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Modeling and Utilization of Biomass-to-syngas for
Industrial Multi-energy Systems

Kuan Zhang, Bin Zhou , Senior Member, IEEE, Qiuwei Wu, Senior Member, IEEE, Yijia Cao, Senior Member,
IEEE, Nian Liu, Senior Member, IEEE, Nikolai Voropai, Life Fellow, IEEE, and Evgeny Barakhtenko

Abstract—Excessive consumption of fossil fuels in the industry
sector has caused high operating costs and severe environmental
pollution, advocating a cost-effective and sustainable substitute
for fossil fuels. This paper proposes an enhanced utilization
mechanism of biomass-to-syngas (B2S) to provide various types
of steam flows in industrial multi-energy systems (MESs). In
this mechanism, the available generations from renewable en-
ergy sources (RESs) can be harvested to assist in the biomass
gasification in a B2S gasifier for enhancing the syngas yield
and its calorific value. A thermodynamic interaction model for
B2S is formulated to capture gasification temperature dynamics
under high-temperature steam injections and optimally control
the thermochemical behaviors of biomass drying, pyrolysis, and
gasification. A B2S based energy hub framework with its multi-
energy coupling matrix is formulated for mapping the input
biomass-wind-solar energy into electricity, syngas, and various
types of steam carriers to satisfy industrial energy demands. A
hierarchical multi-timeframe dispatch scheme is developed for
the energy-efficient conversion and utilization of multi-energy
carriers to minimize the system operation costs. Comparative
studies are implemented to demonstrate the superior perfor-
mance of the proposed methodology on system operational
economy and sustainability.

Index Terms—Biomass energy, microgrid, multi-energy
systems, renewable energy sources, syngas.

I. INTRODUCTION

A. Motivation

AS reported in the 2019 World Energy Outlook, the
industrial sector is the largest consumer of energy and

accounts for more than 50% of global energy consumption,
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and the world industrial sector energy use will increase by
more than 30% from 2018 to 2050 [1]. As for the energy sup-
ply in industrial energy systems, most of the industrial plants
are traditionally supported by coal and natural gas, which
intensifies operating costs and environmental emissions [2],
[3]. The 2018 Industrial Development Report in [4] affirms that
industries should create sustainable energy systems in which
fossil fuel inputs are gradually replaced with renewable energy
sources (RESs). Biomass energy is recognized as a promising
energy source with large potential to satisfy various industrial
energy demands [5]. Nevertheless, the inappropriate utilization
of bioenergy, such as direct combustion, results in a low energy
efficiency and increasing air pollutant emissions. Biomass-to-
syngas (B2S) technology can convert biomass into syngas via
high-temperature gasification in the presence of a gasification
agent (e.g., controlled amount of steam, air, or oxygen), which
is a more efficient way to utilize biomass resources because of
its high conversion efficiency and short reaction time [6]–[9].

The B2S is recognized as an alternative substitute for non-
renewable fossil fuels to provide reliable energy supplies for
industrial energy systems [5], [10]. The syngas, consisting
of hydrogen (H2), carbon monoxide (CO), methane (CH4),
and carbon dioxide (CO2), is the primary product from B2S,
which can be directly used in the gas turbine or the internal
combustion engine for power generation [11]. In addition, the
combined heat and power (CHP) and integrated gasification
combined cycle are both popular technologies to utilize syngas
for large-scale heat and power generation [12]. Gasification
temperature is the most important factor for B2S since it
directly determines the overall thermochemical process and the
final composition, yield, and calorific value of the syngas [13]–
[15]. In general, the efficient use of B2S takes place at an oper-
ating temperature over 700 [16], thus causing the high energy
consumption cost to maintain the high-temperature operating
condition. The coupling interactions and complementarities
among B2S and other RESs on multi-energy conversion can
be utilized to reduce the high operating costs of B2S, which
are not involved yet.

This paper strives to explore the modeling and enhanced
utilization of B2S to form an industrial multi-energy system
(MES), and further investigate energy-efficient conversions
and storages among electricity, syngas and industrial steam
flows to offer environmentally friendly and cost-effective
energy supplies for industrial consumers. Additionally, since
the feedstock for the high-temperature thermochemical con-
version can be various types of biomass, e.g., agricultural and

2096-0042 © 2020 CSEE
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forestry residues, demolition wood and sawdust from timber
industry, municipal solid wastes, and organic byproducts of
biorefineries, the utilization of B2S can significantly decrease
the garbage treatment costs and atmospheric emissions caused
by waste incineration or landfill.

