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Abstract: Biomass gasification to produce burnable gas now attracts an increasing interest for
production flexibility in the renewable energy system. However, the biomass gasification tech-
nology using dual fluidized bed which is most suitable for burnable gas production still encounters
problems of low production efficiency and high production cost. Here, we proposed a large-scale
biomass gasification system to combine dual fluidized bed and high-temperature gas-cooled reac-
tor (HTR) for co-production of hydrogen and synthetic natural gas (SNG). The design of
high-temperature gas-cooled reactor biomass gasification (HTR-BiGas) consists of one steam sup-
ply module to heat inlet steam of the gasifier by HTR and ten biomass gasification modules to
co-produce 2000 MW hydrogen and SNG by gasifying the unpretreated biomass. Software for
calculating the mass and energy balances of biomass gasification was developed and validated by
the experiment results on the Gothenburg biomass gasification plant. The preliminary economic
evaluation showed that HTR-BiGas and the other two designs, electric auxiliary heating and in-
creasing recirculated product gas, are economically comparative with present mainstream pro-
duction techniques and the imported natural gas in China. HTR-BiGas is the best, with production
costs of hydrogen and SNG around 1.6 $/kg and 0.43 $/Nm?, respectively. These designs mainly
benefit from proper production efficiencies with low fuel-related costs. Compared with
HTR-BiGas, electric auxiliary heating is hurt by the higher electric charge and the shortcoming of
increasing recirculated product gas is its lower total production. Future works to improve the effi-
ciency and economy of HTR-BiGas and to construct related facilities are introduced.

Keywords: biomass gasification; GoBiGas; HTR-PM; high-temperature gas-cooled reactor; mass
and energy balances; integrated energy systems; nuclear flexibility; HTR-BiGas

1. Introduction

Biomass gasification is a kind of environmentally friendly technology for various
utilizations of biomass. Flexibility and efficiency in production are key characteristics for
biomass gasification technologies, and therefore co-generation processes with a produc-
tion of heat-and-power or heat-and-combustible gas are usually adopted to realize bio-
mass gasification for practical industrial applications [1]. The co-generation process of
heat and combustible gas, e.g., synthetic natural gas (SNG) and/or hydrogen, can provide
flexible energy and material sources without increasing greenhouse gas emissions. Most
of the present practical technologies utilize dual fluidized bed (DFB) including a steam
gasifier and an air combustor which enables indirect gasification without diluting the
produced combustible gas with the nitrogen in the combustion air [2—4].

Different demonstration projects based on the DFB concept have been constructed
and operated to produce combustible gas. Several main designs are Gaya [5], fast internal
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circulating fluidized bed (FICFB) [6], Pyroneer [7], Alkmaar SNG [8] and Gothenburg
biomass gasification (GoBiGas) [9]. The gasification plants still entail various significant
issues that decrease the projects’ economic viability [10]. In 2018, the GoBiGas plant, the
state-of-the-art SNG project that can produce up to 20 MW of SNG, was mothballed due
to economic reasons [11]. The main problem of GoBiGas is that the production efficiency
will obviously decrease if using the normal biomass with a moisture content of up to 40%
instead of the expensive pretreated wood pellets (moisture content of 8%) [12]. Higher
moisture content will consume more heat and may change the gasification process and
production. Another reason is its related small scale, 20 MW of product gas, resulting in
big heat loss [12] and high cost [11] in average production. If the unpretreated biomass
with a moisture content of 40% can be used in a larger scale plant up to 200 MW without
the breakdown of its production efficiency, its economy may be greatly improved [13].

On the other hand, Chinese continuous economic development increases its energy
consumption, attracting more attention to environmental and security issues regarding
energy sources. In 2018, China imported 42.9% of the domestic consumption of natural
gas and became the biggest importer of liquefied natural gas (LNG) in the world [14].
Much attention has been paid to the coal-based SNG industry by China, which is ex-
pected to be helpful for energy structure optimization, clean coal utilization and pollu-
tion reduction [15]. However, the coal-based SNG projects are widely criticized because
of high carbon emissions, ambient environmental pollution, etc. [16]. In addition, China
is also the world’s largest hydrogen producer whose main sources are coal and natural
gas [17].

The abovementioned calls for a larger scale design for biogas production that ap-
plies to the unpretreated biomass by introducing a cheap high-temperature heat source
with low carbon emissions. The 200 MWe high-temperature gas-cooled reactor peb-
ble-bed module (HTR-PM) is designed by the Institute of Nuclear Energy and New En-
ergy Technology (INET), Tsinghua University, China [18]. One high-temperature
gas-cooled reactor (HTR) in the HTR-PM plant can provide 250 MW super-heated steam
up to around 570 °C with low carbon emissions.

Here, we propose a 200 MW x 10 co-generation system, high-temperature
gas-cooled reactor biomass gasification (HTR-BiGas), for producing hydrogen and SNG
by integrating DFB and HTR. HTR-BiGas aims to improve the production efficiency and
economy of biomass gasification by heating inlet steam of the gasifier with the
high-temperature carbon-free steam from the HTR to cope with the unpretreated bio-
mass with a moisture content of 40%. The HTR-BiGas plant consists of one HTR and ten
biomass gasifiers based on the related designs in the HTR-PM plant and the GoBiGas
plant, respectively. This paper compares HTR-BiGas and other related designs in terms
of production efficiency and cost. Visual Basic. Net software was designed and devel-
oped to calculate the mass and energy balances in the biomass gasification process.
Power of final product gas and various production efficiencies were compared for dif-
ferent designs, heating inlet steam by HTR, electric auxiliary heating and increasing re-
circulated product gas, on two scales (20 MW and 200 MW x 10), to gasify biomass
with the moisture content of 8% or 40%. In addition, we conducted a preliminary eco-
nomic analysis of the HTR-BiGas plant and the other two designs on the large scale of 200
MW x 10. The paper ends with discussions of future works related to the HTR-BiGas
project.

2. Materials and Methods
2.1. GoBiGas Plant

GoBiGas is a demonstration plant in Gothenburg, Sweden that was built to produce
20 MW of SNG through biomass gasification [11]. Gothenburg Energy (Gothenburg,

Sweden) owns the plant and Chalmers University of Technology is responsible for tech-
nical evaluation. The gasification section was constructed by Valmet AB (Stockholm,
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Sweden) on license from Repotec GmbH (Vienna, Austria) whose technology was origi-
nated from FICFB [6,19]. The construction of the GoBiGas plant started in 2011 and was
completed in 2013. In 2018, it was mothballed due to economic reasons after achieving
more than 1800 h of continuous operation and finally reaching 100% of the designed ca-
pacity.

The GoBiGas plant was part of the larger ambition to build biomass gasification
plants in a commercial size (100 MW or higher). The main technique advance of GoBi-
Gas is optimized solid circulation using olivine as the main bed material and potassium
carbonate (K2COs, sometimes sulfur is added) as the additive which can increase the
production efficiency and the gas quality [9,12].

Because the increase of the moisture content of the biomass will decrease the pro-
duction efficiency, some efforts were investigated: high-temperature heating inlet steam
and air, the introduction of electricity to the gasifier, increasing the ratio of recirculated
product gas to the combustor and decreasing the heat losses of the DFB [12]. The related
simulation investigation was conducted by using Aspen Plus by Aspentech (Bedford,
Massachusetts, USA) to calculate the mass and energy balances of the DEB [20].

The improvement of the economy was also discussed by varying the biomass and
the plant scale. If the normal unpretreated biomass, e.g., recovered wood, etc., can be
adopted for the plant, the feedstock cost will be around one-fifth of that of the present
GoBiGas plant [11,13]. Besides, the specific investment and operation costs of a 200 MWin
plant will be around one-third of those of the GoBiGas plant [11,13]. A study compared
several strategies for the production of intermediate burnable gas, SNG and/or hydrogen
where scale-up designs (maximum as 80 MW burnable gas) of the GoBiGas plant were
proposed by using electricity (maximum 12.8 MW) as the auxiliary heat source [21].

