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By adding energy as hydrogen to the biomass-to-liquid (BtL) process, several published
studies have shown that carbon efficiency can be increased substantially. Hydrogen can
be produced from renewable electrical energy through the electrolysis of water or steam.
Adding high-temperature thermal energy to the gasifier will also increase the overall carbon
efficiency. Here, an economic criterion is applied to find the optimal distribution of adding
electrical energy directly to the gasifier as opposed to the electrolysis unit. Three different
technologies for electrolysis are applied: solid oxide steam electrolysis (SOEC), alkaline
water electrolysis (AEL), and proton exchange membrane (PEM). It is shown that the
addition of part of the renewable energy to the gasifier using electric heaters is always
beneficial and that the electrolysis unit operating costs are a significant portion of the costs.
With renewable electricity supplied at a cost of 50 USD/MWh and a capital cost of 1,500
USD/kW installed SOEC, the operating costs of electric heaters and SOEC account for
more than 70% of the total costs. The energy efficiency of the electrolyzer is found to be
more important than the capital cost. The optimal amount of energy added to the gasifier is
about 37–39% of the energy in the biomass feed. A BtL process using renewable
hydrogen imports at 2.5 USD/kg H2 or SOEC for hydrogen production at reduced
electricity prices gives the best values for the economic objective.

Keywords: biomass to liquid process, renewable energy integration, solid oxide electrolysis cell, optimal energy
distribution, fischer-tropsch

INTRODUCTION

According to the International Energy Agency (IEA) world energy outlook 2019, global energy-
related CO2 emissions were about 33.1 Gt CO2 (IEA, 2019) and were 70% higher than those in 2010.
CO2 emissions from the aviation industry were 0.92 Gt CO2, that is, 2.4% of global CO2 emissions as
per the International Council on Clean Transportation (Graver et al., 2019). Aviation industry
emissions correspond to 12% of CO2 emissions from all transport sources. Europe aims to reduce
aviation emissions by 40% relative to 2005 by 2030. Norway emitted 2.8 million tons of CO2 from the
aviation industry in 2017. To achieve the emission targets, the use of alternative fuels, in particular
sustainable aviation fuels, is needed. Norway has mandated that 0.5% of aviation fuel should be
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advanced biofuels from January 2020 and has an ambitious target
of reducing greenhouse gas emissions by half from the transport
sector in Norway by 2030. In addition to this, the goal is that 30%
of aviation fuels sold in Norway by 2030 will be biofuels (Ministry
of Climate and Environment, 2019). Currently, both the EU and
Norway rely on imported biofuels instead of domestic
production. Due to the limited availability of biofuels, Norway
is exploring the potential for large-scale biofuel production using
Norwegian forestry biomass feedstocks.

Renewable energy technologies and carbon capture and
storage are essential to control the global temperature rise
below 1.5°C above pre-industrial levels (IPCC, 2018).
Biomass is a unique renewable energy resource due to its
ability to produce hydrocarbons and replace fossil fuels.
Biomass utilization to replace fossil fuels to produce
energy, heat, and fuels is essential to achieve the United
Nations Sustainable Development Goals (SDG) through
sustainable natural resource management, production, and
consumption, and taking immediate action on climate
change (United Nations, 2015). Biomass resources include
all forms of organic materials. Biomass typically contains
moisture, carbon, hydrogen, oxygen, and traces of sulfur,
chlorine, nitrogen, and ash.

Currently, biomass conversion into useful forms of energy
is performed using biochemical and thermochemical methods.
Typical biomass-specific energy content on dry basis is around
19–20 MJ/kg (Neves et al., 2011). Among the biomass
conversion technologies, gasification is one of the most
promising technologies due to its ability to convert solid
biomass into a gaseous fuel, known as syngas or producer
gas, a mixture of hydrogen (H2) and carbon monoxide (CO).
During gasification, the majority of the energy content in the
fuel/feed biomass is converted into the syngas, the energy in
the syngas is mostly chemical bound (around 80%), and
cooling down of syngas for impurities removal only loses
the thermal energy content (about 20%) (Quaak et al., 1999;
Srinivasakannan and Balasubramanian, 2010). After removing
the contaminants, syngas can replace fossil fuels used in both
conventional and advanced energy conversion processes. The
cleaned syngas can be used in a wide range of applications like
power production by firing in gas turbines or engines;
production of methanol, hydrogen, synthetic natural gas,
and di-methyl-ether (DME); and to produce aviation fuel,
jet fuel, naphtha, and LPG via Fischer–Tropsch (FT) synthesis.

