation)
Operating labor
Utilities
Transport slurry
Electricity
Cooling water
Catalysts
Methanol
synthesis
DME synthesis
Hydrocarbon
synthesis
Hydrogenation
Wastewater
treatment
Refrigeration
(-50 ◦ C)
Maintenance and repairs
Methanol synthesis
Fuel synthesis
Product recovery
CCGT
Operating supplies

2.5. Economic evaluation
For economic assessment, manufacturing costs (MC) per kilogram
product, i.e. fuel (gasoline plus LPG), total product costs (TPC) as well as
the operational result (calculated as Earnings before interests and taxes
(EBIT) and Earnings before taxes (EBT)) of the hydrogen enhanced BtL
process are calculated. The calculations are based on the methods for
estimation of fixed capital investment (FCI) and total product costs (TPC)
outlined by Peters and Timmerhaus [45]. Cost components and under
lying assumptions for economic evaluation are summarized in Table 2.
As mentioned above, two alternatives – off-site production of
hydrogen with delivery by pipeline and on-site generation of hydrogen
are evaluated, differing in cost of hydrogen provision as well as invest
ment and electricity consumption for supply of oxygen for gasification.
2.5.1. Investment estimation
The FCI for the hydrogen enhanced MtG process plant and down
stream CCGT process is calculated based on the cost estimation of main
plant components. In analogy to [53], the investment Ig for standardized
equipment as heat exchangers (HX), separation columns, compressors
etc. is estimated with the commercial software Aspen Capital Cost
Estimator based on modeled mass and energy flows from flowsheet
simulation. As reactors are much more unique in design, investment Ig
for reactors is calculated from base investment I0 available in literature
for base capacity Cap0. This is scaled to the respective capacity Capg
needed by degression method [45]:
(
)
Capg y
Ig = I0
(8)
Cap0

Plant Overhead

General expenses
Administration

Revenues

Non-linearity of the investment-capacity correlation is taken into
account by degression exponent y. As base years and currency differ, the
reference investment is updated to € 2018 with cost development data of
chemical plants from [54] and currency exchange rates for the corre
sponding year [55]. References for base investment for reactors of MtG
and CCGT process are summarized in Table 3.
Associated costs as e.g. for secondary components are accounted for
with ratio factors fi for direct (f1 = 2.60) and indirect (f2 = 1.44) costs,
specified in [15,45] for fluid processing plants.
(
)
2
∑
(9)
FCI = Ig 1 +
fi

50

15

Marketing and sales
Research and
development

2
5

% of
operating
labor
% of TPC
% of TPC

Electricity
Gasoline
LPG

44.40
562
420

€/MWh
€/t
€/t

[45]

[45]
[45]

2.5.2. Total product costs
According to [45], total product costs comprise manufacturing costs
(MC) and general expenses (GE) as well as revenues from by-products
(RVby). Manufacturing costs consist of fixed costs (FC), variable costs
(VC), and plant overhead (PO) (cf. Eq. (10) and Table 2).
TPC = FC + VC + PO + GE − RV by

(10)

2.5.2.1. Fixed costs. Fixed costs consist of depreciation, capital costs, and
costs for taxes and insurance. Linear depreciation of FCI over a period of
15 years is assumed (cf. Table 2). Capital costs, i.e. interests, are estimated
using half of the sum of FCI plus working capital (WC) at an interest rate
of 7% (cf. [45,58]). Costs for taxes and insurance are calculated as

i=1

Data for FCI of upstream processes is taken from [15,24–26] and
updated to base year 2018 accordingly, resulting in FCI of 422.9 M€ for
decentralized pyrolysis plants and 339.9 M€ for gasification without air
separation and 438.6 M€ including air separation (cf. Table A2.1).
5
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Table 3
Base capacities, base investments and degression exponents for reactors of hydrogen enhanced MtG and CCGT processes.
Description
Hydrogen enhanced MtG
Methanol synthesis
Methanol reactor
Hydrocarbon synthesis
DME synthesis reactor beds
DME synthesis reactor intercooler
Gasoline synthesis reactor beds
Gasoline synthesis reactor intercooler
Product recovery and purification
Hydrogenation reactor
CCGT
Gas turbine
Steam generator
Steam turbine