The abovementioned discussions provide vital clues for us to propose a design for
biomass gasification with higher efficiency and lower cost.

2.2. HTR-PM

The 200 MWe HTR-PM plant was designed by INET, Tsinghua University, China,
which deploys two HTRs each with 250 MW [18]. The construction of the HTR-PM
plant started in 2008 in Rongchen, China, under the cooperation of China Huaneng
Group (Beijing, China), China Nuclear Engineering and Construction (Beijing, China)and
Tsinghua University. The HTR-PM plant is planned to connect to the grid at the end of
2021.

The HTR-PM plant has inherent safety that can be explained in three aspects: the use
of the more heat-resistant and heat-substantial material, silicon carbide, as the fuel clad-
ding; the lower volumetric power density of the reactor core; and the lower total power
of the reactor [18]. Thus, the decay heat never heats the reactor core to the temperature
limit. The following commercial plant whose design is the same as the HTR-PM plant
will have an online electrovalence of around 0.093 $/kWh with a 9% annualized return in
the expected lifetime of 30 years [22]. Besides, the steam generator (SG) of the plant can
provide superheated steam up to around 570 °C. The temperature of the inlet steam of
the gasifier in the GoBiGas plant is 345 °C [12]. Thus, the superheated steam can be used
as a cheap low-carbon heat source to heat the inlet steam of the DFB for biomass gasifi-
cation.

3. Materials and Methods
3.1. Design of HTR-BiGas

The HTR-BiGas plant combines one HTR and ten DFBs for the co-generation of 2000
MW hydrogen and SNG. The design of the HTR is the same as that in the HTR-PM plant
and the design of the DFB is the scale-up of that in the GoBiGas plant which can
co-produce 200 MWwu hydrogen and SNG. The HTR provides 250 MWu superheated
steam to heat the inlet steam of the ten DFBs through an intermediate heat exchanger
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(IHX). We integrate the water gas shift (WGS) reaction, the vacuum pressure swing ad-
sorption (VPSA) process and the methanation process for the co-generation of hydrogen
and SNG which are similar to those proposed in the previous studies [21,23].

As shown in Figure 1, the HTR-BiGas plant consists of one steam supply module
and ten biomass gasification modules. The main parameters of GoBiGas and HTR-BiGas
are compared in Table 1.
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Figure 1. Design of high-temperature gas-cooled reactor biomass gasification (HTR-BiGas): P1. hot raw gas; P2. parti-
cle-free gas; P3. cold gas; P4. product gas; P5. flue gas; P6. fuel feed; P7. steam feed; P8. air feed; P9. rapeseed oil methyl
(RME); P10. high-pressure gas; P11. sulfur-free gas; P12. rich Hz gas; P13. COz removal gas; P14. methanation gas; P15.
rich CHs gas; P16. synthetic natural gas; P17. Hz. (BTX: benzene, toluene and xylene; WGS: water gas shift; VPSA: vacuum
pressure swing adsorption; TSA: temperature swing adsorption).

Table 1. Comparison of major design parameters of GoBiGas and HTR-BiGas.

GoBiGas HTR-BiG
Parameter

[12] as
Number of HTR 0 1

Steam temperature of secondary side of steam generator (°C) \ 570

Outlet steam temperature of steam supply module (°C) \ 465
Steam of secondary side of steam generator (Nm?3/h) \ 439,040
Steam of secondary side of intermediate heat exchanger (Nm?3/h) \ 373,632
Steam of steam supply module (Nm?3/h) \ 585,063
Steam for gas co-generation module (Nm?/h) \ 146,023

Number of DFB 1 10

Gasifier bed temperature (°C) 870 870

Raw gas temperature (°C) 815 815

Combustor temperature (°C) 920 920

Steam temperature (°C) 345 450

Air temperature (°C) 348 550

Flue gas temperature (°C) 140 140
Fluidization steam (Nm?/h) 4255 46,805
Combustion air (Nm3/h) 8830 97,130

Post-combustion air (Nm?3/h) 1709 18,799
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Flue gas (Nm?/h) 13,049 140,560
Fuel feeding (kgdat/h) 5820 64,020
Heat recovery from the flue gas train (kW) 4678 51,081

GoBiGas: Gothenburg biomass gasification; HTR-BiGas: high-temperature gas-cooled reactor bi-
omass gasification; HTR: high-temperature gas-cooled reactor; DFB: dual fluidized bed; da: dry
ash-free.

The steam supply module is composed of an HTR, an SG and three heat exchangers.
The water in the SG is heated by the hot helium from the HTR core and becomes super-
heated steam to heat the feedwater in the IHX. The other two heat exchangers heat the
feedwater using the flue gas from the combustors.

A biomass gasification module consists of a DFB unit and a gas co-generation unit.
The HTR-BiGas plant has ten DFB units and ten gas co-generation units.

A DFB unit mainly includes a gasifier and a combustor to produce the product gas
for the gas co-generation unit. The biomass is fed into the gasifier through the fuel feeder
and reacts with the high-temperature steam from the steam supply module and the
high-temperature oxygen in the fluidized bed materials from the combustor. The main
raw gas is generated through a series of reactions such as pyrolysis, gasification and
conversion, and a small amount of unreacted char is transported to the combustor
through the fluidized bed materials. In the combustor, various combustion reactions
occur between the high-temperature air and the substances, including char from the
gasifier, recirculated gas from the scrubber, particles, rapeseed oil methyl (RME) and tar,
benzene, toluene and xylene (BTX), etc. Some of the heat generated by the combustion is
supplied to the gasifier through the bed materials, and the oxygen is also transported in
the form of metal oxide. The raw gas generated from the gasifier is purified to remove
particles, BTX, tar, etc., and sent to the gas co-generation unit. The RME is used to crys-
tallize the tar to avoid saturation. The particles from the raw gas and a small amount of
the product gas are sent to the combustor to provide additional heat to the DFB.

In the gas co-production unit, the unsaturated hydrocarbons in the product gas are
converted into alkanes by an olefins hydrogenator and then flow through a COS hydro-
lyzer, an HaS scrubber and a guard bed in turn to remove sulfur compounds. Here, a
balanced method is adopted for the co-generation of hydrogen and SNG with one VPSA
process so that the volume ratio of hydrogen and carbon monoxide is controlled at
around 47:1 by the WGS reactor. A separator is used to remove the carbon dioxide in the
product gas to ensure the high efficiency of hydrogen separation. The hydrogen is sepa-
rated through the VPSA process whose efficiency is around 90%. The remaining product
gas in which the volume ratio of hydrogen and carbon is around 4.7:1 is delivered to a
methanator for methanation to produce SNG.

3.2. Calculation Cases

Because the increase of the moisture content of the biomass will significantly decrease
the production efficiency, some efforts were investigated in the GoBiGas plant: electric
auxiliary heating, increasing recirculated product gas, high-temperature heating inlet air
and steam and decreasing heat losses of the DFB [12,20]. Some techniques and economy
evaluations were also carried out on the scale-up (200 MW of product gas) of the GoBi-
Gas plant [11,13]. These studies indicated that the co-generation systems often have higher
production efficiencies than the systems only producing SNG. In addition, the scale-up of
the biomass gasification plant can significantly improve its economy [13,21].

Here, we mainly discuss the co-generation designs for producing hydrogen and SNG
at two kinds of scale in terms of the power of the final product gas, 20 MWu and 200 MW
x 10 using the unpretreated biomass with a moisture content of 40%. For each scale, 20
MW or 200 MW x 10, three designs are discussed by using different countermeasures:
electric auxiliary heating, increasing recirculated product gas and heating inlet steam by
HTR. HTR-BiGas is the large-scale design (200 MW x 10) to heat inlet steam by HTR. The
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other two designs, electric auxiliary heating and increasing recirculated product gas, do
not have an independent steam supply module and their biomass gasification modules are
the same as those of HTR-BiGas. The steam supply components of these two designs are
the same as those of the GoBiGas which uses the recovered heat from the flue gas [12].