Advanced biofuels can be produced from biomass using the
biomass-to-liquid (BtL) fuel process. In the BtL process, biomass
is converted to syngas by gasification and the syngas is converted
via FT synthesis to liquid fuels. FT synthesis using a cobalt-based
catalyst requires syngas with an H2/CO ratio of around 2.0,
whereas the syngas from biomass gasification contains an H2/
CO ratio of less than 1 without steam addition and between 1 and
1.5 with steam addition to the gasifier (Weiland et al., 2013). In a
conventional BtL process, the water–gas shift (WGS) reaction is
used by adding steam to get extra H2 required to obtain the H2/
CO ratio for FT synthesis, as shown in Eq. 1.

CO +H2O↔CO2 +H2. (1)

Due to the conversion of CO to CO2 in the water–gas shift
reaction, more carbon in the biomass is converted to CO2,
resulting in a further reduced and very low carbon efficiency.
From an energy balance viewpoint [lower heating value (LHV)
basis], biomass feed has an energy content of 19 MJ/kg (dry),
whereas jet fuel contains 43 MJ/kg and gasoline has 44 MJ/kg,
which is substantially higher than the biomass feedstock.

The literature survey for the conventional BtL process and
advanced BtL process with integration of renewable energy are
summarized in Tables 1 and 2, respectively.

All the studies listed above in Table 2 studied the possibility of
increasing the carbon efficiency of a conventional BtL process by
adding extra energy in the form of hydrogen or indirect thermal
energy.

As SOEC is not yet a fully commercial technology, the
investment costs (CAPEX) are high and the addition of extra
energy to the BtL process in the form of hydrogen generated using
SOEC might therefore become expensive. On the positive side,
SOEC requires less electrical work because some of the energy is
provided as heat, and this provides better heat integration with
high-temperature processes like entrained flow gasification. This
relates to the issue of the economic feasibility of the integrated
process, in addition to technical challenges in scale-up. Electricity
is a high-quality energy source compared to thermal energy at
low-to-medium temperatures. The Carnot efficiency increases
with increasing temperatures. At entrained flow gasification
temperatures, for example, 1,300–1,600°C, the Carnot
efficiency is about 81–84%, and, as expected, the addition of
thermal energy at high temperatures is also expensive.

It is clear from the studies performed in the literature (Agrawal
and Singh, 2009; Bernical et al., 2012; Lysenko et al., 2012;
Newport et al., 2012; Schaub et al., 2013; Hannula, 2016;
Dietrich et al., 2018; Hillestad et al., 2018; Karl and Pröll,
2018; Ostadi et al., 2019; Poluzzi et al., 2021) that addition of
energy to the BtL process, either in the form of hydrogen or
directly to the gasifier, improves the carbon efficiency. Here, the
process concept with energy addition to the BtL process is further
improved by optimally distributing the amount of energy added
through SOEC as hydrogen and directly to the gasifier as heat.

A detailed model of the process is implemented in Aspen
Hysys. The energy added to the BtL process is varied to maintain
the gasifier outlet temperature of 1,300°C and a H2/CO ratio of
2.05 in the syngas produced. To make the process more efficient,
the off-gas from FT synthesis is recycled into the gasifier. This
study explores the effect of distributing the added energy between
the SOEC and the gasifier on the amount of syngas (H2 + CO)
produced, the size of SOEC, and carbon conversion efficiency. In
addition to the effect on key process variables, an economic
analysis of the effect of adding a fraction of the energy directly to
the gasifier and partly to SOEC to generate hydrogen to adjust the
H2/CO ratio is also performed.

PROCESS DESCRIPTION

The proposed process is described in Figure 1 (block diagram)
and Figure 2 (more detailed flowsheet). An entrained flow
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gasifier is considered for the gasification of biomass. Pretreated
biomass suitable for the entrained flow gasifier is used as the feed.
Gasification is generally an endothermic process, and heat is
required in order to make the gasification happen. The required
heat for gasification is normally provided by the combustion of a
part of the biomass using oxygen, which is known as autothermal
gasification. In the current study, heat is directly added to the
gasifier using high-temperature electrical heaters. Entrained flow
gasification of biomass normally occurs at temperatures greater
than 1,300°C. Steam and/or oxygen are used as gasifying agents.
Syngas produced in the entrained flow gasifier has a low H2/CO
ratio, typically <1, while the Fischer–Tropsch (FT) synthesis
requires a syngas with H2/CO ∼ 2.05. A possible way to
increase the H2/CO ratio in the syngas from the gasifier is
simply by adding hydrogen produced from renewable electric
power. However, if hydrogen is added at high temperatures, some
CO2 will be converted to CO via the reverse water–gas shift
reaction (rWGS), thereby increasing the amount of syngas. The
hydrogen flow rate is varied to get the required syngas