Base Capacity Cap0

Unit

Base Investment I0in k€ 2018

Degression Exponent y

Source

10.2

t MeOH/h

629.9

0.60

[56]

39.8
37.2
14.8
37.2

t/h
MWth
t DME-equiv./h
MWth

609.8
2031.7
89.4
2031.7

0.57
0.65
0.60
0.65

[56]
[56]
[56]
[56]

0.93

t raw gasoline/h

694.3

0.70

[57]

91.7
110.4
48.5

MWe
MWth
MWe

11,523.3
7412.8
10,926.5

0.75
1
0.67

[26]
[26]
[26]

percentages from FCI (2 and 1% respectively) [45] (cf. Table 2).

3.1. Process efficiencies

2.5.2.2. Variable costs. Variable costs of the hydrogen enhanced MtG
process comprise costs for raw materials (straw3 and hydrogen), oper
ating labor, utilities (transport of slurry4, electricity, cooling water,
catalysts, wastewater treatment, refrigeration)5, maintenance and re
pairs, and operating supplies. For the hydrogen enhanced MtG process,
costs for upstream processes (pyrolysis, gasification) can be summarized
as costs for synthesis gas provision resulting in TPC of 273 €/t synthesis
gas and MC of 251 €/t synthesis gas (€ 2018). Costs for raw materials and
utilities are calculated based on mass and energy balances from flow
sheet simulation for hydrogen enhanced MtG synthesis together with
their specific costs/prices (cf. Table 2). Corresponding mass and energy
flows for upstream processes as well as costs for operating labor are
taken from [15,24–26,29]. Costs for maintenance and repairs are
calculated as percentages from FCI (cf. Table 2). Costs for operating
supplies are calculated as percentages from costs for maintenance and
repairs (cf. Table 2).

The mass, carbon, and energy balances of the hydrogen enhanced
MtG synthesis and of the hydrogen enhanced BtL process are visualized
in Fig. 3. Mass and energy flows of the modeled process as well as the
carbon contained in those streams are summarized in Table 4.
Furthermore, chemical, combined chemical and electrical, and carbon
efficiency are given in Table 4. Results from Trippe et al. [15] for gas
oline synthesis via DME synthesis without utilization of carbon dioxide
from gasification (and without use of additional hydrogen) and for the
corresponding BtL process are included in Table 4 for comparison.
The modeled hydrogen enhanced MtG process produces 50.8 t/h
gasoline and 36.4 t/h LPG. This translates into a product yield of 0.36 kg
fuel per kg dry straw. 99.4 MW electrical power are recovered from purge
and off gases from fuel synthesis in CCGT process, covering the con
sumption of fuel synthesis and synthesis gas generation. This results in a
combined chemical and electrical efficiency of 48.2% for the complete
process chain. When hydrogen is produced on-site, oxygen from elec
trolysis can be used for gasification. While the amount of LPG and gaso
line produced does not change, the electric energy consumed in upstream
process step gasification decreases by 31 MW6, increasing surplus elec
trical energy to 59 MW. Thus, combined chemical and electrical efficiency
increases to 49.4%. In both cases, energy released in form of heat accounts
for the biggest loss in energy efficiency (cf. Fig. 3, middle). Due to reaction
thermodynamics, this loss cannot be avoided completely. However,
approximately 240 MW of reactor waste heat from hydrogen enhanced
MtG process at a temperature level above 200 ◦ C are available for energy
recovery beyond internal heat demands, e.g. for electricity generation or
district heating depending on actual site infrastructure.
The overall carbon efficiency of the hydrogen enhanced BtL process
reaches 69.5%. As can be seen from Fig. 3 (bottom), carbon losses from
fuel synthesis consist of light hydrocarbons outside the gasoline and LPG
product range and purge gas from methanol synthesis. They account for
only 8.4% of the total carbon initially contained in biomass. The biggest
loss of carbon (21.3%) is due to the decentralized pyrolysis step. The
pyrolysis gas can only be used for heating of the individual pyrolysis
units but cannot serve as feedstock for the central gasification and
subsequent fuel synthesis.
The purge ratios of methanol synthesis and hydrogenation were
evaluated in terms of impact on carbon and chemical efficiency. While
the hydrogenation purge ratio shows hardly any impact on both effi
ciencies, the methanol synthesis purge ratio does affect carbon and
chemical efficiency. For a purge ratio of 1 to 5%, chemical efficiency of
fuel synthesis decreases from 66.9% to 63.4% and carbon efficiency