B. Relevant Background

Traditionally, fossil fuels are consumed to satisfy the de-
mands of electricity, heat, and steam in industrial energy
systems. Specifically, steam boilers and blast furnaces can
consume coal/natural gas and water to provide steam with
different levels of temperature to heat the process streams
in iron and steel making industries [17]–[19]. Co-firing coal
and biomass has been applied in [20] to generate high-
temperature steam for oil refining. Moreover, the potential
use for RESs, including wind, solar, and ground heat, in
industrial energy systems has been reported in [21]–[25] with
respect to supporting sustainable development. However, the
dominant energy sources in these industrial systems are still
fossil fuels, resulting in severe air pollution and considerable
system operational costs. The intrinsic variability of RESs
also create challenge to reliable industrial production, and
the curtailment of RES generation leads to low renewable
utilization efficiency.

B2S technology has attracted increasing attention for ef-
ficiently producing syngas with the adjustable molar ratio
of H2 to CO via high-temperature gasification of biomass
in a gasifier. A great deal of research has been reported
on gasification with various biomass feedstock, including
wood [7], pine sawdust [8], municipal solid wastes [9], rice
husk [12], poultry manure [26], and has been studied from
different perspectives, such as economic evaluation, computa-
tional fluid dynamic simulation, optimal planning and design,
and process modeling. So far, various B2S models, based on
thermodynamic equilibrium [13], kinetics [15], and artificial
neural networks [27] have been developed to simulate and
analyze the complex process of biomass gasification, among
which the thermodynamic models are demonstrated to be
less computationally intensive and represent a useful tool
for analyzing the influence of different process parameters.
Furthermore, Pedro et al. [14] investigated a gasification
system with local agricultural residues, such as feedstock,
to generate syngas and electricity for an isolated industrial
estate in Bonfim, Brazil. A solar-biomass thermal gasification
system is investigated in [28] for co-generation of electricity
and thermal energy. Additionally, industrial energy systems in-
tegrated with biomass gasification combined cycle for cleaner
fuel production and iron making were reported in [29], [30].
Nevertheless, the improved utilization of interactive couplings
and dispatchability among B2S and other renewable energy
and steam flows to facilitate the syngas yield and reduce
operational costs in industrial MESs are not considered in
previous research studies.

C. Contribution and Organization

In this paper, the integrated modeling and enhanced utiliza-
tion of B2S is investigated to form an industrial MES. The
proposed MES utilizes the sustainable B2S as an effective

substitute for fossil fuels to offer various types of steam flows
for industrial consumers, with the significant reductions in fuel
costs and pollutant emissions. The contributions of this study
are summarized as follows:

1) An enhanced utilization mechanism of biomass-to-syngas
is proposed based on biomass-wind-solar energy complemen-
tarities for harvesting available RESs to heat the B2S gasi-
fier, facilitating the enhancements on the biomass gasification
yield and syngas calorific value. A thermodynamic interaction
model is then formulated to capture gasification tempera-
ture dynamics under external energy injections and optimally
control the thermochemical behaviors during biomass drying,
pyrolysis, and gasification processes.

2) An industrial energy hub framework with its coupling
matrix is modeled to characterize the conversion pathways
from biomass-wind-solar hybrid renewables into different en-
ergy flows, such as electricity, syngas, and industrial steam.
Multi-energy couplings among these energy and steam flows
within hub-internal feedback connections are used for improv-
ing the operational flexibility of various types of steam carriers
so as to satisfy the diversified energy demands from industrial
consumers.

3) A hierarchical multi-timeframe dispatch scheme is devel-
oped for optimal synergies of production, conversion, storage
and consumption of different energy carriers. This energy hub
dispatch problem can be formulated into two-layer optimiza-
tion subproblems with different time frames. In the upper
layer, the rolling horizon optimization is employed to dispatch
multi-energy conversion and storage devices so as to minimize
the total system operational costs, while the lower layer aims
to reschedule outputs of B2S gasifier, boiler and attemperators
within smaller time frames based on thermodynamic charac-
teristics during steam generation and conversion processes.

II. MODELING OF THE INDUSTRIAL MES

A. Biomass-to-syngas Modeling

The thermochemical conversion process of B2S, including
biomass drying, pyrolysis, and gasification, usually takes place
in a gasifier [13]. Among various gasifiers, the fluidized bed
gasifier (FBG) exhibits good prospects for large-scale genera-
tion due to high rates of mass and heat transfer, as well as good
temperature control performance [9]. Consequently, a bubbling
FBG, using high temperature (HT) steam as the gasification
agent, has been adopted to produce the high calorific value
syngas, as shown in Fig. 1. Biomass is fed into the FBG
through the screw feeder, where biomass is grinded into small
chips to maximize the specific contact surface with the gasifi-
cation agent. The overall formula for the biomass gasification
with high temperature steam can be represented by: Biomass
+ steam → α1H2 + α2COα3CH4α4CO2α5H2Oα6Csc [13],
where αi is the equilibrium mole fraction of the ith product
and

∑6
i=1 αi=1; Csc denotes the unconverted solid carbon.