composition for FT synthesis. Syngas at the outlet of the
reverse water–gas shift reactor (rWGS) is hot and highly
reactive in nature. In order to avoid material issues in the
process, and avoid back-reactions, the hot and aggressive
syngas needs to be cooled very rapidly. A waste-heat boiler
reduces the syngas temperature to a chemically more stable
condition (<500–600°C). The high-temperature heat released
by cooling down the hot reactive syngas is utilized to produce
super-heated high-pressure (HP) steam. Medium- to low-
temperature syngas is further exploited to preheat the boiler
feed water in several heat exchangers (economizers) by
employing efficient heat integration. As the hot syngas gets
cooled, water vapor present in the syngas is condensed and is
separated in a vapor–liquid separator. H2 and CO are the useful
reactants for Fischer–Tropsch synthesis using a cobalt catalyst,
and all other components behave as inerts or contaminants.
Contaminants are removed from the cooled syngas in order to
avoid downstream Fischer–Tropsch catalyst contamination, and
inert concentration needs to be reduced in order to have an

TABLE 1 | Literature survey for BtL process without energy addition.

Source reference Process Remarks

Conventional biomass to liquid process

Agrawal and Singh (2010) BtL Even with a 100% efficient process, around 30% of carbon in biomass is expected to be lost as CO2, and the loss will be at
least 50% with realistic process efficiency

Fujimoto et al. (2008) BtL Carbon efficiency is 37.2 % and 57.1% of carbon in feed is lost in the off-gas
Swanson et al. (2010a, 2010b) BtL The carbon efficiency of the high-temperature FT process is 33.9% and the low-temperature FT process is 26.2%
Iglesias Gonzalez et al. (2011) BtL The carbon efficiency of the FT process is between 18.6 and 33.5%
Floudas et al. (2012) BtL Carbon efficiency is within the range of 25–35%
Bernical et al. (2012) BtL Carbon efficiency is 34%
Rytter et al. (2013) BtL Carbon efficiency is within the range of 24–50%
Schaub et al. (2013) BtL Carbon efficiency is less than 50%
Dietrich et al. (2018) BtL Carbon efficiency is 27 and 73% of the carbon is lost as CO2

Hillestad et al. (2018) BtL Carbon efficiency of BtL process is 37.8%
Marchese et al. (2021) BtL Carbon efficiencies are between 32 and 46%
Poluzzi et al. (2021) BtL Carbon efficiencies are between 25 and 40%

TABLE 2 | Literature survey for the BtL process with external energy addition.

Source reference Energy addition Remarks

Advanced biomass to liquid process with external energy addition

Agrawal and Singh
(2009)

Additional H2 Possible to achieve 100% carbon efficiency, but the additional H2 requirement is quite high

Bernical et al. (2012) H2 addition Carbon efficiency is 61%
Lysenko et al. (2012) Thermal energy by indirectly heated

gasifier
20% higher hydrogen yield in the syngas

Newport et al. (2012) Thermal energy by indirectly heated
gasifier

Syngas with a constant H2/CO ratio ∼1.9 can be produced

Schaub et al. (2013) H2 addition The product yield and carbon efficiency can be increased by adding H2

Hannula (2016) H2 addition Using external hydrogen, up to 2.6 times biofuel can be produced. Process becomes economically viable
for H2 costs below 2.2–2.8 €/kg

Dietrich et al. (2018) H2 addition For combined renewable power and biomass to liquids (PBtL), 98% carbon efficiency can be achieved
Hillestad et al. (2018) H2 Carbon efficiency is about 91%
Karl and Pröll (2018) Thermal energy by indirectly heated

gasifier
Syngas with H2/CO ratios of 2–3 can be produced

Ostadi et al. (2019) H2 Carbon efficiency of higher than 90% can be achieved
Poluzzi et al. (2021) H2 Possible to achieve carbon efficiencies higher than 90%
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effective design. The process block flow diagram for syngas
production is shown in Figure 1.

A detailed flow diagram of the process is shown in
Figure 2. Depending on the amount of energy added to
the gasifier and the S/C carbon ratio, the CO2 content in
syngas varies. In the downstream Fischer–Tropsch synthesis,
with a cobalt catalyst, CO2 is inert and does not participate in
the reactions. Hence, CO2 removal is essential to optimize the
reactor size and thereby costs associated with the FT

synthesis loop, and the CO2 removal unit is assumed to be
able to remove 90% of CO2 present in the syngas stream after
the process condensate separator.

