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Biochar derived from pyrolysis or gasification has been gaining significant

attention in the recent years due to its potential wide applications for the

development of negative emissions technologies. A new concept was

developed for biochar and power co-generation system using a

combination of biomass pyrolysis (BP) unit, solid oxide fuel cells (SOFCs),

and a combined heat and power (CHP) system. A set of detailed

experimental data of pyrolysis product yields was established in Aspen Plus

to model the BP process. The impacts of various operating parameters

including current density (j), fuel utilization factor (Uf ), pyrolysis gas

reforming temperature (Treformer), and biochar split ratio (Rbiochar) on the

SOFC and overall system performances in terms of energy and exergy

analyses were evaluated. The simulation results indicated that increasing the

Uf , Treformer , and Rbiochar can favorably improve the performances of the BP-

SOFC-CHP system. As a whole, the overall electrical, energy and exergy

efficiencies of the BP-SOFC-CHP system were in the range of 8–14%,

76–78%, and 71–74%, respectively. From the viewpoint of energy balance,

burning the reformed pyrolysis gas can supply enough energy demand for the

process to achieve a stand-alone BP-SOFC-CHP plant. In case of a stand-alone

system, the overall electrical, energy and exergy efficiencies were 5.4, 63.9 and

57.8%, respectively, with a biochar yield of 31.6%.
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1 Introduction

Negative emissions technologies (NETs) have been

gaining attention in the recent years, as it can be helpful in

reducing CO2 emissions from power plants and industrial

sectors to the atmosphere and mitigating climate change.

Bioenergy with carbon capture and storage (CCS)

technology currently plays a significant role in achieving a

negative balance of carbon in the atmosphere (Fuss and

Johnsson, 2021). In general, bioenergy conversion

technologies can be simply classified into physical, thermal,

chemical and biological methods (Ayodele et al., 2019).

Among them, the thermal conversion technology such as

torrefaction, pyrolysis, gasification of biomass has been

widely considered for the purpose of producing syngas,

heat, and power (Din and Zainal, 2016; Dechapanya et al.,

2020). In addition to the utilization of biomass for energy and

electricity production, the by-product biochar has gained

considerable attention and is found suitable for various

applications as illustrated in Figure 1.

Typically, biochar is produced from a slow pyrolysis

process of biomass, which is generally heated in an inert

atmosphere maintained below 500°C with a slow heating

rate (<10°C min−1) (Yaashikaa et al., 2019; Uroic Štefanko

and Leszczynska, 2020). This solid product (biochar) is

characterized by its high stability, high porosity, high

carbon content, high surface area, and high adsorption

properties (Lee et al., 2017; Yaashikaa et al., 2019). Besides

its potential application in the environmental and agricultural

fields such as carbon sequestration, wastewater treatment

process, and soil amendment, biochar can also be utilized

as a catalyst for tar reforming during the biomass pyrolysis

and gasification processes as well as in biorefineries (Lee et al.,

2017; Yaashikaa et al., 2019; Uroic Štefanko and Leszczynska,

2020).

Another prospective and attractive approach to generate eco-

friendly and efficient energy is to apply solid oxide fuel cells

(SOFCs) technology to the NETs (Thattai et al., 2017). In

contrast to the conventional coal-fired power plants or

integrated coal gasification combined cycle (IGCC) systems,

an integration of various chemical processes or hybrid energy

systems with SOFCs for clean electricity production plays a vital

role in the energy market and is now attracting significant

attention, as it has a number of advantages (Aravind et al.,

2009; Liu et al., 2011; Din and Zainal, 2016; Thattai et al.,

2017): 1) SOFCs are low-emission, flexible, and modular

devices; 2) high fuel flexibility: hydrogen, syngas, biogas,

ammonia, etc.; 3) the high operating temperature of SOFCs

makes the integration of high temperature chemical systems

such as biomass gasification (BG), calcium looping

technology, and chemical looping combustion viable; 4)

system efficiencies as high as 50–60% or more if combined

with gas turbines (GT) using exhaust heat from SOFC; and 5)

a wide variety of applications ranging from combined heat and

power (CHP) systems to larger power plants. On account of these

advantages, the combination of different energy systems with

SOFCs is highly promising as an energy-efficient and

environment friendly process for decentralized power

generation and co-generation.