In the gasification process, the energy balance considering
the heat loss through gasifier walls to its surroundings and the
unconverted solid carbon loss can be expressed as follows [16],

Ebio + Es = Esyn + Eloss (1)
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Ebio = mbioQbio (2)

Esyn = msynQsyn = msyn

3∑
i=1

αiQi (3)

where Ebio, Es, Esyn, and Eloss denote the energy of consumed
biomass and HT steam, energy carried by the produced syngas,
and energy losses, respectively; Qbio, Qsyn, and Qi represent
the calorific values of biomass, syngas, and the ith combustible
component in the syngas, respectively; mbio and msyn are
the mass of consumed biomass and produced syngas. Eq. (3)
indicates that Qsyn changes with the fractions of combustible
components, including H2, CO, and CH4, in the syngas.

Biomass

Syngas

Distributor plate

Screw feeder

Steam

Ts

Tg

Feedstock

Fig. 1. Schematic diagram of the FBG.

Gasification temperature plays a critical role for the biomass
gasification as the mole fractions of primary components in
syngas are functions of the gasification temperature [28], as
shown in Fig. 2. It can be noted that CO and H2 remarkably
increase with the increase of the temperature in the range of
800–1300 K, and thus the syngas energy also increases due to
the incremental syngas calorific value.
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Fig. 2. Gas composition under different gasification temperatures.

A thermodynamic model is formulated to capture gasifi-
cation temperature dynamics in the gasifier under external
energy injections. The gasification temperature of biomass
is determined by the heat transfer through convection and
radiation between the biomass and HT steam, as follows,

mbio0Cbio
dTg

dt
= hβ(Ts−Tg)+εσ(T 4

s −T 4
g )−

Tg−Tout

Zg+Zout
(4)

Es = ERES + Eg = msCs(Ts − Ts0) (5)

ERES = ηSH(Eef + Ehf) (6)

where h and β are the convective heat transfer coefficient
and convection area, respectively; σ and ε denote the Stefan-
Boltzmann constant and emissivity coefficient, respectively;
Ts, Ts0, and Tout represent the injected steam temperature,
initial temperature of steam, and ambient temperature, respec-
tively; Zg and Zout are the thermal resistances for conductive
heat transfer of the gasifier and ambient convective heat
transfer; Es, Eef, Ehf and Eg denote the thermal energy of
the injected steam, electrical and thermal energy feedbacks
for biomass gasification, and additional energy from the grid
for superheating the steam to the desired temperature in
case of insufficient RES energy feedbacks; ηSH is the energy
conversion efficiency of the superheater; mbio0 is the initial
mass of biomass fed into the FBG; ms and Cs are the mass
and specific heat capacity of the steam. Note that the three
terms on the right-hand side of (4) denote the convective heat
transfer of the biomass surface, thermal radiation emitted by
steam, and conductive heat transferred from the gasifier to sur-
roundings, respectively. According to Arrhenius’s law [15], the
biomass consumption rate depends strongly on the gasification
temperature:

dmbio

dt
= Abio exp

(
−Eabio

RTg

)
U g(mbio0 −mbio) (7)

where and are gasification kinetic parameters termed the
Arrhenius pre-exponential coefficient and activation energy,
respectively; R is the ideal gas constant; represents the gasifi-
cation pressure. Eq. (7) indicates that the biomass consumption
rate increases with the increase of gasification temperature
as more thermal energy is available to reach the necessary
activation energy for biomass cracking and gasification. There-
fore, using the biomass gasification model for B2S in (1)–
(7) considering the energy feedbacks from RES outputs, the
syngas production and calorific value can be analyzed in depth.

B. Steam Production and Conversion Modeling

The production and conversion of industrial steam flows
with different grade energies are fully exploited to satisfy
diversified steam demands, as shown in Fig. 3. Since the
syngas stream output from the gasifier is characterized by
high temperatures ranging from 800 K to 1400 K, the thermal
energy can be recovered from the syngas to generate HT
steam using a heat recovery steam generator (HRSG) [21].
The heat transferred from the syngas to the working fluid is
then modeled based on thermodynamic effects, and the mass

HRSG
Steam turbine
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Gasifier

1                  (<300 K)

1'
H2O

H2O
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Syngas
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Fig. 3. Production and conversion model of different grade steams.
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flow rate of the output HT steam ṁ2′,s,out is given by:

ṁ2′,s,out =
ṁsynCsyn(T2,syn,out − T1,syn,in)ηHRSG

h2’,s, out − h2,w,in
(8)

where ṁsyn and Csyn are the input mass flow rate and specific
heat capacity of syngas, respectively; T1,syn,in and T2,syn,out are
the inlet and outlet temperatures of syngas; h2′,s,out and h2,w,in
represent the enthalpies of output steam and injected water;
ηHRSR is the energy conversion efficiency of the HRSG.