Feedstock
Biomass, pretreated and size-milled to less than 1 mm particles, is
the main feedstock used in the process. The composition is given
in Table 3 below. In the present study, a biomass feed (LHV �
18.8 MJ/kg) flow rate of 25 tons/hr on a dry basis is used for all

FIGURE 1 | Process concept diagram for integration of renewable energy into syngas generation from biomass gasification.

FIGURE 2 | Process flow diagram for the investigated process.
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simulations. This corresponds to a total energy of 130.08 MW in
the biomass feed.

PROCESS MODEL DEVELOPMENT AND
ANALYSIS

Model Development
The process model, shown in Figure 3, has been developed using
the chemical process simulation software Aspen Hysys V10. The
model accounts for key physico-chemical processes occurring in
the gasifier, that is, devolatilization, partial combustion of
volatiles produced, and gasification of char. The Peng-
Robinson equation of state has been used as a thermodynamic
model for the physical and thermodynamic properties of the
components (Kuo et al., 2014; Adnan et al., 2017a, 2017b;
Gagliano et al., 2017; Adnan and Hossain, 2018; Mutlu and
Zeng, 2020; Okolie et al., 2020).

As Aspen Hysys V10 does not contain biomass in its database,
biomass is added as a hypothetical component in the
hydrocarbon class of compounds with the chemical formula
C4.31H6.0O2.62N0.012S0.003 (dry ash–free basis), that is, the
biomass consists of carbon, hydrogen, oxygen, nitrogen, and
sulfur atoms. The Burnham method (Burnham, 2010) based
on the elemental composition of biomass, given in Table 3, is
used for the estimation of the heat of formation. The molar heat
of formation of biomass is calculated to be −518.4 MJ/kmol, and
the molar mass is taken as 100.11 kg/kmol, which is the same as
the values mentioned in the study by Hillestad et al. (2018). The
moisture content of the biomass feed after pretreatment and size
reduction is assumed to be 4.77 wt% (wet basis).

Biomass entrained flow gasification is simulated as two
reactors: the first reactor considered is a conversion reactor

(CRV-100), where biomass is decomposed into smaller
molecules; that is, biomass is decomposed into elements using
the elemental composition from Table 3.

Biomass devolatilization reaction:

C4.31H6.0O2.62N0.012S0.003(Biomass) → 4.31C + 3.0H2 + 1.31O2

+ 0.006N2 + 0.003S.

(2)

The stoichiometric coefficients for all components in reaction (2)
are calculated using the elemental weight percent composition
given in Table 3:

Stoichiometric coefficient ]i �
( wi
100)

MWi
MWBiomass. (3)

The gaseous products from the devolatilization reactor (CRV-
100) along with process steam and moisture in the biomass are
mixed in a mixer (MIX-100) and heated in a heat-exchanger (E-
102) using external heat (Q-ADD). This heated stream is sent to
the gasification reactor along with solids from the devolatilization
reactor and oxygen. The Gibbs reactor block in Aspen Hysys is
used for simulating gasification (GBR-100). As the entrained flow
gasification occurs at high temperatures, the assumption of
equilibrium for all reactions is reasonable, and the same Gibbs
reactor was used in several studies in the literature to simulate the
gasifier (Weiland, 2015; Jafri, 2016; Yakaboylu, 2016; Pala et al.,
2017; Brachi et al., 2018; Furusjö and Jafri, 2018; Gambarotta
et al., 2018; Hillestad et al., 2018; Naidoo, 2018; Ferreira et al.,
2019; Khonde et al., 2019; Ostadi et al., 2019; Safarian et al., 2019;
Tauqir et al., 2019). Devolatilization is endothermic, and the heat
duty required will be supplied from the gasifier. This is done by
using the SET-Duty function available in Aspen Hysys. The
oxygen flow rate is varied using the adjust function to
maintain the required gasifier outlet temperature of 1,300°C.
The Gibbs reactor unit operation calculates the exiting
compositions such that the phase and chemical equilibria of
the outlet streams are attained by minimizing the Gibbs free
energy of the reacting system, that is, the equilibrium condition.
The gasifier outlet hot gas is mixed with hydrogen in a mixer (H2-

FIGURE 3 | Aspen Hysys implementation of the process.

TABLE 3 | Analysis of biomass on dry ash–free basis.