2.5.2.3. Plant overhead and general expenses. Plant overhead costs
comprise e.g. costs for medical, safety, and restaurant facilities and are
calculated as percentage of costs for labor and costs for maintenance and
repairs [45] (cf. Table 2). General expenses consist of costs for admin
istration, marketing and sales, and research and development. Costs for
administration are calculated as percentage from operating labor costs
(cf. Table 2). Costs for marketing and sales and research and develop
ment are calculated as percentage of TPC (cf. Table 2).
2.5.2.4. Revenues. Revenues for by-products, i.e. revenues for elec
tricity, are calculated using the average wholesale electricity price for
2018 (44.04 €/MWh) from [48] (cf. Table 2). As electricity is produced
in surplus, cost of electricity is charged as opportunity cost at the same
price. Revenues from main products LPG and gasoline are calculated
using expected selling prices given in Table 2. Selling price for gasoline
refers to average gasoline manufacturing costs for 2018 of about 0,42 €/l
taken from [51]. Selling price for LPG is based on LPG manufacturing
costs for 2018 of about 0.25 €/l taken from [52].
3. Results and discussion
In this section, results for process efficiencies as well as the technoeconomic analysis of the modeled hydrogen enhanced MtG process are
presented and discussed.

3

Input for upstream process pyrolysis
Input for upstream process gasification
5
Costs for natural gas (auxiliary burner for gasifier) and costs for emission
reductions (SO2 emissions from burning of pyrolysis gar) are neglected
4

6
Difference between power savings from air separation (34.7 MW according
to [26]) and additional power for compression of oxygen from electrolysis
pressure to gasification pressure (3.4 MW according to own calculation)
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Fig. 3. Sankey diagrams of mass (top), energy (middle), and carbon (bottom) flows of hydrogen enhanced BtL process with off-site generation of hydrogen.

when converted to LHV basis7. Differences can be explained by different
product distribution of MtG synthesis and Fischer-Tropsch synthesis, and
minor differences in process conditions chosen. In comparison to Dietrich
et al. [7], carbon efficiency in this work is 28% lower. Hannula reaches a
carbon efficiency of 88% for the centralized hydrogen enhanced BtL
process when also considering LPG product [17]. The difference to both
Dietrich et al. and Hannula is almost entirely due to the decentralized
pyrolysis process, preventing the further use of a significant fraction of
carbon contained in pyrolysis gas. In comparison to Hannula, the calcu
lated synthesis carbon efficiency for the modeled hydrogen enhanced MtG
psynthesis is almost identical. Therefore, it can be concluded that the

from 90.2% to 85.2% with increasing effect at higher purge ratios. The
combined chemical and electric efficiency will be less affected due to
increased energy recovery from purge gas with increasing purge ratio.
3.1.1. Discussion of process efficiencies
Dietrich et al. have conducted a similar study investigating different
process configurations for production of fuel via Fischer-Tropsch process
from biomass, power, and a combination thereof [7]. Hannula chose a
similar approach as Dietrich et al., modeling a centralized gasifier with
direct gasification of biomass but applying MtG process for conversion of
synthesis gas to methanol and subsequently to gasoline [17]. In contrast
to this study and Trippe et al. [15,24–26], Dietrich et al. [7] and Hannula
[17] model a fully centralized process. However, the results regarding
chemical efficiency of hydrogen enhanced BtL processes are very similar

7

7

This work: 53.0%; Dietrich et al.: 51.4% [7]; Hannula: 49.7% [17]
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Table 4
Mass, carbon, and energy flows of hydrogen enhanced MtG synthesis and resulting hydrogen enhanced BtL process (with utilization of carbon dioxide from gasifi
cation) and of gasoline synthesis via DME and BtL process (without utilization of carbon dioxide from gasification).
Streams and Efficiencies