We consider an additional co-generation case using the pretreated wood pellets
with a moisture content of 8% to compare the calculation results of its mass and energy
balances with those of the GoBiGas plant in the previous study [12].

3.3. Calculation Methodologies

The HTR-BiGas consists of a steam supply module and ten biomass gasification
modules, each of which includes a DFB unit and a gas co-generation unit. The mass and
energy balances of the steam supply module are simple. The energy consumed in the gas
co-generation unit is usually much less than that consumed by the DFB unit. In addition,
HTR-BiGas has a conservative design that delivers around 25% output steam of the
steam supply module to heat the various processes in the gas co-generation unit. The
mass balance of the gas co-generation unit is also a simple process based on the mature
techniques for producing hydrogen and SNG. Here, we only introduce the mass and heat
balances of the DFB unit.

3.3.1. Basic Hypotheses and Configurations

We conducted the calculation of the mass and energy balances of the DFB based on
the related methodologies for the GoBiGas plant [12,20]. The mass balance of the DFB is
usually simplified to carbon, hydrogen and oxygen because other elements and sub-
stances, e.g., nitrogen, sulfur, ash, etc., have a negligible effect on the mass and energy
balances [20]. The mass and energy balances are calculated on a dry ash-free (daf) basis
[24]. In addition, some basic hypotheses are assumed as follows so the basic configura-
tions for calculating the mass and energy balances of HTR-GoBiGas and other designs
can be derived from those of the GoBiGas plant:

e The components of the raw gas and the product gas from the DFB are only deter-
mined by the temperatures of the gasifier and the combustor and the bed materials
transported between the gasifier and the combustor.

e  The flows of the raw gas and the product gas from the DFB are proportional to the
input biomass if the ratio of the inlet steam to the inlet biomass on the daf basis is
not changed.

e  Various items in the energy balance are independent of the scale of the biomass
gasification plant except for the heat losses of the DFB to the ambiance.

e The ratio of increased transported heat by bed materials to increased recirculated
product gas is a constant value when the fraction of the recirculated product gas is
higher than that of the GoBiGas plant.

The pieces of literature providing the physical and chemical properties of related
substances are listed in Table 2, which makes the most of the studies related to the Go-
BiGas plant. When calculating the enthalpies of tar and BTX, tar and BTX are considered
as different mixtures of toluene and naphthalene.

Table 2. Sources of physical and chemical properties of related substances.

Item Parameter Source
Fuel, tar, BTX [12]
Component, yield Char [25]
RME [26]
Permanent gas, fuel [12]
LHV/Combustion heat C};\I;iéar Eg%

Ca [27]
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Permanent gas, H20, toluene (C7Hs), naphthalene
Enthalpy (CioHs), Ca, CaO, H2S (28]
Specific heat capacit Dry wood, moist wood, char, volatile [20]
p pacity RME [29]

BTX: benzene, toluene and xylene; RME: rapeseed oil methyl; LHV: low heating value.

3.3.2. Mass Balance of DFB

The pyrolysis process and chemical reactions of biomass gasification in the DFB are
shown in Figure 2a based on the related studies for the GoBiGas plant [12,20]. The biomass
in the gasifier is first converted into a little char and most of the volatiles. Then, various
chemical reactions occur among char, volatiles, oxygen and steam, including char gasifica-
tion, syngas combustion, volatiles conversion, volatiles combustion and char combustion.
Y.y, is the yield of char. The char fraction 4., is gasified and oxidized. X; — Ay, is the frac-
tion of the gasified char which is converted to carbon monoxide and hydrogen. The re-
maining char (1 — X;) is transported to the combustor and then combusted. The volatiles
produces most of the product gas through the conversion reaction. The remaining volatiles
(A4y) combust with the oxygen transported from the combustor.

The flow chart for the calculation of the mass balance is shown in Figure 2b. Firstly,
we will calculate the molar yields of different elements (carbon, hydrogen and oxygen) in
the different substances (biomass, volatiles and char). Then, the stoichiometric coefficients
can be obtained for different chemical reactions, char gasification, syngas combustion, vol-
atiles conversion, volatiles combustion and char combustion. According to the compo-
nents of the raw gas from the DFB, we can calculate the fractions of the volatiles converted
to the different burnable compounds in the raw gas except for hydrogen and carbon
monoxide. The components of hydrogen and carbon monoxide in the raw gas are also in-
fluenced by char gasification. The fraction of char gasified is calculated based on the car-
bon balance in the gasifier. The fraction of gasified char combusted by oxygen transported
from the combustor is obtained based on the assumption of oxygen transport [20]. Then,
the fractions of the volatiles converted to hydrogen and carbon monoxide can be obtained
by adding the related hydrogen and carbon monoxide from char gasification. Finally, var-
ious ratios related to oxygen are calculated.

The methods for calculating the mass balance are introduced in detail by the studies
related to the GoBiGas plant [12,20].
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Figure 2. Pyrolysis process and chemical reactions of biomass gasification in dual fluidized bed and
flow chart for calculating mass balance in them. (a) Pyrolysis process and chemical reactions; (b)
flow chart for calculating mass balance. ((n,),: molar yield of element x (C: carbon; H: hydrogen;
O: oxygen) in related substance y (f: biomass; v: volatiles; ch: char); Y.p: char yield; X,: fraction of
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char gasified; A.y: fraction of char gasified and then combusted; 4,: fraction of volatiles combust-
ed; Z;: fraction of volatiles converted to raw gas compound i (Hz, CO, CHs, C2Hz, C2Ha4, C2Hs, tar,
BTX (benzene, toluene and xylene), etc.); @, by, €, Ayt stoichiometric coefficients of chemical re-
action m (1: char gasification; 2: syngas combustion; 3: volatiles conversion; 4: volatiles combustion;
5: char combustion); A,: air-to-fuel equivalence ratio; Ag¢,: transported oxygen to fuel equivalence
ratio; 1,,,: stoichiometric oxygen for the combustion of the related substance y.

3.3.3. Energy Balance of DFB

The mass and energy streams and the control volumes considered for the energy
balance of the DFB are shown in Figure 3. The input mass streams of the gasifier include
biomass, steam and bed materials from the combustor. The output mass streams of the
gasifier are raw gas and bed materials to the combustor. The input mass streams of the
combustor include air, recirculated product gas, RME, tar, BTX and bed materials from
the gasifier. The output mass streams of the combustor include flue gas and bed materials
to the gasifier. In addition, we should also consider the heat losses from the gasifier and
the combustor to the ambiance and the possible electricity supply to the gasifier.

In particular, the evaluation of the heat losses of the DFB to the ambiance is based on
the empirical data of the GoBiGas plant. For the GoBiGas plant, the total heat losses of the
gasifier and the combustor to the ambiance are 5.2% LHVaat [12]. The heat loss of the
combustor is around three times that of the gasifier [30], based on their external surfaces
and temperatures. For the designs with the same scale of the GoBiGas plant, we assume
that their heat losses to the ambiance are also the same. For the large-scale designs, e.g.,
the HTR-BiGas plant, we assume that the equivalent thermal conductivity in terms of the
surface area and the shapes of the reactors is the same as that of the GoBiGas plant, and
the volumes and heats of the reactors in the large-scale designs are ten times those in the
GoBiGas plant. Thus, we can estimate the total heat losses of the DFB of the large-scale
designs at around 2.41% (5.2% x 10@%-D) LHVr. Finally, we conservatively set the heat
losses of the gasifier and the combustor of the large-scale designs at 0.75% LHVuaar and
2.25% LHV4a, respectively.