Reviewing recent works concerning the applications of

SOFC technology, there are numerous studies in the literature

on the process integration of BG and SOFC system. For

instance, Aravind et al. (2009) evaluated the performance

of small-scale gasifier-SOFC-GT systems (100 kW) through

thermodynamic calculations in terms of energy and exergy

efficiencies using Cycle Tempo. They pointed out that an

overall electrical efficiency of 54% was achieved. Liu et al.

(2011) investigated an integrated biosyngas fueled gasifier-

SOFC-CHP system (5 kW) and found that the CHP energy

and exergy efficiencies were in the range of 57–66% and

23.9–28.1%, respectively. Baldinelli et al. (2016) conducted

the coupling of a pilot downdraft gasifier with a commercial

SOFC system and concluded that wood syngas was feasible for

SOFCs since no carbon deposition was found on the NiYSZ-

anode cell. Thattai et al. (2017) compared the performance of

an integrated gasification fuel cell (IGFC) system with full

oxy-fuel CO2 capture with a co-gasification of biomass and

coal power plant without CO2 capture, and concluded that the

energy and exergy efficiencies of the former were 10.8 and

9.8%, respectively, better than those of the latter. In addition,

the IGFC system offers a very low specific CO2 emission as

compared to the traditional co-gasification power plant.

Detchusananard et al. (2019) simulated the integration of

the sorption enhanced steam biomass gasification (SEG)

with SOFC and a CHP system and they highlighted that a

maximum exergy efficiency of 61.2% can be achieved.

FIGURE 1
A schematic illustration of various applications of biochar.
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In contrast to the BG-SOFC system, a number of studies

have been carried out on integrated SOFC with other chemical

process in a hybrid system. A literature summary of various

energy systems integrated with an SOFC is presented in

Table 1. For example, Ozcan and Dincer (2014) studied a

chemical looping hydrogen production connected with a

SOFC-GT system for trigeneration of power, heat, and

hydrogen, and they indicated that the overall energy and

exergy efficiencies of such a system were 56.9 and 45.1%,

respectively. Chiodo et al. (2015) adopted the Aspen Plus

simulator to investigate the feasibility of integrating a biogas

reformer with an SOFC. They reported that their proposed

system offers high SOFC efficiency (DC) up to 61.76% based

on biogas steam reforming at an operating temperature of

800°C. Mehrpooya et al. (2020) designed a biodiesel

production power plant integrated with a glycerol steam

reforming process and an SOFC using Aspen Hysys. They

concluded that the overall electrical and thermal efficiencies

were 28.1 and 85.2% respectively. Mojaver et al. (2020a)

investigated the optimum operating conditions of SOFCs

via various optimization approaches (Taguchi/AHP/

TOPSIS) to maximize the electrical efficiency. Meanwhile,

they also evaluated an SOFC-supercritical CO2 Brayton-

organic Rankine cycle-based power plant and pointed out

that the electrical exergy efficiency was 43% after carrying out

multi-objective optimization (Mojaver et al., 2020b). These

earlier studies prove that SOFC technology is promising in

applications to power plants and several industrial processes.

Based on the foregoing review of the literature, it shows

that integrated BG-SOFC systems have been investigated

extensively both in experiments and simulations, and few

examined the use of integrating SOFCs with biogas

reforming or chemical looping processes. However, an

examination of the recent studies reveal that no research

has been done to evaluate an integrated system

incorporating biomass pyrolysis (BP) with a SOFC-CHP

system for the NETs. Such sort of integrated system

seems to be sustainable in nature and hence appropriate for

energy and environment focused applications. For the

aforementioned reasons, the present study aims to

develop a BP-SOFC-CHP system for co-generation of

biochar and power using Aspen Plus simulator, and then

to examine the influence of operating parameters such as

current density and fuel utilization factor (Uf) on

the SOFC and overall system (BP-SOFC-CHP)

performances in terms of energy (ηI,overall) and exergy

(ηII,overall) efficiencies as well as biochar production. The BP

is developed and established based on experimental data

(Chen et al., 2016; Manyà et al., 2018) and a pyrolysis

volatiles reforming unit is simultaneously considered and

installed behind the BP to investigate the effect of

reforming temperature (Treformer) and biochar split ratio

(Rbiochar) on the overall system performance in detail.

Finally, a stand-alone design for the BP-SOFC-CHP system

is proposed, which can provide new and useful insight into the

development of NETs.

TABLE 1 State-of-art of the researches on various energy systems integrated with SOFCs.