Hydrogen enhanced MtG synthesis

Gasoline via DME synthesis
Trippe et al. [15]

Mass in t/h

Carbon in kmol/
h

Energy in
MW

Mass in t/h

Carbon in kmol/
h

Energy in
MW

Clean synthesis gasa
Hydrogen (MeOH synthesis)
Hydrogen (hydrotreating)
Electricity
Output
Gasoline
LPG
Gross electricity generation

225
22.6
1.4
-

6858
0
0
-

771
896
56.5
5.8

144
-

4799b
-

758
5.6

50.8
36.4
-

3631
2485
-

645
496
99

30.0
-

2139c
-

394
131

Process efficiencies

Hydrogen enhanced MtG
synthesis

Hydrogen enhanced BtL

Gasoline via DME
synthesis
Trippe et al. [15]

BtL
Trippe et al. [15]

66.3d
71.7d

47.0d
48.2d

51.9
68.5

33.5
38.6

89.2

69.5

44.6

24.3

Input

Efficiency in %
Chemical efficiency
Combined chemical and electrical
efficiency
Carbon efficiencye

Efficiency in %

a

Composition in % by weight: 3.9% H2, 66.6% CO, 29.5% CO2.
Own calculation.
c
Own calculation based on assumed average H:C molar ratio of 2 for gasoline.
d
Required power of alkaline electrolysis: 1,250 MWe (i.e. efficiency of 76.2 % based on HHV taken from Wulf et al. 2018 [28], Koj et al. 2017 [44]; required power
of synthesis gas generation: 65.9 MW taken from Trippe 2013 [26]; Chemical energy of biomass: 1,177 MW [26].
e
Carbon input to pyrolysis from biomass: 8,803 kmol C/h taken from Trippe et al. 2010 [24], Trippe 2013 [26].
b

results from modeling of the hydrogen enhanced MtG synthesis are
plausible and in good agreement with existing literature.
The BtL process modeled by Trippe et al. with identical biomass
input and gasifier reaches a combined chemical and electrical efficiency
of 38.6% [15]. Due to differences in product composition for hydro
carbon synthesis the higher combined chemical and electrical efficiency
cannot be ascribed solely to the use of additional hydrogen but also to
the better utilization of the hydrocarbon spectrum when introducing
LPG as an additional product. This leads to a smaller amount of hy
drocarbons being rejected to CCGT process, increasing overall process
efficiency. Additionally, methanol synthesis with recycling of uncon
verted synthesis gas leads to a higher synthesis gas conversion in com
parison to the once-through DME synthesis employed in the unmodified
BtL process. This leads to an additioanl increase in product yield and
thus in process efficiency. The carbon efficiency of the hydrogen
enhanced BtL process is almost tripled in comparison to Trippe et al.
[15]. This effect is due to the utilization of carbon dioxide from gasifi
cation and prevents the loss of 24% of carbon input. Therefore, product
yield increases from 0.12 to 0.36 kg fuel per kg dry straw.
The comparison with Trippe et al. [15,24–26] on the one hand and
Hannula [17] and Dietrich et al. [7] on the other shows that the additional
use of hydrogen is suitable for increasing product yield in comparison to
BtL processes without use of hydrogen. However, due to the decentralized
pyrolysis step the product yield and thus carbon efficiency cannot be as
high as for a completely centralized process. At the same time, energy
efficiency is not affected by the decentralized pyrolysis as energy effi
ciencies are merely the same for all hydrogen enhanced BtL processes.