Heat losses Heat extracted
e == “->
of gasifier
(Qio) | ___, Heatlosses
X o] of combustor
Biomass &
moisture (Oxygen) Recirculated
Gasifi product gas
Steam —»{23SMer| By materials [Combustor] X
[ Air
-
Electricity ——» (Chan) [“—— RME&Tar
[«— BTX

Raw gas +—
— Flue gas

Figure 3. Mass and energy streams and the control volumes of dual fluidized bed. (RME: rapeseed
oil methyl; BTX: benzene, toluene and xylene; Qinp: internal heat demand of gasifier).

The energy balance first calculates the internal heat demand (Qinp) of the gasifier
which is provided by the bed materials from the combustor. The heat demand of the
gasifier can be calculated by considering the auxiliary electricity supply, the heat loss of
the gasifier to the ambiance and the heat demands of the gasifier for various physical
processes and chemical reactions for biomass gasification in Equation (1) as follows:

Qimp = Q1 + Q2+ Q3+ Q4 + Qs + Qg — El 1)

where Q;yp (kJ/kgd) = internal heat demand of gasifier in terms of mass of dry ash-free
biomass; Q;(kJ/kgda) = heat demand for biomass drying and heating; Q, (kJ/kgdar) = heat
demand for char heating; Q3 (kJ/kgda) = heat for steam heating; Q, (kJ/kgd) = heat de-
mand for char gasification; Qs (kJ/kgda) = heat demand for volatiles conversion; Qg
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(kJ/kgdat) = heat loss of gasifier to ambiance; El (kJ/kgda) = auxiliary electricity supply to
gasifier.

Qizp should be equal to heat provided to the gasifier by the bed materials from the
combustor. However, the energy balance of the combustor usually has an energy deficit
[12,16] because the precise prediction of the energy balance for the complex system of the
GoBiGas plant is impossible. The energy deficit is counteracted by introducing a heat
source named the extracted heat by the combustor. Then, the energy balance of the
combustor can be calculated by considering Q;yp, the heat demand for heating various
substances, the generated heat by combustion and the heat loss of the combustor to the
ambiance in Equation (2) as follows.

Q11 = Qiyp + Q7 + Qg + Qg — Q10 — Mp LHV, + Q¢ 2

where Q;; (kJ/kgdat) = heat extracted by combustor in terms of mass of dry ash-free bio-
mass; Q;(k]J/kgar) = heat demand for air heating; Qg (kJ/kgdar) = heat demand for heating
recirculated product gas; Qy (kJ/kgdar) = heat for steam heating; Q¢ (kJ/kgdaf) = heat gen-
erated by char combustion; mg, (kg/kgda) =mass flow of recirculated product gas; LHV,
(kJ/kg) = lower heating value of recirculated product gas; Q,c (kJ/kgdr) = heat loss of
combustor to the ambiance.

When calculating the energy balance for the experimental conditions of the GoBiGas
plant, the values of Q;yp can be obtained by Equation (1). Then, Q,; is calculated by
Equation (2). According to the third hypothesis, the Q;; of HTR-BiGas or similar de-
signs should be equal to that of GoBiGas. Finally, we can calculate the mass and energy
balances of HTR-BiGas and other related designs with Equations (1) and (2).

Then, we can calculate various efficiencies as follows:

2rc(mLHV;)
Nge = #fl 3)

where 717, (%LHV;,5) = raw gas (RG) efficiency; m; (kg/kgdr) = mass of raw gas com-
pound i in terms of mass of dry ash-free biomass (raw gas includes all burnable gas, e.g.,
Hz, CO, CH4, C2Ha, C2Hs, C2Hs, CsHs, tar, BTX, etc.); LHV; (k]J/kg) = lower heating value
of raw gas compound i; LHV (k]J/kgda) = lower heating value of dry ash-free biomass.
Y co(m;LHV))
Moo == Tav, 4)

where 71¢g (%LHVyq5) = cold gas (CG) efficiency; m; (kg/kgda) = mass of permanent gas
compound j in terms of mass of dry ash-free biomass (permanent gas includes Hz, CO,
CH4, CaHz, C2Hy, CoHe, CsHg, etc.); LHV; (kJ/kg) = lower heating value of permanent gas
compound j.
7 _ ZCG(mjLHVj) )
sect  LHV; + mpypLHVryg + Eltotar + Qurr

where 71, . (%E¢cq) = gasification section (DFB) efficiency; mgyg (kg/kgdaar) = mass of
RME in terms of mass of dry ash-free biomass; LHVgy (kJ/kg) = lower heating value of
RME; Elyyeq (KJ/kgaat) = total electricity used in the plant; Qurg (kJ/kgdar) = thermal heat
provided by HTR.

_ Yrc(m LHV;) ©)
Tptant LHVy + My LHVryE + Eltorar + Qurr

where Nane (%Etotal) = plant efficiency; my, (kg/kgd) = mass of final product gas com-
pound k (hydrogen and SNG) in terms of mass of dry ash-free biomass; LHV} (kJ/kg) =
lower heating value of final product gas compound k.

In this way, we can discuss the energy balances of the three designs: electric auxil-
iary heating, increasing recirculated product gas and heating inlet steam by HTR for
biomass gasification.
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The methods for calculating the energy balance are introduced in detail by the
studies related to the GoBiGas plant [12,20].

3.4. Calculation Software

We developed a software using Visual Basic .Net by Microsoft (Redmond, Wash-
ington, USA) to calculate the mass and energy balances of the various designs, e.g., Go-
BiGas, HTR-BiGas, etc., for biomass gasification.

The main interface of the software is shown in Figure 4a. The modules of the soft-
ware and their main functions are explained as follows:

e  Configuration management module: manage the configurations of the biomass gas-
ification plant and the physical and chemical properties of the related substances.

e Inlet and outlet module: calculate the values of the input and output streams of dif-
ferent equipment.

e  Mass and energy balance module: calculate the mass and energy balances of dif-
ferent equipment.

The flow chart for the calculation is shown in Figure 4b. Because the calculation of
the mass and energy balances is conducted based on the experimental conditions of the
GoBiGas plant, the configurations are first set to the experimental conditions of the Go-
BiGas plant [12], e.g., the moisture content of the biomass, the fraction of the circulated
product gas, the temperatures of the inlet air and steam, the heat losses of the DFB to the
ambiance, etc. After updating the various inputs and outputs, e.g., enthalpies and flow
rates of the inlet air, the inlet steam and the product gas, etc., the mass and energy bal-
ances are calculated to initialize the software to the experimental conditions of the Go-
BiGas plant.
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Figure 4. Software for calculating mass and energy balances of biomass gasification. (a) Main interface of software; (b)
flow chart of software for calculating mass and energy balances. (¥,,: moisture to dry ash-free fuel ratio; PG,,_: recircu-
lation fraction of product gas; T,: temperature of inlet air of combustor; Tg,: temperature of inlet steam of gasifier; Q:
heat losses of DFB; El: introduced auxiliary electricity for heating biomass; Q;yp: internal heat demand of gasifier; Q41:
heat extracted of combustor; Xg: fraction of char gasified; A,,: transported oxygen to fuel equivalence ratio; A: fraction
of char gasified and then combusted; A,: fraction of volatiles combusted; Z;: fraction of volatiles converted to raw gas
compound i (Hz, CO, CHs, C2Hz, C2Hs, C2Hs, tar, BTX (benzene, toluene and xylene), etc.); ©: related parameters under
experimental conditions of GoBiGas plant.)

After this, the configurations are set to the conditions of the different designs, e.g.,
HTR-BiGas. The mass and energy balances are calculated after updating the related in-
puts and outputs. The new value of Q;yp is compared with its value in the last step. If the
value of Q;yp is not stable, we need to calculate the new fractions of different compo-
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nents of the raw gas that are oxidized by changing the oxygen transported by the bed
materials from the combustor. The mass and energy balances are calculated again by
updating the various outputs and inputs until the value of Q;;p becomes stable. Then,
the value of Q,; will be compared with that under the experimental conditions of the
GoBiGas plant. If these two values are not the same, indicating that the energy balance
of the related design is not achieved, we should modify the related parameters, the in-
troduced auxiliary electricity for heating biomass or the recirculation fraction of the
product gas. Finally, we can obtain the values of related parameters and the efficiencies
of different designs.