The HT steam generated by HRSG can be fed into a
steam turbine to do work and generate electricity, while the
exhausting steam from the turbine at approximately 500–
600 K can be recycled to meet middle-temperature (MT) steam
demand [21], as follows,

EST, h = (ṁ2′,s,outh2′,s,out − ṁ4,s,outh4,s,out)ηST, h (9)

where EST,h and ηST,h are the thermal energy of produced MT
steam and steam-to-thermal conversion efficiency of the steam
turbine, respectively; ṁ4,s,out and h4,s,out are the mass flow rate
and enthalpy of the exhausting steam.

Also, the electric boiler consumes electricity and water to
produce HT steam as follows,

EB, inηB = ṁ8,s,outh8,s,out − ṁ7,w,inh7,w,in (10)

ηB =
ṁ7,w,in/ṁB,in,max

τ + (1 + ς) · ṁ7,w,in/ṁB, in, max
(11)

where EB,in and ηB represent the input electricity and con-
version efficiency of the boiler, respectively; ṁ8,s,out, ṁ7,w,in

and ṁB,in,max are the mass flow rates of output steam, the
actual and maximum injected water for the boiler, respectively;
h8,s,out and h7,w,in denote the enthalpies of output HT steam
and injected water. Eq. (11) accounts for the variation of
conversion efficiency with load and capacity of the boiler, and
τ and ζ are regression parameters obtained from the historical
data [3].

The HT steam generated from the boiler can either directly
satisfy the HT steam load, or be conditioned into lower grade
steam through an attemperator, e.g., low-temperature (LT)
steam. The outlet steam temperature is controlled to a setpoint
by spraying water into the attemperator, and the mass flow rate
of the steam output can be expressed as follows,

ṁ6,s,out =
(ṁ5,s,inh5,s,in + ṁ9,w,inh9,w,in)ηA

h6,s,out
(12)

where ṁ5,s,in and ṁ9,w,in are mass flow rates of input HT steam
and sprayed water injected into the attemperator, respectively;
h5,s,in and h9,w,in are the enthalpies of HT steam and sprayed
water; ηA is the conversion efficiency of the attemperator.

C. B2S-based Industrial Energy Hub Framework

The proposed industrial energy hub is illustrated in Fig. 4.
The hub is connected to the local grid and supplied by
biomass, solar, and wind at the input ports, and these input
energy sources can be converted by the gasifier, photovoltaic-
thermal (PVT) system, and wind turbine (WT) into various
energy carriers. Multi-energy carriers can further be condi-
tioned through various conversion and storage equipment to
meet multi-energy demands at the output ports. Note that

LT steam

HT steam Electricity 

Syngas MT steam

Biomass

Solar

Wind

PVT

WT

CHP

Gasifier

Steelmaking

HRSG

2nd
Attemperator

BES

Tank

Grid

Boiler

Electricity 

Oil refining

Heat

Steam
turbine

Superheater

1st
Attemperator

Fig. 4. B2S-based industrial energy hub framework.

complementarities among various RESs can be thoroughly
exploited based on B2S. The available electrical and thermal
energy from WT and PVT generations can be used to produce
the HT steam, which serves as the gasification agent to
facilitate syngas yield and increase the calorific value of
syngas. The redundant wind and solar generations are thus
transformed into the chemical energy of syngas via B2S,
and the obtained syngas can be stored in the syngas storage
tank to make it available once the RES generation deficiency
occurs. The stored syngas can be injected into the CHP to
generate electricity and HT steam for iron and steelmaking, or
controlled by the attemperator in accordance with the desired
lower grade steam for oil refining or heat supply. As a result,
coupled connections within the energy hub are established
to offer the additional degree of freedom for multi-energy
optimizations and supplies.

D. Multi-energy Coupling Matrix

As shown in (13), a multi-energy coupling matrix M
is derived for mapping various energy source inputs into
diversified industrial energy demands, where each matrix
element is termed as a coupling factor to depict the conversion
efficiencies and connection topologies among various energy
devices. Specifically, vCHP, vA1, vA2, vH, vL, and ve are
allocation coefficients of multiple input energy sources to CHP,
the 1st and the 2nd attemperators, HT and LT steam loads,
and electricity load, respectively. These allocation coefficients
are components of coupling factors to denote the allocation
quantity of input energy sources for different industrial uses.
ηA1 and ηA2 are the energy conversion efficiencies of two
attemperators; ηCHP, e and ηCHP, h denote the gas-to-electric and
gas-to-thermal efficiencies of the CHP; ηST, e is the steam-to-
electric efficiency of the steam turbine; fPVT, e and fPVT, h are
the electrical and thermal generation functions of PVT [24];
fWT represents the output power function of WT [25]; fHRSG

is the heat recovery function of HRSG, as shown in (8); In
input vector S , WWT and GPVT represent the wind speed and
solar irradiation inputs; PBES and VTK denote the net outputs of
BES and syngas storage tank; Egrid is the electricity purchased
from the local grid; In output vector L, LH, LM, LL, and Le