Proposed energy systems
with SOFCs

System efficiency Literature

IGCC-SOFC- oxy-fuel combustion CO2 capture system 47.96%a,d Thattai et al. (2017)

43.68%b

Biomass gasification-SOFC system 20.5–47.5%b Liu et al. (2011)

23.9–51.6%b (CHP)

Calciner (calcination process) integrated with a SOFC system 43.7–47.7%a,d Hanak et al. (2017)

Supercritical water gasification (SCWG)-SOFC system 50–70a,b,d Recalde et al. (2019)

Sorption Enhanced steam biomass gasification with a SOFC-GT system 61.2%b Detchusananard et al. (2019)

Chemical looping hydrogen generation integrated with a SOFC-GT system 56.9%a,c Ozcan and Dincer, (2014)

45.05%b

Biogas reforming process integrated with a SOFC system 37–62%a,d (SOFC DC) Chiodo et al. (2015)

Biodiesel production followed by glycerol reforming integrated with a SOFC power plant 85.16%a,d Mehrpooya et al. (2020)

25.09%a,d (SOFC)

Chemical looping combustion in natural gas power plants integrated with SOFCs 63–70%a,d Spallina et al. (2018)

SOFC-GT-supercritical organic Rankine cycle integrated power system 66.27%a,d Zhang et al. (2017)

88.43%a,d (CHP)

aEnergy efficiency.
bExergy efficiency.
cHHV, basis.
dLHV, basis.
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2 Process design and simulation

2.1 System description

In this study, a simulation model of the co-generation of

biochar and power plant is developed in Aspen Plus V8.8. In the

simulation, the Peng-Robinson Boston Mathias (PR-BM)

equation of state is used as the thermodynamic property

(Chiodo et al., 2015). Figure 2 shows the entire process flow

diagram for the co-generation of biochar and power system. The

overall system is mainly composed of a biomass pyrolysis (BP)

reactor, a pyrolysis volatiles reformer, a solid oxide fuel cell

(SOFC) system, a combined heat and power (CHP) system, and

three steam turbine systems. The key sub-systems in the BP-

SOFC-CHP system, such as the BP process, the pyrolysis volatiles

reforming, and the SOFC are presented in detail below. On the

other hand, the detailed operating conditions of all sub-systems

are presented in Table 2.

2.2 Biomass pyrolysis and pyrolysis
volatiles reforming processes

In the biomass pyrolysis process (BP), slow pyrolysis of corn

stover is considered for the purpose of producing biochar. The

chemical and physical properties of corn stover are listed in Table 3.

Moreover, the model is established according to the following key

assumptions in the development of the BP-SOFC-CHP system: 1)

the process is carried out in steady state; 2) the feedstock is at normal

conditions (i.e., 25°C and 1 atm); 3) the solid and gaseous phases are

in a state of thermodynamic equilibrium; 4) char is assumed as

graphitic carbon. Based on the chemical and physical properties of

corn stover, the biomass fuels and ash are established and defined as

non-conventional components in Aspen Plus. The HCOALGEN

model is chosen to estimate the heat of combustion, heat of

formation, and heat capacity of biomass fuels. The DCOALIGT

model is selected to calculate the density of biomass fuels. When

corn stover is fed into the BP-CHP-SOFC system, the first step is the

heating and drying to reduce its moisture content. The resulting

dried corn stover is then fed to the pyrolysis reactor in which the

slow pyrolysis is performed at 500°C and 0.55MPa. The RYield

reactor is used to model the product yields of pyrolysis volatiles,

pyrolysis liquid, and biochar based on the experimental system used

by Chen et al. (2016) andManyà et al. (2018). Based on their studies,

experimental data such as the product yields and compositions are

available, and this can be taken as valid inputs for developing the

model in Aspen Plus. The yields of the major products are thus

calculated based on the experimental results by a calculator block

which is controlled by the FORTRAN statement in accordance with

the component characteristics of the feedstock. The main product

FIGURE 2
Process flow diagram of the BP-SOFC-CHP system.
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yields from corn stover slow pyrolysis are presented in Table 2.