3.5. Economic Evaluation

The economy of a plant to produce the burnable gas can be evaluated by its full
life-cycle costs, namely, levelized costs of energy (LCOE) [31] of the final product gas.
The LCOEs of HTR-BiGas and other designs can be calculated by Equation (7) as follows:

LCOE = SCygp + SCint + SCaey + SCogm + SC; @)

where LCOE ($/MWh) = levelized costs of energy of final product gas; SCqp, ($/MWh) =
specific investment cost related to depreciation; SC;,; ($/MWHh) = specific investment cost
related to interest; SCy,, ($/MWh) = specific development cost; SCygrm ($/MWh) = specific
operation and maintenance (O&M) cost; SC; ($/MWh) = specific fuel-related cost.

The different specific costs are calculated according to the methods of the study re-
lated to the GoBiGas plant [13].

The specific investment cost related to depreciation can be obtained according to
Equation (8) as follows:

_ 10 Zi(cinv,i) Zj(cinv,j)

SC = + 8
“ = TE YH, | EYaYn ®

where Ci,; ($) = investment cost of component i in biomass gasification module; Cip, ;
($) = investment cost of component j in steam supply module; E, (MW) = thermal power
of final product gas; V; (year) = expected lifetime of biomass gasification module; Y},
(year) = expected lifetime of steam supply module; Hf; (hour/year) = expected annual
full-load hours of plant.
The specific investment cost related to interest can be calculated by Equation (9) as
follows:
10 Zi(cinv,i)

SCoe =~ 5" (

Yllnt Zj(cinv,]') lelnt 1 9
1-(1+Int)y™" ) EpYi Hp (1 — (1 +Int) Ve ) ©)

where Int = interest rate.
The specific development cost is calculated by Equation (10) as follows:

SChev = gdevSCdep (10)

where 0y4,, = development factor.
The specific O&M cost can be obtained according to Equation (11) as follows:

SC. = 2i(Cogan,) + Xj(Cogam,)
am =
o EpHp

(11)

where Cogm; ($) = annual O&M cost of component i in biomass gasification module;
Cogm,j ($) =annual O&M cost of component j in steam supply module.
The specific fuel-related cost can be obtained according to Equation (12) as follows:

10Cbiovdaf Cnuc

SC; =
I T E,(1-w)  E,Hp

(12)
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where Cp;, ($/kg) = specific cost of as-received biomass; v4,s (kgdat/h) = mass flow of dry
ash-free biomass fed to a gasifier; w = moisture content of as-received biomass; Cy,,
($/year) = annual cost of nuclear fuel for an HTR.

The thermal power of the final product gas is calculated regarding the values of the
LHYV (low heating value) and the flow rate of product gas by Equation (13) as follows:

_ 10(LHVypVp17Puz + LHVcpaVp16@cna) 13
E, = (13)
3600 x 1000

where LHVy, (kJ/Nm?)=lower heating value of hydrogen; vp;; (Nm3/h) = volume flow
rate of final product gas at P17 in a biomass gasification module; ¢, = volume fraction
of hydrogen in final product gas at P17; LHV g, (kJ/Nm?) = lower heating value of me-
thane; vp;s (Nm¥h) = volume flow rate of final product gas at P16 in a biomass gasifi-
cation module; ¢cy, = volume fraction of methane in final product gas at P16.

The cost to produce hydrogen or SNG can be determined by assuming the same
specific costs of hydrogen and SNG in terms of their heat.

The specific production cost of hydrogen can be calculated according to Equation
(14) as follows:

LHVy, @2 Ep LOCE
10(LHV2Vp179u2 + LHV H4aVp169cHa)

where SCy, ($/Nm?) = specific production cost of hydrogen.
The specific production cost of SNG can be calculated according to Equation (15) as
follows:

SChy = (14)

LHVcyaPcnakp LOCE
10(LHVy2Vp17¢0n2 + LHVcHaVp16@cra)

where SCgye ($/Nm?) = specific production cost of SNG.

It should be noted that HTR-PM is currently in the stage of the demonstration plant,
and its cost will be relatively high. The cost data of the HTR for the steam supply mod-
ule mainly derive from those of the predicted commercialized plant of HTR-PM [22].
Similarly, the commercialization of GoBiGas has not yet been realized. We choose the
costs of the predicted scale-up of the GoBiGas plant [13]. Here, we also consider the fact
that the price of various equipment and the costs of construction, operation and mainte-
nance will be relatively low when it is built and operated in China. Thus, we make rea-
sonable adjustments in the related costs.

The values of some parameters for the economic evaluation used in Equations (8)-
(12) are shown in Table 3. The expected lifetime of the biomass gasification module is
predicted as 20 years, the same as that of the GoBiGas plant [11]. The expected lifetime
of the steam supply module including an HTR is set as 40 years, the normal lifetime of a
nuclear power plant. We suppose that another 10 biomass gasification modules will be
constructed after the first 20 years of operation and their various costs are the same as
those of the first 10 biomass gasification modules. The additional costs, e.g., retirement
costs, can be covered by the incomes from retrieving the reusable material and equip-
ment, etc.

SCsng =

(15)

Table 3. Values of parameters for economic evaluation.

Item Description Value
Y Expected lifetime of biomass gasification module (a) 20
Y, Expected lifetime of steam supply module (a) 40
Hpy Annual full-load hours (h/a) 7000

Int Interest rate (%) 5

0 dev Development factor (%) 10

Electricity price $/kWh 0.15/0.06
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4. Results
4.1. Mass Balance

Table 4 shows the calculation results of the mass balances of HTR-BiGas and related
designs for co-generation of hydrogen and SNG where the moisture content of the bio-
mass is 40%. We also calculate the mass balances of GoBiGas and the co-generation de-
sign using the biomass with a moisture content of 8% whose configurations of the DFB
unit are the same.

In general, the results of the mass balances of GoBiGas and the similar co-generation
design using the same biomass with a moisture content of 8% are comparable. The dif-
ferences between them may be mainly introduced by the differences in physical and
chemical properties of related substances and the methods for calculating the mass bal-
ance in detail. The mole yields of carbon, hydrogen and oxygen in biomass and char are
different in different articles [12,20] which are sensitive to the results of mass balance.
Besides, several methods are introduced for determining some important parameters [20]
but the final adoptions in the related literature are not revealed [12].

Here, we consider three different countermeasures for dealing with the high mois-
ture content of the biomass: electric auxiliary heating, increasing recirculated product gas
and heating inlet steam by HTR. The introduction of the electric auxiliary heating has
little influence on the biomass gasification coefficient, the syngas and volatiles combus-
tion and the fraction of the transported oxygen from the combustor to the gasifier. The
increase of the recirculated product gas and the heating of the inlet steam increase the
syngas and volatiles combustion by increasing the oxygen transported from the com-
bustor to the gasifier so they decrease the burnable contents in the raw gas from the gas-
ifier.