are HT, MT, LT steam loads and electricity loads, respectively.
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The product of allocation coefficients causes high nonlin-
earity for the coupling model (13). Therefore, a state variable-
based method is further utilized to reduce the nonlinearity
resulting from allocation coefficients [31]. The direct con-
nections and outputs of multi-energy conversion and stor-
age devices are specified as state variables. For example,
ECHP can be designated as a state variable to denote elec-
trical output of CHP, and the syngas consumption and HT
steam output of CHP can be expressed as ECHP/ηCHP, e and
ECHPηCHP, h/ηCHP, e, respectively, without using the allocation

coefficient vCHP. Also, the electricity generation of the steam
turbine, HT, MT and LT steam outputs of the boiler and two
attemperators are specified as state variables, EST, EB, EA1,
and EA2, respectively. Combining these state variables with
the original input vector S , a new state variable vector S′ is
formulated, and the matrix M is further extended to a sparser
and more linear coupling matrix M ′ for efficient iterative
computation, as shown in (14) and (15). Therefore, as shown
in (16), the multi-energy industrial load demands at the output
ports of the energy hub can be fulfilled.


LH
LM
LL
Le


︸ ︷︷ ︸

L

=



vCHPηCHP, hvH ηBvH fWTηBvH fPVT, eηBvH ηBvH QsynηCHP, hvH
1

Qsyn
fHRSGh2′,s,outηST, h ηBvA1ηA1 fWTηBvA1ηA1 fPVT, eηBvA1ηA1 ηBvA1ηA1 QsynηCHP, hvA1ηA1

vCHPηCHP, hvA2ηA2vL ηBvA2ηA2vL fWTηBvA2ηA2vL
(fPVT, h+
fPVT, eηBvA2ηA2)vL

ηBvA2ηA2vL QsynηCHP, hvA2ηA2vL

(vCHPηCHP, e+
1

Qsyn
fHRSGh2′,s,outηST, e)ve

ve fWTve fPVT,eve ve QsynvCHPηCHP, eve


︸ ︷︷ ︸

M


Esyn
Egrid
WWT
GPVT
PBES
VTK


︸ ︷︷ ︸

S

(13)

S′ =
[
Esyn Egrid WWT GPVT PBES VTK EB ECHP EST EA1 EA2 Eef Ehf

]T
(14)

M ′ =


0 0 0 0 0 0 1

ηCHP, h

ηCHP, e
0 − 1

ηA1
− 1

ηA2
0 0

0 0 0 0 0 0 0 0
ηST, h

ηST, e
1 0 0 0

0 0 0 fPVT, h 0 0 0 0 0 0 1 0 −1

0 1 fWT fPVT, e 1 0 − 1

ηB
1 1 0 0 −1 0

 (15)

L = M ′S′ (16)

III. COORDINATED MULTI-ENERGY DISPATCH STRATEGY

A. Formulation of Operational Objective

The dispatch objective of the industrial MES is to minimize
the total system operational cost Cop, including the electricity
purchasing cost Ce,t and the battery degradation cost CBES,t:

Cop =min


NT∑
t=1

λe,tEgrid,t︸ ︷︷ ︸
Ce,t

+Cr/(Lη r)/[ηchPch,t+Pdis,t/ηdis)∆t]︸ ︷︷ ︸
CBES,t


(17)

where λe,t is the time of use (TOU) tariff at time t; ∆t
and NT represent the length of the per dispatch time slot
and the end of the dispatch horizon, respectively; Pch,t and
Pdis,t denote charging and discharging power of BES at time
t; ηch, ηdis, and ηr indicate charging, discharging, and square
root of the roundtrip efficiencies of BES, respectively; Cr and
L are the capital cost and lifetime throughput of BES [32].
Note that the decision variables for this dispatch problem
include electricity and steam outputs of energy conversion
devices, such as ECHP,t, EST,t, EA1,t, and EA2,t, as well as
charging/discharging energy flows of BES and syngas storage
tank.

A scenario-based multi-energy dispatch scheme with rolling
horizon optimization is further adopted to minimize the system
operational cost at the current time Cop,t as well as the
expected operational cost Cop,t,a for all the future scenarios

considering the uncertainties of RES generations:

min

{
Cop,t +

Na∑
a=1

πa(

NT∑
t=t+Mt

Cop,t,a)

}
(18)

where Na and πa denote the total number of scenarios and
the occurrence probability of scenario a, respectively.