hydrogen production, reduced costs for hydrogen provision (no
hydrogen transport costs), lower investment (no air separation unit
needed) and in total reduced electrical power consumption (additional
electricity demand for compression of oxygen from on-site electrolysis to
gasification pressure but no electricity demand for air separation unit) are
considered.
3.2.1. Estimation of Fixed Capital Invest (FCI)
The fixed capital invest (FCI) for the hydrogen enhanced BtL process,
consisting of pyrolysis (11 decentralized pyrolysis units of 100 MW
each), gasification (one central high pressure entrained-flow gasifier of
1000 MW), fuel synthesis, and CCGT plant for energy recovery totals
1198 M€. A detailed list of capacities and corresponding FCI for all main
components is given in Table A2.1 in the Appendix. The largest share of
FCI is for upstream processes pyrolysis and gasification (72%). Methanol
synthesis (9%), hydrocarbon synthesis (7%), product recovery and pu
rification (5%), and CCGT plant (7%) account for a total share of 28% of
FCI. Reactors comprise about 57% of FCI of hydrogen enhanced MtG
process, followed by the heat exchanger network (23%) and compres
sors (12%). When hydrogen is provided on-site by alkaline electrolysis,
FCI is reduced by 91 M€ as oxygen is co-generated and no air separation
unit is needed, leading to a reduction of FCI by 7.6%.
3.2.2. Total product costs and operational result
With an annual operating time of 7008 h, the yearly production of
fuel is 611,600 t (356,300 t/a gasoline, 255,300 t/a LPG). The total
product costs of the hydrogen enhanced BtL process (off-site H2 pro
duction) sum up to 3.24 €/kg fuel, and manufacturing costs sum up to
3.00 €/kg fuel. A detailed summary of all costs on a yearly base is given
in Table 5 while Fig. 4 shows the distribution of costs per kilogram fuel.
Raw materials (hydrogen and straw) make up the largest fraction of
TPC with a total share of 75% though cost of hydrogen is the single
largest cost contributor by far (69% of TPC). When hydrogen is pro
duced on-site, TPC is reduced to 3.16 €/kg fuel. Savings are due to lower
electricity consumption (no air separation unit) i.e. higher revenues
from surplus electricity and reduced costs for hydrogen (no transport

3.2. Economic analysis
The economic evaluation of the hydrogen enhanced BtL process is
based on estimation of fixed capital investment and the calculation of
manufacturing and total product costs. The economic viability is assessed
based on the operational result that would be expected for a large-scale
realization assuming current market prices for gasoline and LPG. If not
stated differently, off-site hydrogen generation is assumed. For on-site
8
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costs). Additionally, fixed costs, variable costs and general costs are
lower for on-site hydrogen production due to lower FCI as the air sep
aration unit for generation of oxygen for gasification can be replaced by
a single compressor for oxygen from electrolysis.
The operational result calculated as EBIT and EBT is summarized in
Table 6. On-site production of hydrogen performs better than off-site
generation of hydrogen due to lower TPC. However, the numbers
clearly show that the hydrogen enhanced BtL process is unprofitable
under current conditions, regardless if hydrogen is generated off-site or
on-site. The reason are high costs for hydrogen from renewable energy
produced by alkaline electrolysis. This can be attributed to alkaline
electrolysis not yet being established on such a large scale.
3.2.3. Sensitivity analysis
Sensitivity analysis of the operational result shows the highest
impact on TPC for cost of hydrogen (cf. Fig. 5) as could be expected from
the large share of hydrogen costs from TPC. To a much smaller extent,
FCI and market price of gasoline show the second highest sensitivity.
This result leads to the conclusion that in the case evaluated the cost of
product is primarily dependent on the cost of hydrogen while all other
factors have a far lesser influence.

Fig. 4. Left: Total product costs in €/kg fuel for synthesis gas generation (py
rolysis and gasification) (1), hydrogen enhanced MtG process (off-site H2 pro
duction) without synthesis gas generation (2), and complete process (hydrogen
enhanced BtL process) (3). Right: Cost distribution by cost components on a
percentage basis for hydrogen enhanced BtL process.