Element Carbon Hydrogen Nitrogen Sulfur Oxygen

Wt% 51.8 6.04 0.17 0.09 41.9
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mixer) and sent to the reverse water–gas shift reactor (GBR-101).
As the hydrogen-mixed syngas temperature is high (above
1,000°C), equilibrium is assumed, and a Gibbs reactor is used
to simulate the reverse water–gas shift reactor. Hydrogen from
electrolysis is added to get the syngas composition suitable for
Fischer–Tropsch (FT) synthesis and convert CO2 formed in the
gasifier to CO. The hydrogen flow rate is adjusted using the adjust
function so that the syngas to FT synthesis has a composition with
H2/CO � 2.05. The outlet syngas is cooled with boiler feed water
(BFW) to generate super-heated steam by using a series of heat-
exchangers, economizers, and waste heat boilers (E103, E104, and
E105). The cooled gas is then sent to a process condensate
separator to separate water from the syngas stream.

Case Studies
Case studies are performed by varying the heat added to the
gasifier in heat exchanger E-102 (Q-ADD) and the flow rate of
process steam added to the gasifier. In all cases, the flow rate of
oxygen is adjusted to maintain a gasifier outlet temperature of
1,300°C, and the hydrogen flow rate is tuned to get an H2/CO
ratio of 2.05 in syngas at the outlet of the reverse water–gas shift
(rWGS) reactor. Results from this work are compared with the
base case presented by Hillestad et al. (2018), where all the energy
is added to the SOEC. The base case is described below.

Base Case
In the Hillestad et al. (2018) study, biomass to liquid fuels using
FT synthesis was studied by integrating the BtL process with a
solid oxide electrolysis cell to produce hydrogen required to
improve the overall carbon efficiency. Biomass was converted
to syngas using an entrained gasifier, and hydrogen from SOEC
was used to obtain the correct H2/CO ratio. Syngas was converted
to liquid fuels via Fischer–Tropsch synthesis using three reactors
in series, with overall CO conversion of about 90%. They showed
that adding extra energy (for hydrogen production) to the
conventional BtL process improves the carbon efficiency
significantly. Thus, all the energy was added to SOEC in their
study. As SOEC CAPEX is very high, alternative ways of energy
addition with lower CAPEX are explored here.

The following scenarios were studied:

(a) Energy addition to the gasifier using electric heaters
(b) Alternative less-expensive electrolysis units for hydrogen

production (alkaline electrolysis (AEL) or polymer
electrolyte membrane electrolysis (PEM))

(c) Cheaper renewable hydrogen imports

Some of the terminology that is used in the results and
discussion is described in the following.

Total moles of carbon from biomass feed are defined as total
moles of carbon in the feed, which is used in the steam to carbon
ratio calculation. The S/C ratio is the molar ratio of steam to total
carbon. OG is the gasifier outlet hot stream, and SG is the syngas
stream at the outlet of the process-condensate separator.

Preliminary economic analysis of the cases is performed by
using the relevant costs that vary with the amount of energy added
to the gasifier. The effect of changing the amount of energy added

to the gasifier and steam to carbon ratio (S/C) on the criterion (in
million US dollars) is used as metric to evaluate the optimal design.

The economic criterion J is calculated using the following
function:

J � PppRp − PelpWSOEC − PelpQHeater − (ISOEC + IHeater)pACCR
− Premoval

CO2
pFCO2p0.9,

(4)

where Pp is the price of Fischer–Tropsch products per kg, Rp is
the rate of production of Fischer–Tropsch products, Pel is the
price of electricity,WSOEC is the electrical work required in SOEC
for producing hydrogen, QHeater is the energy added to the
gasifier using an electric heater, ISOEC and IHeater are the
investment costs of the gasifier and SOEC, respectively, ACCR
is the annual capital charge ratio, Premoval

CO2
is CO2 removal cost per

ton, FCO2 is CO2 present in syngas after H2/CO ratio adjustment,
and J is the criterion used to evaluate the process. The values
considered in the criterion calculation are given in Table 4.

RESULTS AND DISCUSSION

The Results section is divided into different sub-categories to
understand the effect of various combinations of process
operating variables on multiple performance metrics.