B. System Constraints

1) Multi-energy Output Constraints
The outputs of CHP, steam turbine, electric boiler, super-

heater, the 1st and the 2nd attemperators should be subject to
respective capacity limits, as follows,

06Ej,t6Ej,max, j=CHP, ST, B, SH, HRSG, A1,A2 (19)
|ECHP,t − ECHP,t−∆t| 6 ECHP, ramp (20)
|EST,t − EST,t−∆t| 6 Erm ST, ramp (21)
Esyn,t + VTK,tQsyn = ECHP,t/ηCHP,e (22)

where and are the ramp rate of the CHP and steam turbine,
respectively. Constraint (22) denotes that the syngas injections
for the CHP can come from the gasifier or the syngas storage
tank, as shown in Fig. 4.
2) BES and Syngas Storage Constraints

The charging/discharging rate and state of charge (SOC) of
the BES and storage tank should be limited [33], as follows,

0 6 Pch,t 6 Pch, maxut (23)
0 6 Pdis,t 6 Pdis, maxvt (24)
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ut + vt 6 1 (25)
SOCBES,t = SOCBES,t−Mt+

[(ηchPch,t − Pdis,t/ηdis)∆t] /Ecap (26)
SOCBES,min 6 SOCBES,t 6 SOCBES,max (27)

SOCTK,t = SOCTK,t−Mt − VTK,t∆t/Vcap (28)

SOCTK,min 6 SOCTK,t 6 SOCTK,max (29)

where Pch,max and Pdis,max are the maximum charging and
discharging rates of BES; Ecap and Vcap denote the rated
capacity of the BES and gas storage tank; ut and vt are
both binary variables representing the state of BES energy
flow, charging or discharging, at time t; SOCBES,min and
SOCBES,max represent the allowed minimum and maximum
SOC of the battery; SOCTK,min and SOCTK,max are the lower
and upper bounds of the SOC of the gas storage tank. For
the output of the syngas storage tank at time t, VTK,t > 0
and VTK,t < 0 indicate syngas discharging and charging,
respectively.

3) Gasification Temperature Constraint
The gasification temperature Tg,t should be constrained to

the lower and upper bounds, Tg,min and Tg,max, to maintain
a secure gasification process as follows,

Tg,min 6 Tg,t 6 Tg,max (30)

C. Hierarchical Multi-timeframe Dispatch Strategy

Figure 5 illustrates the flowchart of the hierarchical multi-
timeframe dispatch strategy for the optimal coordination of
various energy carriers, consisting of two-layer optimization
subproblems with different time frames. In the upper layer,
the rolling horizon optimization is utilized to dispatch multi-
energy conversion and storage devices. The scenario-based
model is used to simulate the uncertainties of WT and PVT
outputs, electricity, LT, MT, and HT steam demands. Specif-
ically, multiple probable scenarios can be generated on the
basis of the setpoint values of short-term forecasting results
from time t + ∆t to NT , and Monte Carlo simulations are

Start

t >NT? t=t+Δt

End

No

Yes

Input parameters and data of RESs, multi-energy loads,

energy conversion and storage devices, TOU price

Calculate the daily system operation cost from multi-energy dispatch results
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load, and different grade steam loads with Monte Carlo simulation
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Optimize the multi-energy dispatch
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Fig. 5. Flowchart of hierarchical multi-timeframe dispatch strategy.
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then implemented to form a set of scenarios by sampling from
Gaussian probability distributions of short-term forecasting
errors on RES outputs and load demands [34]. As a large
number of initial stochastic scenarios are generated, the sce-
nario reduction technique is further utilized to decrease the
number of scenarios so as to lower the scale and computation
time of the stochastic optimization. Each rolling decision step
solves for the current time t while considering uncertainties in
RES generations and different grade steam loads in the future
horizons. It is worth noting that only the dispatch decision
for the current time t is implemented, and the set of possible
stochastic scenarios should be updated in the next dispatch.
Generally, the rolling procedure is performed hourly over a
24-hour horizon and repeated iteratively so as to minimize the
daily system operation cost [35].

However, the state variables of specific devices, such as
gasification temperature and steam mass flow rate, may vary
greatly over time considering thermodynamic characteristics
during syngas or steam generation and conversion processes.
It is necessary to dispatch these devices with higher reso-
lutions and shorter optimization horizons for achieving load
leveling and optimal multi-carrier energy deployment [36].
Consequently, in the lower layer, the outputs of B2S gasi-
fier, boiler, attemperators, and HRSG are rescheduled within
smaller timeframes. The biomass gasification temperature in
the gasifier is usually in a dynamic change influenced by the
convection and conduction heat transfer among the biomass,
gasification agent, and surroundings, thus several minutes
are required to reach a steady state depending on the size
and thermophysical properties of the gasifier. A number of
simulation results demonstrate that the dispatch interval of
10 minutes is appropriate for the studied FBG [13], [15]. In
general, the heating and evaporation process of the water in
the steam generation and conversion devices takes seconds
to minutes to arrive at a steady state. Here, the 5-minute
interval is suitable for dispatching the steam outputs of these
devices [18], [21].