Table 4. Results of mass balances of GoBiGas, HTR-BiGas and related designs.

ftemm w(8%)-20 MWin w(40%)-20 MW w(40%)-200 MW x 10
GoBiGas [12] G-C E R HTR E R HTR-BiGas
X, 0.538 0.6208 0.6208  0.6193 0.6194 0.6205 0.6194 0.6195
Aen 0.049 0.0432 0.0432  0.0660 0.0642 0.0473 0.0646 0.0628
Ay 0.009 0.0304 0.0304  0.0464 0.0452 0.0333 0.0454 0.0441
Aotr 0.078 0.0489 0.0489  0.0749 0.0729 0.0536 0.0733 0.0713
Zus 0.252 0.2656 02656  0.2602 0.2607 0.2647 0.2606 0.2610
Zeo 0.098 0.1101 0.1101  0.1082 0.1083 0.1098 0.1083 0.1084
Zena 0.341 0.3464 0.3463  0.3386 0.3392 0.3450 0.3391 0.3397
Zeomz / 0.0065 0.0065  0.0064 0.0064 0.0065 0.0064 0.0064
Zcona 0.138 0.1208 0.1208  0.1181 0.1183 0.1204 0.1183 0.1185
Zcane / 0.01339 0.0133  0.0112 0.0114 0.0130 0.0114 0.0115
Zeans 0.0002 0.0001 0.0001  0.0000 0.0000 0 0.0000 0.0000
Ziar 0.035 0.0330 0.0330  0.0325 0.0326 0.0329 0.0326 0.0326
Zgrx 0.058 0.0549 0.0549  0.0541 0.0542 0.0548 0.0542 0.0543

w: moisture content of biomass; GoBiGas: Gothenburg biomass gasification; G-C: co-generation design whose dual flu-
idized bed unit is the same as that of GoBiGas; E: electric auxiliary heating; R: increasing recirculated product gas; HTR:
heating inlet steam by HTR; HTR-BiGas: high-temperature gas-cooled reactor biomass gasification; X;: fraction of char
gasified; A.p: fraction of char gasified and then combusted; A,: fraction of volatiles combusted; Ayt transported oxy-
gen to fuel equivalence ratio; Z;: fraction of volatiles converted to raw gas compound i (Hz, CO, CHs, C2Hz, C2Hs, C2H,
CsHe, tar and BTX (benzene, toluene and xylene)).

The main contents of the final product gas produced by a biomass gasification
module are calculated in Table 5. The energy of SNG in terms of its flow rate and LHV
accounts for around 45% energy of the final product gas (hydrogen and SNG). The de-
signs of electric auxiliary heating have the highest output power regarding the final
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product gas. The designs of increasing recirculated product gas produce the least final
product gas by combusting the most recirculated product gas in the combustor.

Table 5. Main contents of final product gas produced by a biomass gasification module of different designs.

Item ®(8%)-20 MW ®(40%)-20 MW @(40%)-200 MW x 10
G-C E R HTR E R HTR-BiGas
Ha # (Vol%ary) 99.9 99.9 99.9 999 99.9 99.9 99.9
Flow #(Nm?/h) 4069 4069 3278 3515 44758 37769 40365
CHa = (Vol%dry) 86.32 86.32 86.75 86.75 86.75 86.75 86.75
N2 = (Vol%dry) 1.27 1.27 128  1.28 1.28 1.28 1.28
Flow = (Nm?3/h) 1069 1069 858 920 11706 9888 10567
Power of final product gas (MW) 21.43 2143 1727 18.52 235.69 198.97 212.64

#: P17. product gas of Hz; *: P16. product gas of synthetic natural gas. w: moisture content of biomass; G-C: co-generation
design whose dual fluidized bed unit is the same as that of GoBiGas; E: electric auxiliary heating; R: increasing recircu-
lated product gas; HTR: heating inlet steam by HTR; HTR-BiGas: high-temperature gas-cooled reactor biomass gasifica-

tion.
4.2. Energy Balance
Table 6 and Figure Al show the calculation results of the energy balances of
HTR-BiGas and the related designs for co-generation of hydrogen and SNG using the
biomass with a moisture content of 40%. We also calculated the energy balance of the
co-generation design using the biomass with a moisture content of 8% whose configura-
tions of the DFB unit are the same as those of GoBiGas. These results are compared with
those of GoBiGas and related simulated cases [12] (Table 6 and Figure Al).
Table 6. Results of energy balances of GoBiGas, HTR-BiGas and related designs.
Item ®(8%)-20 MW ®(40%)-20 MW ®(40%)-200 MW x 10
GoBiGas [12] G-C R[12] Q+E[12] Q+E+HI[12] E R HTR E R HTR-BiGas
Nre (%LHVgqs) 87.3 928 84.1 84.9 85.6 92.8 90.25 90.45 92.34 90.41 90.61
Nee (70LHVyqy) 71.7 75.63 56.3 71 75 75.63 57.66 62.10 74.9 60.62 65.08
Nsect (%Etotar) 69.2 69.82 53.4 67.4 69.3 64.42 53.24 53.73 65.34 55.97 56.68
Nptant (PEtotar) 57.7 65.35 44.7 56.2 58.7 60.3 52.72 52.97 61.76 55.22 55.66
Qiup (%LHV44y) 18 1847 \ \ \ 18.47 27.65 26.93 20.11 27.07 26.35
Epgre (0LHVyq4y) 9.8 9.14 242 \ \ 9.14 24.19 19.67 9.14 21.22 16.70
El (%LHV4q4y) 0 0 0 3 3 9.07 0 0 631 0 0
RME (kg/h) 100 100\ \ \ 100 99.2 99.3 1099 1092 1093

: moisture content of biomass; GoBiGas: Gothenburg biomass gasification; G-C: co-generation design whose dual flu-
idized bed unit is the same as that of GoBiGas; E: electric auxiliary heating; Q: decreasing heat losses of gasifier and
combustor; H: heating inlet steam and air; R: increasing recirculated product gas; HTR: heating inlet steam by HTR;
HTR-BiGas: high-temperature gas-cooled reactor biomass gasification; ngzs: raw gas (RG) efficiency; n¢g: cold gas (CG)
efficiency; 75, gasification section efficiency; npiqns: plant efficiency; Q;yp: internal heat demand of gasifier; Epgre: €n-
ergy of recirculated product gas; El: auxiliary electricity supply to gasifier; LHV,,: lower heating value of dry ash-free
biomass; RME: rapeseed oil methyl.

In general, the results of the energy balances of GoBiGas and the similar
co-generation design using the same biomass with a moisture content of 8% are compa-
rable. The biggest difference occurs at the plant efficiency because GoBiGas produces
only SNG and our design co-produces SNG and hydrogen where a similar co-generation
design usually has a higher efficiency [21].

The plant efficiency of the GoBiGas plant will drop to around 45% without any
countermeasures when using the unpretreated biomass with a moisture content of 40%
[12]. The plant efficiencies are all above 52% for other cases. The co-generation design
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whose dual fluidized bed unit is the same as that of GoBiGas has a plant efficiency of
52.72% for the biomass with a moisture content of 40%. Related studies had indicated
that the co-generation systems often have higher production efficiencies than the sys-
tems only producing SNG [11,13].

The designs of electric auxiliary heating usually have the highest efficiencies. Elec-
tric auxiliary heating injects the auxiliary electricity into the gasifier directly while the
other two designs need to transport the added heat (a part or all) through the bed mate-
rials from the combustor. In addition, when the heat is transported from HTR to the gas-
ifier, some additional heat exchangers are needed where the heat losses to the ambiance
cannot be ignored. Heating inlet steam by HTR has higher raw gas and cold gas efficien-
cies than increasing recirculated product gas. These two designs have close gasification
section efficiencies and plant efficiencies. The countermeasures by increasing recirculated
product gas usually have the highest internal heat demand of gasifier and the highest
energy of recirculated product gas.

The various efficiencies often increase with the increase in the scale of the design
except for the design of electric auxiliary heating. The reason is much higher auxiliary
electricity per biomass is needed for heating the biomass in the smaller gasifier so the
raw gas and cold gas efficiencies become higher for the small gasifier.

4.3. Economic Evaluation

The estimated costs of different components of HITR-BiGas and the other two
large-scale designs are summarized in Table 7. The other two designs of electric auxilia-
ry heating and increasing recirculated product gas do not have an independent steam
supply module. Besides, we only consider the O&M cost related to waste treatment and
materials expenses of the HTR.