Effect of Varying the Steam to Carbon Ratio
Without Energy Addition to Gasifier
First, to establish the base case similar to the Hillestad et al. (2018)
study, the case with all the energy added to the solid oxide
electrolysis cell (i.e., no extra energy addition to the gasifier) is
performed. The effect of changing the steam to carbon (S/C) ratio
on the amount of methane, the CO and CO2 component flow
rates at the gasifier and syngas outlets, and the criterion (J) are
studied and shown in Figure 4. It is clear that with an increase in
the S/C ratio, the total energy added (i.e., to the SOEC) decreases
from 100 to 45 MW as shown in Figure 4A, and the criterion (J)
decreases from 40 to 26.9 MUSD as shown in Figure 4D. There is
no methane in the gasifier outlet gas, but a small amount of
methane forms in the reverse water gas shift reactor, as seen in
Figure 4B. As the steam to carbon ratio increases, the methane
content in syngas decreases exponentially. From Figure 4C, it is
evident that as the S/C ratio increases, the amount of oxygen
required increases, as does the amount of CO2 formed due to the
combustion of biomass in order to maintain the gasifier
temperature at 1,300°C. In addition to the combustion, CO2 is
formed due to the water gas shift reaction, and this results in a
decrease in the flow rate of CO in the gasifier outlet gas with an
increase in the S/C ratio. The hydrogen from the SOEC using
renewable power is added to the rWGS reactor to secure syngas
with the required H2/CO ratio of 2.05. It can be seen from
Figure 4C that the amount of CO increases and CO2

decreases in the syngas stream (SG) compared to the gasifier
outlet gas stream (OG). The water gas shift (WGS) reaction also
produces part of the required H2, which results in a decrease in
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the amount of renewable hydrogen needed. The energy added to
SOEC, as shown in Figure 4A, decreases with S/C due to
reduction in the overall syngas production. As the progressive
amount of carbon in the biomass feed is converted by steam to
CO2, the amount of syngas (CO + H2) for the FT synthesis

decreases, thereby reducing the amount of FT products produced.
Less products and higher CO2 removal cost with the S/C ratio
lead to decrease in criterion (J), as shown in Figure 4D. It is
concluded that a very low S/C ratio is favorable for the BtL
process when all the renewable energy is added to the SOEC.

TABLE 4 | Parameter values used in calculation of criterion.

Parameter Parameter description Value

Annual operation (1 year) Plant operational hours per year 8,000 h
Pp Price of Fischer–Tropsch products (C5 plus) 1.2 USD/kg
Pel Price of electricity 50 USD/MWh
WSOEC , QHeater Electrical energy added to SOEC and to the gasifier using electrical heaters MW
ISOEC Capital investment cost of SOEC per kW installed 1500 USD/kW installed for SOEC
IPEM Capital investment cost of PEM per kW installed 1000 USD/kW installed for PEM
IAEL Capital investment cost of AEL per kW installed 420 USD/kW installed for AEL (Haldor Topsoe A/S, 2020)

EH2
SOEC

Power required to produced kg H2 using SOEC 35 kWh per kg H2 for SOEC

EH2
PEM

Power required to produced kg H2 using PEM 43 kWh per kg H2 for PEM

EH2
AEL

Power required to produced kg H2 using AEL 51 kWh per kg H2 for AEL

IHeater Investment cost for electric heater per kW installed (to add energy to gasifier) 900 USD per kW installed for heater
I Discount rate 0.1
N Plant life 20 years
ACCR Annual capital charge ratio i(1+i)n

(1+i)n−1
Premoval
CO2

Cost of CO2 removal per ton 60 USD/ton CO2 removed

FIGURE 4 | The effect of the steam to carbon ratio without any extra energy added to gasifer on (A) the energy added to the SOEC, (B) the amount of methane
present in gasifier outlet (OG) and in the syngas (SG), (C) the amount of CO and CO2 present in OG and SG and the amount of oxygen required to maintain the gasifier
temperature of 1300 degC, and (D) the criterion defined in Eq. 5.

Frontiers in Energy Research | www.frontiersin.org January 2022 | Volume 9 | Article 7581497

Putta et al. Optimal Renewable Energy Distribution

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Effect of Varying the Steam to Carbon Ratio
and Amount of Energy Added to Gasifier
In order to find the optimal energy added to the gasifier and
SOEC, the amount of energy added to the gasifier using
electric heaters is varied from 0 to 60 MW for the steam to
carbon ratio between 0 and 2.1. From Figures 5A,B, it can be
seen that at a fixed S/C ratio, as the amount of energy added to
the gasifier increases, the total amount of energy added to the
process (to SOEC and gasifier) increases and the energy
added to SOEC decreases, respectively. In other words, as
energy to the gasifier increases, more syngas is produced
(Figure 5C), but simultaneously, less added hydrogen is
needed. It is important to note that the minimum steam to
carbon ratio increases slightly as the amount of energy added
to the gasifier (EADD-G) increases to have a feasible process.
At a constant amount of energy added to the gasifier, the total
energy added to the process decreases with an increase in the
S/C ratio. As the S/C ratio increases due to the WGS reaction,
the hydrogen produced also increases, which results in a less
amount of renewable hydrogen required (i.e., energy added to
SOEC) to achieve syngas with an H2/CO ratio of 2.05. This is,
however, not advantageous as reduced SOEC investment is
counteracted by a strong reduction in syngas production (see
Figure 5C and the overall economic criterion in Figure 5D).