3.2.4. Discussion of economic process performance
The costs of hydrogen dominate the calculated TPC. The potential
savings from local hydrogen production are not nearly high enough to
have a significant effect on TPC. Hydrotreating of raw gasoline adds to
high TPC as additional hydrogen is needed and equipment for hydro
treating requires a higher FCI compared to options where aromatics are
separated or the gasoline from hydrogen enhanced MtG process is used
as blending component. From sensitivity analysis, it can be concluded
that above all a significant reduction of cost for hydrogen is needed for
the hydrogen enhanced BtL process to become competitive. Depending
on the site infrastructure, the use of available reactor waste heat from
hydrogen enhanced MtG process for energy recovery could contribute to
cost reduction by creating additional revenue from district heating,
increased electricity generation, or use of process heat.
While the TPC cannot be compared directly due to different as
sumptions in economic analysis, these findings are backed by the results
of Dietrich et al. [7] and Hannula [17] who also report the biggest
impact on TPC being the cost of electricity for hydrogen production by
electrolysis. However, a sharp reduction in cost for hydrogen would not
be sufficient to break even. Even if hydrogen was provided at no charge
(i.e. negative prices for electricity), TPC would be 0.82 €/kg fuel which
still is above the assumed market price for gasoline and LPG under
current conditions. Thus, additionally an increase of market prices for

Table 6
Calculation of operational result of hydrogen enhanced BtL process as EBT and
EBIT in M€.
Total product costs
Revenues
Gasoline
LPG
EBT
Interests
EBIT

Off-site H2 generation

On-site H2 generation

− 1980.3
307.4

− 1932.7
307.4

¡1672.9
44.0
¡1628.8

200.2
107.2

200.2
107.2

¡1625.3
40.7
¡1584.6

Table 5
Estimation of total product costs and manufacturing costs in M€ per year for offand on-site generation of hydrogen.
Category

Item

Off-site
H2generation

On-site
H2generation

Fixed costs

Depreciation
Taxes and insurance
Interests on FCI and
WC
Raw materials
Straw
Hydrogen
Operating labor
Utilities,
consumables,
logistics
Maintenance

79.8
35.9
44.0

73.8
33.2
40.7

1496.9
120.0
1376.9
29.6
92.2

1481.1
120.0
1361.1
29.6
81.8

50.2
39.9
− 30.9
1837.5
142.7
1980.3

46.2
37.9
− 30.9
1793.3
139.4
1932.7

Variable costs

Plant overhead
Revenues by-product
Manufacturing costs
General expenses
Total product costs

Electricity

Fig. 5. Sensitivity analysis of EBT of hydrogen enhanced BtL process (off-site
H2 production) for main economic parameters.

LPG and gasoline from renewable sources, e.g. by imposing a tax on
carbon dioxide emissions from fossil fuels, is necessary for the hydrogen
enhanced BtL process to become profitable.
In comparison to the unmodified BtL process without feed-in of addi
tional hydrogen modeled by Trippe et al. ([15,26]), the manufacturing
costs are about twice as high. In contrast to this work, for the unmodified
BtL process FCI has the highest impact on manufacturing costs. Only at a
hydrogen price below 2.7 €/kg the hydrogen enhanced BtL process would
9
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become competitive in comparison to the unmodified BtL process.

in hydrocarbon synthesis or a modified gasoline upgrading scheme with
recovery of more valuable aromatics as benzene, toluene, and xylene
could decrease TPC by reducing hydrogen consumption and decreasing
FCI. To become economically competitive in comparison to fossil fuels a
further reduction of hydrogen costs and higher market prices for gaso
line and LPG are needed, e.g. by introducing an appropriate CO2 tax.

4. Conclusion
From an engineering perspective, the hydrogen enhanced BtL pro
cess is superior to the unmodified BtL process due to increased chemical
and energy efficiency and higher carbon efficiency and thus product
yield. However, economical analysis shows that the hydrogen enhanced
BtL process is highly unprofitable under current conditions due to high
costs for hydrogen provision from alkaline electrolysis. The TPC is
dominated by the costs of hydrogen generation to such an extent that
transportation costs of hydrogen and synergetic effects from local
hydrogen generation do not have a significant effect. In comparison to
the unmodified BtL process, the hydrogen enhanced BtL process only
becomes economically favorable at hydrogen cost below 2.7 €/kg.
Different catalysts that produce lower amounts of aromatic compounds
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Appendix A
A.1. Aspen Plus process model