Table 7. Summary of estimated costs of different components of HTR-BiGas and other designs.

Item

©(40%)-200 MW x 10

Initial investment

Gasification module (M$)  Steam cycle, fuel handling and

Category Components E R HTR-BiGas
Front-end engineering / / 5.04
Nuclear island engineering / / 168.08
BOP of nuclear island / / 22.42
Plant front area engineering / / 6.94
First nuclear fuel cost / / 21.28
Intermediate heat exchange / / 15.43
Steam supply module (M$) Civil engineering installation and / / 15.77
commission
Design service and project man- / / 192 41
agement
Interest tax insurance and provision / / 15.09
VAT tax rebate during construction / / -28.15
Sum / / 364.32
Reactor system 735.19  735.19 735.19
Auxiliary equipment 1441.78  1441.78 1441.78

481.84  481.84 438.03

drying
Sum 2658.81 2658.81 2615.01
Fuel cost Nuclear fuel (M$/a) Pebble fuel elements 0 0 10.8
Biomass fuel ($/t) Moisture content of 40% 30.86 30.86 30.86
Operation & Steam supply module 0 0 4.485

maintenance cost

Salary and welfare (M$/a)

Gasification module 14.58 14.58 13.98
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. Steam supply module 0 0 1.2
Maint M
aintenance (M$/2) Gasification module 2655 2655 2555
Water 2.06 2.06 2.266
Helium 0 0 0.925
Consumables (M$/a) RME, active carbon, etc. 50.07 50.07 50.07
Electrici 397.69*t 170.80* 134.84 *
ectric
aty 150.08% 68.32% 53941
Medium and lo.w radioactive waste 0 0 0.076
disposal
Waste treatment (M$/a) Spent fuel reprocessing 0 0 3.95
Nuclear emergency 0 0 0.03
Retirement funds 0 0 1.54
Materials expenses 0 0 0.648
Management cost (M$/a) Others 1141 1141 11.41
502.36t 275471t 250.97 *
Sum(Ms/a) 263751 17299t 170071

: moisture content of biomass; E: electric auxiliary heating; R: increasing recirculated product gas; HTR-BiGas:
high-temperature gas-cooled reactor biomass gasification; BOP: balance of plant; VAT: value-added tax; RME: rapeseed
oil methyl. *: electricity price is 0.15 $/kWh; *: electricity price is 0.06 $/kWh.

The results of the economic evaluations of HTR-BiGas and other designs are pre-
sented in Table 8. Here, we discuss the specific costs in terms of the heat (MWh), the
standard volume (Nm?) and the mass (kg) of the final product gas. HTR-BiGas obtains
the best economic performance. Although the investment-related costs and the
fuel-related cost of HTR-BiGas are higher than those of the other two designs (Table 7),
its related specific costs are in the middle or close to those of the increasing recirculated
product gas because of its related higher final production (Table 5). Because the O&M
cost (including electricity fee) of HTR-GoBiGas is much lower than that of the other two
designs, the LOCE and specific costs for producing hydrogen and SNG for it are all the
lowest ones. The design of electric auxiliary heating is mainly hurt by the high electric
charge. The increase of recirculated product gas combusts more product gas, resulting in
much lower final production.

Table 8. Results of economic evaluations of HTR-BiGas and other designs.

Cost

®(40%)-200 MW x 10

E R HTR-BiGas
Investment cost, depreciation ($/MWh) 8.06 9.54 9.39
Investment cost, interest (5%) ($/MWh) 4.87 5.77 6.13
Development cost ($/MWh) 0.806 0.954 0.940
Operation & maintenance cost ($/MWh) 30.45%/15.99% 19.78%/12.42% 16.861/11.43 %
Fuel-related cost ($/MWh) 13.97 16.55 16.21
Levelized costs of energy ($/MWh)  58.16 1/43.70+ 52.60 1/45.24+ 49.53 1/44.10 *
Production cost of Hz ($/Nm?3) 0.174%/0.131+ 0.1581%/0.136+ 0.148%/0.132 %
Production cost of H2 ($/kg) 1.901/1.43 ¢ 1.721/1.48 ¢ 1.621/1.44 1
Production cost of SNG ($/Nm?3) 0.5051/0.379+ 0.456 /0.392 + 0.430*/0.383 %

w: moisture content of biomass; E: electric auxiliary heating; R: increasing recirculated product
gas; HTR-BiGas: high-temperature gas-cooled reactor biomass gasification. *: electricity price is

0.15 $/kWh; #: electricity price is 0.06 $/kWh.

Figure 5a compares production costs of HTR-BiGas and the other two designs with
the average price of Chinese imported LNG in 2019 [14] and the break-even prices of the
coal-based SNG [16]. Although the prices of imported pipeline natural gas (PNG) were
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W(40%)-200MW, x10:
w(40%)-200MW, x10:

=
=4

R

lower than those of imported LNG, their actual costs were close because of the high
transport cost of imported PNG [14]. Regional factors determine the economy of
coal-based SNG projects, so the projects in Xinjiang and Inner Mongolia have good eco-
nomic performance, mainly due to the lower prices of coal. The production costs of hy-
drogen are also compared for our designs, the coal gasification technology and the pro-
duction technology by using natural gas (Figure 5b) [17,32]. The costs to produce hy-
drogen by coal and natural gas mainly depend on the prices of coal and hydrogen where
the fuel costs of these mainstream technologies usually occupy around 50-80% of their
total costs.

L rag Hydrogen by naturai gas [i7] - X
- > §) Hydrogen by coal [32] -
i ) L
.\ 5 Hydrogen by natural gas [32]
“ 2 B

- —=— nign
) j I[ —e—Low
HTR-BiGas|- w(40%)-200MW, x10: HTR-BiGas |-
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Price or production cost ($/Nm?)

Production cost ($/kg)
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Figure 5. Production costs or prices of natural gas and hydrogen of HTR-BiGas, related designs, mainstream production
techniques and imported LNG. (a) Prices or production costs of SNG or LNG; (b) production costs of hydrogen. LNG:
liquefied natural gas; SNG: synthetic natural gas; w: moisture content of biomass; E: electric auxiliary heating; R: in-
creasing recirculated product gas; HTR-BiGas: high-temperature gas-cooled reactor biomass gasification; prices of coal
and natural gas are 61.7-123.4 $/t and 0.309-0.617 $/Nm?, respectively [17]; prices of electricity are 0.06-0.15 $/kWh for
HTR-BiGas and related designs.

5. Discussion

This article proposed a 200 MW x 10 co-generation design, HTR-BiGas, to produce
hydrogen and SNG by integrating the state-of-the-art DFB and HTR technologies from
GoBiGas and HTR-PM. HTR-BiGas aims to improve the production efficiency and
economy of biomass gasification by heating inlet steam of the gasifier with the
high-temperature carbon-free steam from the HTR to cope with the unpretreated bio-
mass with a moisture content of 40%. The production efficiency will drop to around 45%
without any countermeasures [12].

By designing and developing Visual Basic. Net software, we conducted the calcula-
tion of the mass and energy balances of GoBiGas, HTR-BiGas and the other gas
co-generation designs of heating inlet steam by HTR, electric auxiliary heating and in-
creasing recirculated product gas. Agreements between our calculation results on the
mass and energy balances of GoBiGas and the similar co-generation design show the
reasonability and applicability of the software (Tables 4 and 6). Then, the technical and
economic evaluations were carried out to compare countermeasures on different scales
(20 MW and 200 MW x 10) for dealing with the unpretreated biomass (moisture con-
tent of 40%), heating inlet steam by HTR, electric auxiliary heating and increasing recir-
culated product gas.