IV. CASE STUDIES

A. System Data

In the studied industrial MES, the installed capacities of
WT, PVT system, FBG, BES, and the syngas storage tank are
35 MW, 45 MW, 36 MW, 10 MWh, and 8 MWh, respectively.
The technical specifications of multi-energy conversion and
storage devices are adopted from [3], [9], [12], [13], [37], as
listed in Table I. The lower calorific values (LCVs) for the
biomass and combustible syngas compositions are listed in
Table II [15]. The enthalpies of HT, MT, and LT steam are
extracted from [17], and set to 3697.4 kJ/kg, 2827.5 kJ/kg,
419.4 kJ/kg, respectively.

The typical multi-energy profiles, including electricity load,
HT steam, MT steam, and LT steam loads, are shown in
Fig. 6, and their base values are set as 35 MW [17], [23].
The TOU price is also depicted in Fig. 6 and the base
value is set as 100 $/MWh [38]. The forecasting PVT and
WT generations are derived from the historical observation
data of solar irradiation and wind speed in [24], [39]. Then,

TABLE I
TECHNICAL SPECIFICATIONS OF SYSTEM DEVICES

Devices Specifications

FBG

Tg,min = 700K Tg,max = 1400K
R = 8.31 J/(K·mol) Ug = 1.01×105 Pa
Zg = 0.021 m·K/W Zout = 43.478 m·K/W
Abio = 107s−1 Eabio = 100 kJ/mol
h = 3500 W/(m2·K) ε = 0.65
β = 3.5 m2 σ = 5.67×10–8 W/(m2·K)

CHP ECHP,max = 25 MW ηCHP,e = 0.45, ηCHP,h = 0.4
Steam turbine EST,max = 6 MW ηST,e = 0.4, ηST,h = 0.35

Boiler EB,max = 35 MW ṁB,in,max= 40 t/h
τ = 0.0851 ς = 0.0079

1st Attemperator EA1,max = 20 MW ηA1 = 0.85
2nd Attemperator EA2,max = 9 MW ηA2 = 0.85
Superheater ESH,max = 35 MW ηSH = 0.88
HRSG EHRSG,max = 30 MW ηHRSG = 0.90

BES

Pch,max = 6 MW Pdis,max = 6 MW
ηch = 0.93 ηdis = 0.93
SOCBES,min = 0.2 SOCBES,max = 0.95
Cr = 1.68*106 $ ηr = 0.89

Storage tank SOCTK,min = 0.1 SOCTK,max = 1

TABLE II
LCVS OF BIOMASS AND SYNGAS CONSTITUENTS

Type LCV (MJ/kg)
Biomass 19.4
H2 120.0
CO 10.1
CH4 50.0
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Fig. 6. Typical multi-energy load profiles of an industrial MES.

Monte Carlo simulations are performed to capture forecasting
uncertainties by sampling from normal distributions of short-
term RES forecasting errors. The initial scenario tree with
2000 scenarios is formed, and each scenario has an occurrence
probability of 1/2000. To reduce the computational burden, a
scenario reduction technique in [40] is further used, and 10
scenarios are retained while keeping a good approximation of
system uncertainties.

B. Comparative Studies and Analysis

Four schemes are performed for in-depth investigations on
the effectiveness and superiority of the proposed methodology:
1) Scheme 1 is the proposed multi-energy dispatch scheme
in Sections II and III; 2) Scheme 2 implements the multi-
energy supply strategy without taking into account the multi-
timeframe dispatch in Section III-C; 3) Scheme 3 performs
multi-energy dispatch in the previous study [12] in which the
energy feedbacks from RESs for enhancing the utilization of
B2S is not considered; 4) Scheme 4 performs the energy hub
dispatch without considering the heat recovery pathways, i.e.,
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the thermal energy recovered from the high-temperature syn-
gas and wasting steam of the steam turbine are not considered.

Figures 7 and 8 depict the profiles of gasification tempera-
ture and energy feedbacks from PVT and WT generations for
facilitating the biomass gasification with schemes 1–4. Since
the hierarchical multi-timeframe dispatch is implemented in
schemes 1, 3 and 4, the biomass gasification temperatures
in these schemes are controlled on smaller timeframes to
optimize syngas outputs, as shown in Fig. 7. It can also
be noted from Fig. 8 that a large amount of PVT and WT
generation is harvested to maintain high gasification tem-
perature for syngas yield enhancement in schemes 1, 2 and
4, while the utilization efficiency of RESs can be improved
and the electricity purchased from the local grid are reduced.
Additionally, influenced by the decrease of the RES output
feedbacks due to insufficient solar radiation or wind energy
during hours 2–4 and 19–21, gasification temperatures also
reduce during these hours.
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Fig. 7. Gasification temperature profiles with schemes 1–4.
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Fig. 8. RES energy feedbacks for gasification with schemes 1–4.