During corn stover slow pyrolysis at 500°C, approximately 30.6% of

the pyrolysis volatiles are released from the feed, while the pyrolysis

liquid (including water and organic compounds) and biochar yields

are 37.9 and 31.5% respectively. The main components of pyrolysis

liquid from corn stover slow pyrolysis are established based on the

experimental results of Chen et al. (2016). In terms of GC/MS

analysis, furfural accounted for most of the yields of products in the

organic phase, followed by, oxiranemethanol acetate, D-allose,

Furfuryl alcohol, Phenol, Metacetamol, Butyrolactone, 4-

Methoxy-1,2-benzenediol and other components. The pyrolysis

gas coming out of the reactor is heated and sent to the volatiles

reformer to produce hydrogen-rich gas, while the biochar is taken

out from the bottom of the pyrolysis reactor. For the base case

system, the biochar split ratio is assigned as zero and hence the entire

biochar produced is taken out from the reactor at regular intervals.

In contrast to the base case, a splitter unit is used to control the

biochar spilt ratio. According to this ratio, a part of the produced

biochar will be conveyed to the pyrolysis volatiles reformer to

produce more hydrogen. The pyrolysis volatiles reforming is

simulated by using an RGibbs reactor which models the major

chemical reactions based on the chemical and phase equilibrium

calculations by minimizing the Gibbs free energy. The Gibbs free

energy minimization equilibrium model (RGibbs) has been widely

considered a suitable approach to predict thermodynamic behavior

of the gas-char reforming process (AlNouss et al., 2020; Rosha et al.,

2022). Six different reforming temperatures of 600, 650, 700, 750,

800, and 850°C are taken into account to find the suitable operating

condition for the BP-SOFC-CHP system, and the major chemical

TABLE 2 Operating conditions used in the simulation.

Process sub-systems Parameters Value Literature

Pyrolysis Temperature (°C) 500 Manyà et al. (2018)

Pressure (MPa) 0.55

Biomass inlet flow rate (kg s−1) 0.53–2.11

Volatiles yield (wt%) 30.6

Liquid yield (wt%) 37.9

` Biochar yield 31.5

Pyrolysis volatiles reforming Temperature (°C) 600–850 Xu et al. (2015)

Pressure (atm) 1

SOFC Temperature (°C) 900 -

Pressure (atm) 1

Fuel utilization factor (Uf ) 0.6–0.9

Current density (A/m2) 1,000–4,000

DC/AC converter efficiency (%) 0.95

Active area (m2) 1,000

HRSG and steam turbine cycle HPT pressure (atm) 80 -

IPT pressure (atm) 30

LPT pressure (atm) 5

Isentropic efficiency (%) 92

Mechanical and generator efficiency (%) 98

Approach point and pinch point (°C) 10

TABLE 3 Proximate and elemental analyses of the biomass used in the
simulation (Manyà et al., 2018).

Biomass Corn stover

Proximate analysis (wt%, dry basis)

Volatile matter 86.60

Fixed carbon 10.7

Ash 2.7

Elemental analysis (wt%, dry ash free)

C 44.4

H 5.6

N 0.43

O (by difference) 49.12

S 0.45

Lower heating value (MJ kg−1) 16.74
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reactions occurring in the reformer are summarized in Table 4.

Meanwhile, to identify themaximum thermodynamic efficiencies of

the system, for simplicity, an ideal separator unit is installed after the

reformer to separate hydrogen from the reformed gas, and this

hydrogen is heated and fed to the SOFC system.

2.3 Solid oxide fuel cell system

The SOFC model is also established in the Aspen Plus

environment. The detailed process flowsheet and the relevant

input parameters (geometry, material properties, etc.) are

modeled based on the study of Doherty et al. (2010). The

following key assumptions are considered in the present

SOFC model (Doherty et al., 2010; Taufiq et al., 2015): 1) the

entire system is steady-state and zero-dimensional; 2) any

pressure drop in the system is neglected; 3) chemical reactions

reach the thermodynamic equilibrium at a given reaction

temperature; 4) the half-cell reactions are replaced by the

overall oxidation of hydrogen, since the process of ions

crossing over through the electrolyte cannot be simulated in

Aspen Plus. An RGibss reactor based on Gibbs free energy

minimization is utilized to model the chemical reactions

occurring at the anode, while a separator is used to model

oxygen required by the electrochemical reactions (Doherty

et al., 2010). To calculate the required amount of oxygen

(nO2,required) to react with hydrogen at the anode, a design

specification block is performed in the cathode unit by

implementing the following equations in Aspen Plus.