A
Purge gas 1
Synthesis gas

Purge gas 2

MeOH-R1 MeOH-R2

H2-1

B

DME-R
Hydrocarbon-R

Off gas 1

LPG
Waste water
Off gas 2

Off gas 3

Hydrotreating-R

C

Gasoline
H2-2

Fig. A1.1. Aspen Plus flowsheet of the hydrogen enhanced MtG process: (A) methanol synthesis, (B) hydrocarbon synthesis, (C) product recovery and purification.
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A.2. Fixed Capital Investment (FCI)
Table A2.1
FCI of upstream processes (pyrolysis and gasification), hydrogen enhanced MtG synthesis (methanol synthesis, hydrocarbon synthesis, product recovery and purifi
cation), and downstream processes (CCGT) in M€ 2018.
Process steps/Components

Capacity
(total)

Unit

11
1

284
1000

t straw/h
MWth

438.6

1
1

105
3.4

t O2/h
MWe

98.7
n.a.

1
1
1
1
1
1
4

136
11
77
747
237
5.1
224

MWth
MWth
MWth
t/h
t/h
MWe
t MeOH/h

34.7
1.8
7.8
5.2
2.7
20.6
35.3

1
1
1
1
1
1
3×4
3×3

85
14
10
31
237
7
150
74

MWth
MWth
MWth
MWth
t/h
MWth
t DME-Equiv./ha
MWth

9.4
1.4
0.8
2.4
8.5
3.6
14.3
45.1

1

1

MWth

HX9
HX10
Raw product degassing
Decanter
Gasoline separator
Gasoline degasser
Raw product fractionation column
LPG separation column
LPG compressor
Hydrogenation recycle compressor
Raw gasoline pump
Hydrogenation reactor

1
1
1
1
1
1
1
1
1
1
1
1

6
6
237
224
55
52
88
50
0.3
0.1
78
51

MWth
MWth
t/h
t/h
t/h
t/h
t/h
t/h
MWe
MWe
m3/h
t raw gasoline/h

0.1
0.7
0.5
1.8
1.4
0.7
0.6
5.6
3.5
4.5
5.3
0.6
39.1

Gas turbine
Steam generator
Steam turbine

1
1
1

75
89
24

MWe
MWth
MWe

34.0
20.5
23.7

Pyrolysis
Gasification

Thereof
Air separation unit and related components
Oxygen compressor (O2 from electrolysis)
Methanol synthesis
HX1
HX2
HX3
Methanol separator
Methanol degasser
Recycle compressor
Methanol reactor
Hydrocarbon synthesis
HX4
HX5
HX6
HX7
DME synthesis reactor beds
DME synthesis reactor intercooler
Gasoline synthesis reactor beds
Gasoline synthesis reactor intercooler
Product recovery and purification
HX8

CCGT

Total FCI

a

Quantity

FCI in M€ 2018
H2off-site

1198

422.9

H2on-site
347.3
n.a.
7.4

1106

Calculated as DME for full conversion of MeOH
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[58] G. Wöhe, U. Döring, Einführung in die allgemeine Betriebswirtschaftslehre,
Vahlen, München, 2002.

[18] C. Panzone, R. Philippe, A. Chappaz, P. Fongarland, A. Bengaouer, Power-to-Liquid
catalytic CO2 valorization into fuels and chemicals: focus on the Fischer-Tropsch
route, J. CO2 Utilization 38 (2020) 314–347.
[19] T. da Silva Veras, T.S. Mozer, A. da Silva César, Hydrogen: trends, production and
characterization of the main process worldwide, Int. J. Hydrog. Energy 42 (4)
(2017) 2018–2033.
[20] S.E. Hosseini, M.A. Wahid, Hydrogen production from renewable and sustainable
energy resources: promising green energy carrier for clean development, Renew.
Sust. Energ. Rev. 57 (2016) 850–866.
[21] C. Wulf, M. Kaltschmitt, Hydrogen supply chains for mobility—environmental and
economic assessment, Sustainability 10 (6) (2018) 1699.
[22] IEA, Hydrogen Projects Database. https://www.iea.org/reports/hydrogen-projects
-database, IEA, Paris, .
[23] G. Glenk, S. Reichelstein, Economics of converting renewable power to hydrogen,
Nat. Energy 4 (3) (2019) 216–222.
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