Figure 6 shows the maximum of criterion J vs the amount of
energy added to the gasifier. It can be seen that for the case of hydrogen
produced using SOEC with renewable power, the maximum value of
criterion (J) is 50MW of energy added to the gasifier using electrical
heaters for the given amount of feedstock (more information is given
in Supplementary Table S1 in the appendix). This corresponds to
around 38.4% of the energy in the feed.

The Effect of Different Electrolyzer
Technologies
There are different types of electrolysis units that produce
hydrogen. Alkaline electrolyzers (AEL) and proton exchange
membrane electrolyzers (PEM) are used commercially for
hydrogen production. As mentioned, SOEC is still under
development, and the CAPEX of SOEC is higher than that of
AEL and PEM, and the characteristics are different, that is, SOEC
has higher efficiency and operates at much higher temperatures.
In order to evaluate the impacts of alternative electrolysis
techniques with different CAPEX and efficiencies, the
following scenarios are used.

(a) AEL with CAPEX of 420 USD/kW and 51 kWh/kg H2 energy
requirement

FIGURE 5 | Effect of the steam to carbon ratio and energy added to gasifier on (A) the total energy added to the process (SOEC + gasifier), (B) energy added to
SOEC, (C) amount of syngas (CO + H2) generated, and (D) the criterion defined in Eq. 5.
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FIGURE 6 | Effect of energy added to the gasifier on the criterion defined in Eq. 5 with SOEC as electrolysis unit.

FIGURE 7 | Amount of energy added to gasifier vs economic criterion J for different electrolyzer technologies.
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(b) PEM with CAPEX of 1,000 USD/kW and 43 kWh/kg H2

energy requirement.

The CAPEX of AEL has been taken from the Ammonfuel
whitepaper by Haldor Topsoe (Haldor Topsoe A/S, 2020), and
the CAPEX for PEM is approximated from the Schmidt et al.
(2017) study. The results for AEL and PEM are compared with

the SOEC energy requirement of 35 kWh/kg H2 and CAPEX of
1500 USD/kW. Figure 7 shows the plots for energy added vs the
criterion J calculated using Eq. 4 for different electrolyzer
technologies. It is clear that in the case of AEL-based
hydrogen production, the maximum for the criterion J is still
found at around 51 MW added to the gasifier using electrical
heaters, which is about 39.2% of the energy in the biomass feed.

FIGURE 8 | Cheap renewable hydrogen import scenario.

FIGURE 9 | Analysis of cost breakdown for the SOEC scenario.
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However, even though the CAPEX of AEL is only about 30% of
the SOEC CAPEX, due to the lower energy efficiency of AEL
(45%more power required per kg of H2 than SOEC), the selection
of SOEC to produce hydrogen is more beneficial than alkaline
electrolysis. The maximum value of the criterion for the AEL
scenario is 10% lower than for the SOEC scenario. All the
conditions at the optimum are given in Supplementary Table
S2 in the appendix for the AEL scenario as well as for the PEM
scenario described below. In order to have the same economic
impact as SOEC, AEL needs to have an energy efficiency of
45 kWh/kg H2 with a capital investment cost of 420 USD/kW
installed. From this, we can confidently say that the energy

efficiency of the electrolyzer is more crucial than CAPEX
under the conditions used in this study. On the other hand,
SOEC is a more immature technology. In particular, more
information is needed on the lifetime of the SOEC solid oxide
elements.

Similarly, for PEM-based hydrogen production with a
43 kWh/kg H2 power requirement and a capital cost of 1,000
USD/kW installed, the optimum of criterion J also is at ca. 51
MW added to the gasifier (i.e., ∼39.2% of biomass feed energy)
(see Supplementary Table S3 in Appendix). Although PEM is
apparently slightly better than alkaline electrolysis, it is still
significantly worse than SOEC. It should be noted that the use
of pressurized electrolysis might alter the shown economic trends
to some extent.