The output profiles of various multi-energy conversion and
storage devices with schemes 1–4 are illustrated in Figs. 9–
17. It can be noted that, compared with schemes 2–4, the
proposed scheme 1 can achieve a better coordination among
multi-carrier energy conversion, electricity and syngas storage
for system energy efficiency enhancement. For instance, as
depicted in Fig. 13, the CHP increases its output during hours
10–12 and 14–16 in scheme 1 to meet soaring demands and
decrease the electricity purchased from the market due to
high TOU prices during these hours. However, in schemes
2 and 4, the CHP outputs are smaller during high-price hours
due to low syngas production, especially at hours 11 and
14. As a result, compared with scheme 1, larger amount of
HT steam is needed from the electric boiler in schemes 2
and 4 to satisfy HT steam demands, thus leading to higher
electricity purchasing costs during hours 11–16. Moreover,

since the available generations from WT and PVT cannot
be harvested in scheme 3, the syngas yield is not sufficient,
and thus the power output of CHP is a bit lower due to
less fuel gas injections. Additionally, it can also be found
from Figs. 9–12 that, considering the power loss and battery
degradation due to charging/discharging cycles of BES, the
syngas storage is prioritized as the reserve storage with fre-
quent charging/discharging syngas flows during hours 0–7.
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Fig. 9. SOC of BES with schemes 1–4.
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Fig. 10. SOC of syngas storage tank with schemes 1–4.
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Fig. 11. Charging/discharging electricity of BES with schemes 1–4.
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Fig. 12. Syngas outputs of the storage tank with schemes 1–4.

The statistical data of the 24-hour dispatch results, including
the daily system operational cost, electricity purchasing cost,
degradation cost of BES, accommodation rate of wind and
solar energy, syngas yield, and HT steam generated from the
HRSG are listed and compared in Table III. Highlights derived
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TABLE III
COMPARATIVE SYSTEM PERFORMANCE RESULTS

Scheme System operation
cost ($) Electricity cost ($) BES degradation

cost ($) Syngas yield (ton) RES accommodation (%) HT steam from HRSG (MWh)

1 54128.4 53573.4 555.0 57.84 100 269.75
2 55643.5 55072.3 571.2 56.51 100 274.57
3 78909.1 78387.5 621.6 45.66 88.14 217.06
4 75021.8 74423.7 598.1 57.16 100 0
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Fig. 13. Power outputs of the CHP with schemes 1–4.
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Fig. 14. Power outputs of the steam turbine with schemes 1–4.
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Fig. 15. HT steam outputs of the boiler with schemes 1–4.
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Fig. 16. MT steam outputs of the 1st attemperator with schemes 1–4.

from the results are concluded as follows: 1) Compared with
schemes 2–4, the proposed scheme 1 with the enhanced
utilization of B2S and hierarchical multi-timeframe dispatch
can achieve the lowest daily system operational costs. 2)
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Fig. 17. LT steam outputs of the 2nd attemperator with schemes 1–4.

Since the surplus outputs of WT and PVT can be harvested
for facilitating the thermochemical conversion of biomass,
schemes 1, 2, and 4 can better accommodate volatile and
intermittent wind and solar energy with smaller amounts
of charging/discharging energy of BES, and thus achieve
lower battery degradation costs compared to scheme 3. 3) As
the energy feedbacks from RES outputs are not considered,
scheme 3 can only purchase electricity from the grid to
maintain the high gasification temperature for ensuring the
required syngas production, therefore resulting in considerable
electricity purchasing costs as well as the lowest syngas yield.
The system operational cost in scheme 3 increases by 45.78%
compared with the proposed scheme 1. 4) Comparing scheme
1 with scheme 4, it can be noted that with the thermal energy
recovered from the syngas, a large amount of HT steam is
produced to drive the steam turbine for electricity generation,
thus the cost of electricity procurement from the local grid can
be reduced by 28.02%.

V. CONCLUSION

In this paper, the enhanced utilization mechanism of B2S
technology is proposed to form an industrial multi-energy
system and serves as an effective substitute for fossil fuels
to offer various types of steam flows for industrial consumers.
The key findings of this study are concluded as follows: 1)
The enhanced utilization of B2S can harvest the available
generations of PVT and WT to help maintain high gasification
temperatures, and thus facilitate the thermochemical conver-
sion of biomass for the syngas production enhancement while
reducing the total system operational costs. 2) Meanwhile,
the redundant wind and solar energy is converted into the
form of syngas via B2S, thus providing a cost-efficient and
sustainable method to accommodate high-penetration volatile
renewables and reduce the battery degradation cost due to
frequent charging/discharging cycles. 3) With the thermal
energy recovered from the syngas, a large amount of high-
temperature steam can be produced to drive a steam turbine
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for electricity generation, and the daily electricity procurement
cost from the local grid can be reduced by 28.02%.
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