All of the large-scale designs (200 MW x 10) showed proper production efficiencies
(more than 55%) based on the calculation results of their mass and energy balances.
Electric auxiliary heating usually has the highest production efficiencies because it heats
the biomass in the gasifier directly. HTR-BiGas and increasing recirculated product gas
have close efficiencies because they have to transport a part or all of the added heat
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through the bed materials from the combustor. HTR-BiGas also loses some heat when
transferring the heat from the HTR to the DFB. Besides, HTR-BiGas and electric auxiliary
heating have higher total productions of final product gas than increasing recirculated
product gas. The design of increasing recirculated product gas combusts a bigger fraction
of recirculated product gas in the combustor, and therefore the final product gas of it is
the least one.

Preliminary economic evaluation based on the LOCE method indicated that all
large-scale designs including HTR-BiGas, electric auxiliary heating and increasing re-
circulated product gas had proper production costs for co-generation of hydrogen and
SNG in China. When the electricity price is 0.15 $/kWh, the costs for producing hydrogen
by these three designs are 1.62 $/kg, 1.90 $/kg and 1.72 $/kg, coupling with the costs for
producing SNG, 0.430 $/Nm?, 0.505 $/Nm? and 0.456 $/Nm?, respectively. By comparison,
the break-even prices of the coal-based SNG are around 0.355-0.509 $/Nm? mainly de-
pending on the coal prices at the locations of the SNG projects [16]. In 2019, the average
price of Chinese imported LNG was 0.415 $/Nm? [14]. The actual cost of imported PNG
is close to that of imported LNG because its transport cost is higher when transporting
the imported natural gas to the main users in Eastern China [14]. Production costs of
hydrogen by coal and natural gas are 1.19-2.04 $/kg and 1.54-2.94 $/kg when the prices of
coal and natural gas are 61.7-123.4 $/t and 0.309-0.617 $/Nm?, respectively [17]. Another
study also indicated that production costs of hydrogen by coal and natural gas are 0.86—
1.89 $/kg and 1.36-3.50 $/kg [32]. At present, the Chinese mainstream technologies pro-
duce SNG or hydrogen by using the fossil fuel of coal or natural gas.

In general, the production costs of HTR-BiGas and the other two designs are com-
parative with those of mainstream production techniques and the imported natural gas
in China. Our proposed designs mainly benefit from proper production efficiencies with
low fuel-related costs due to the cheap unpretreated biomass (moisture content of 40%,
around 31 $/ton). In addition, these designs have much lower carbon emissions than the
mainstream technologies utilizing coal or natural gas.

Among them, HTR-BiGas obtains the best economic performance. The design of
electric auxiliary heating is hurt by the higher electric charge and the shortcoming of in-
creasing recirculated product gas is its lower total production. The decrease in electricity
price can significantly reduce the production cost of electric auxiliary heating. Thus, the
design of electric auxiliary heating may have more advantages in the Midwest of China.

The main shortcoming of HTR-BiGas is the relatively low temperature (450 °C) of
the inlet steam which is limited by the present design, which combines an SG and an
IHX to heat the inlet steam of the gasifier. Some of the additional heat to heat the bio-
mass is transported by the bed materials from the combustor by increasing the recircu-
lated product gas, which decreases the power of the final product gas and the plant effi-
ciency of HTR-BiGas.

An intermediate loop is usually adopted to provide physical separation between
the nuclear reactor system and other energetic cycle processes [33]. HTR-BiGas also has
the intermediate loop coping with an SG and an IHX. If a strong SG can directly heat the
inlet steam of the gasifier with the helium from the HTR, the temperature of the inlet
steam will be around 570 °C which can increase the plant efficiency by around 2.5%.
However, the corrosion of the SG tubes and the deposits on them cannot be ignored
even in the highly purified conditions of the nuclear reactor system [34,35]. It is not eco-
nomically feasible to make the water for biomass gasification highly purified. The purity
of the water/steam used for the gasifier will be lower than that in the nuclear reactor
system so the problems related to corrosion and deposits will greatly challenge the de-
sign of the SG to substitute for the intermediate loop. This SG has to simultaneously
cope with the radioactive primary loop and the relatively low purity water/steam in the
secondary side.

On the other hand, the optimization of the IHX of the high-temperature engineering
test reactor (HTTR) was recently performed by using innovative materials and a differ-
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ent primary coolant to increase the outlet temperature of its secondary side for hydrogen
production [36]. INET was also researching to increase the outlet temperature of HTR
for hydrogen production, heat and power co-generation, etc. [37]. The increase of the re-
lated outlet temperature of the HTR or the SG/IHX can raise the temperature of the inlet
steam of the gasifier, finally increasing the power of the final product gas and the plant
efficiency. However, there are still various challenges in materials and thermal-hydraulic
and power conversion designs [33].

Some fundamental experiments should be conducted by using the local biomass in
China, e.g., various crop stalks, etc., by constructing a small-scale test facility based on
the technologies of GoBiGas. The experiments and related analysis works will determine
whether a large-scale demonstration project can be constructed to co-produce 200 MW
hydrogen and SNG where the different countermeasures can be tested. The final object
of our study is to construct the 200 MW x 10 biomass gasification system with an HTR
even if it has a long way to go.

6. Conclusions and Future Work

We proposed a large-scale biomass gasification system (200 MWwu x 10) for
co-generation of hydrogen and SNG by combining dual fluidized bed and
high-temperature gas-cooled reactor to gasify the unpretreated biomass with a moisture
content of 40%.

Software for calculating the mass and energy balances of biomass gasification was
developed and validated by the experimental results on the GoBiGas plant. Our design to
heat inlet steam by HTR and the other two possible designs, electric auxiliary heating and
increasing recirculated product gas, are economically comparative with those of main-
stream production techniques using fossil fuels and the imported natural gas in China.
The costs for producing hydrogen are 1.62 $/kg, 1.90 $/kg and 1.72 $/kg, respectively,
coupling with the costs for producing SNG, 0.430 $/Nm?, 0.505 $/Nm? and 0.456 $/Nm?
when the price of electricity is 0.15 $/kWh. These designs with low carbon emissions have
proper production efficiencies of more than 55% when gasifying the cheap unpretreated
biomass with a moisture content of 40%.

The design to heat the inlet steam of the gasifier by HIR has economic advantages
over the other two possible designs by using the high-quality and low-carbon heat from
HTR. The design of electric auxiliary heating is mainly influenced by the high electric
charge. The increase of recirculated product gas combusts more product gas, resulting in
much lower final production.

Although facing various challenges, the increase of the outlet temperature of HTR
and the adoption of a powerful steam generator that can substitute for the intermediate
loop will improve the production efficiency and economy of HTR-BiGas by raising the
temperature of the inlet steam of the gasifier. In addition, the experiment works are pre-
dicted to include the construction of a small test facility to use Chinese local biomass and
then a following 200 MW demonstration project to optimize the related designs.
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Design

Appendix A. Efficiencies, Heats and Powers of Product Gas of GoBiGas, HTR-BiGas
and Related Designs

w(8%)-20MW, : GoBiGas [12]
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Figure Al. Efficiencies, heats and powers of product gas of GoBiGas, HTR-BiGas and related designs. (a) Efficiency; (b)
heat; (c) power of final product gas of a biomass gasification module. w: moisture content of biomass; GoBiGas:
Gothenburg biomass gasification; G-C: co-generation design whose biomass gasification unit is the same as that of Go-
BiGas; H: heating inlet steam and air; Q: decreasing heat losses of combustor and gasifier; E: electric auxiliary heating; R:
increasing recirculated product gas; HTR: heating inlet steam by HTR; HTR-BiGas: high-temperature gas-cooled reactor
biomass gasification; ngg: raw gas (RG) efficiency; n¢g: cold gas (CG) efficiency; 7.t gasification section efficiency;
Npiane: Plant efficiency; LHV;,¢: lower heating value of dry ash-free biomass; Qyp: internal heat demand of gasifier;
Ep re: energy of recirculated product gas; El: auxiliary electricity supply to gasifier.
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