(c) Cheaper renewable hydrogen imports

As electrolysis units have high CAPEX and OPEX, an
alternative future scenario where cheap renewable hydrogen is
available and can be imported instead of producing on site is
investigated. The same analysis has been performed as above, but
with a renewable hydrogen import price of 2.5 USD/kg H2

(International Renewable Energy Agency, 2020). Figure 8
shows the maximum of economic criterion J at about the
same maximum energy to the gasifier as in Figures 6, 7. The
scenario of cheap renewable hydrogen import at 2.5 USD/kg is
marginally better than that of SOEC, that is, J � 43.0 compared to
J � 42.6.

Economic Analysis
To analyze the effects of adding energy to the gasifier using
electric heaters, thereby reducing the size of the electrolyzer,
all the costs used in the estimation of economic criterion J
are studied more thoroughly. The case of hydrogen

FIGURE 10 | Distribution of costs for the SOEC scenario with Pel � 50
USD/MWh.

FIGURE 11 | Effect of cheaper electricity prices on criterion and optimal energy addition to gasifier.
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production using SOEC with an electricity price of 50 USD
per MWh is shown in Figure 9. The plot shows the costs at
the maximum value of J for different levels of energy added
to the gasifier. The reduction in both CAPEX and OPEX of
SOEC is reduced by 39% for optimal conditions compared to
no energy addition to the gasifier. It was found that the
OPEX cost of SOEC is 2.27 times the CAPEX, and for electric
heater, the OPEX is 3.78 times the CAPEX. At the overall
optimal value of criterion J for 50 MW added to the gasifier,
OPEX of SOEC and electric heaters account for about 72% of
the total costs considered in this study, and CAPEX of SOEC
and electric heater account for 26% of the total costs,
whereas the cost for 90% CO2 removal is only 1.6% (see
Figure 10).

Reducing OPEX costs significantly improves criterion J
and, according to the Haldor Topsoe Ammonfuel white
paper (Haldor Topsoe A/S, 2020), the cost of renewable
power can decrease significantly in coming years. A cheaper
renewable electricity price of 30 USD/MWh was considered
for projects in the 2025–2030 timeframe, and a price of 20
USD/MWh was predicted for projects in 2040–2050. For
renewable hydrogen production using SOEC as an
electrolysis unit scenario, the effects of these cheaper
electricity prices were used, while the capital costs of
SOEC and the electric heater were unchanged. Figures
11, 12 show the impact of cheaper electricity prices on
the economy and the distribution of costs at optimal
conditions. The optimal energy addition to the gasifier

decreases from 50 to 48 MW when the electricity price is
changed from 50 USD to 30 USD/MWh, but there is no
further change upon reducing the price even more to 20 USD
per MWh. The optimal value of criterion J increases by 41%
and by 62%, respectively, for electricity price reduction from
to 30 USD and 20 USD per MWh.

The total investment and operating costs were
reduced by 27 and 41.7%, respectively, for the reduction
in electricity prices. This is essentially due to the
significant reduction in OPEX of the electric heater
and SOEC.

CONCLUSION

The present study has demonstrated the advantages of
distributing the energy added to the BtL process by partly
adding energy to the gasifier using an electric heater instead of
adding all energy to the electrolyzer. The important conclusions
and trends found from the current study include the following:

➢ It is always beneficial to add part of the total energy added to
the process to the gasifier, and, for the plant size considered
in this study, the optimal energy added to the gasifier is
around 50 MW, which is 38.4% of the energy in the biomass
feed (i.e., ∼50 MW).

➢ With all the energy being added to the solid
oxide electrolyzer (SOEC), operating
the gasification with a low steam to carbon ratio is
beneficial.

➢ The economic viability of the process (criterion J)
increases up to about 50 MW of energy addition to
the gasifier and then decreases (i.e., 0.384 times the
biomass feed energy content).

➢ For the SOEC scenario, the operating costs of the
electric heater and the SOEC account for 70% of the
considered costs, with 50 USD/MWh of renewable
electricity.

➢ Energy efficiency of the electrolyzer (OPEX) plays a major
role compared to CAPEX.

➢ Cheaper renewable electricity improves the economic
viability of the BtL process significantly.

➢ Changing the electrolyzer to AEL or PEM instead of
SOEC indicates that the energy efficiency of the
electrolyzer (OPEX) is more important than that of
the CAPEX.

➢ Cheap renewable hydrogen import at 2.5 USD/kg H2 is
the best option among all the scenarios studied in the
present work when the renewable electricity price is 50
USD/MWh.

Overall, there is a clear benefit of adding energy to
the gasifier, and cheaper renewable electricity
prices and the energy efficiency of electrolyzers are
crucial for improving the economic viability of the BtL
process.

FIGURE 12 | Distribution of costs for the SOEC scenario with cheaper
electricity prices.
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