Uf � nH2,consumed

nH2,equivalent
� I × 0.018665

nH2,equivalent
(1)

nO2,required � 0.5(Uf)(nH2,equivalent) (2)

Ua � nO2,consumed

nO2,in
(3)

where Uf is the fuel utilization factor, nH2,consumed is the molar

flow rate of hydrogen reacted at the anode (mol h−1), nH2,equivalent

is the equivalent hydrogen (mol h−1), I is the cell current (A), Ua

is the air utilization factor, nO2,consumed is the molar flow rate of

oxygen reacted at the cathode (mol h−1), and nO2,in is the molar

flow rate of oxygen fed into the cathode (mol h−1). In actual case,

an equivalent amount of ambient air can be fed to the cathode, as

pure O2 is not an economically feasible option.

TABLE 4 A list of main chemical reactions occurring during the pyrolysis volatiles reforming unit (Liu et al., 2013; Xu et al., 2015; Arregi et al., 2017).

Reaction name Chemical reaction Reaction number

Reforming of pyrolysis volatiles CnHmOk + (2n − k)H2O ↔ nCO2 + (2n +m/2 − k)H2 , ΔH0 > 0 R1

Dry reforming CH4 + CO2 ↔ 2CO + 2H2 , ΔH0 � 247 kJmol−1 R2

CnHm + nCO2 ↔ 2nCO + (m/2)H2 , ΔH0 > 0 R3

Steam reforming CH4 +H2O ↔ CO + 3H2 , ΔH0 � 206 kJmol−1 R4

CH4 + 2H2O ↔ CO2 + 4H2 , ΔH0 � 165 kJmol−1 R5

CnHm + nH2O ↔ nCO + (n +m/2)H2 , ΔH0 > 0 R6

CnHm + 2nH2O ↔ nCO2 + (2n +m/2)H2 , ΔH0 > 0 R7

Tar +H2O → CO +H2 + CO2 + CH4 + gases, ΔH0 > 0 R8

Water gas shift reaction CO +H2O ↔ CO2 +H2 , ΔH0 � −42 kJmol−1 R9

Carbon formation CH4 ↔ C + 2H2 , ΔH0 � 75 kJmol−1 R10

2CO → C + CO2, ΔH0 � −172kjmol−1 R11

CO +H2 → C +H2O, ΔH0 � −131 kJmol−1 R12

Tar → C + CnH2n+2 + gases, ΔH0 > 0 R13

CnH2n+2 ↔ nC + (n + 1)H2 , ΔH0 > 0 R14

Carbon gasification C +H2O → CO +H2 , ΔH0 � 131.4 kJmol−1 R15

Boudouard reaction C + CO2 → 2CO, ΔH0 � 172.6 kJmol−1 R16

Hydrogasification C + 2H2 ↔ CH4 , ΔH0 � −75 kJmol−1 R17
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The Nernst potential, and the operational cell voltage

considering the losses due to ohmic, activation, and

concentration polarizations are calculated based on Doherty

et al. (2010). After the cell voltage (Vcell) is obtained, the

SOFC power output is calculated as:

WSOFC,AC � WSOFC,DC × ηinv � I × Vcell × ηinv (4)

where I is the cell current (A),Vcell is the cell voltage (V), and ηinv
is the inverter efficiency (%).

The anode outlet gas of SOFC subsequently enters into the

combustor where the oxidation of unreacted hydrogen takes place to

release heat. An RStoic reactor which is a stoichiometry-based

reactor with specified extents of reaction is utilized to model the

combustion reaction. Next, the hot exhaust gas from the combustor

flows through a heat exchanger (HE-1) in order to preheat the

cathode air and then is sent to a combined heat and power system

(CHP), including a heat recovery steam generator (HRSG) and a

number of steam turbine (ST) cycles to generate additional

electricity.

2.3.1 Validation of the solid oxide fuel cell
The validation of the SOFC model is performed by

comparing the current predictions to the results of Doherty

et al. (2010). In their work, a syngas composition

characteristic of 34% H2, 16% CO, 7.4% CH4, 15.8% CO2,

25.7% H2O, and 1.1% N2, produced after gas cleaning from

the Güssing DFB gasifier with an operating temperature of 850°C

and a steam/fuel ratio of 0.75 (Doherty et al., 2010), is used as an

inlet fuel of the SOFC for generating a DC power of 120 kW. The

operating temperature, pressure, and active area of the SOFC

were 910°C, 1.09 bar, and 96.1 m2, respectively. The fuel

utilization and air utilization factors were fixed at 0.85, and

0.167, respectively. As shown in Table 5, the simulation results

are in good agreement with the data presented in the literature.

Therefore, it is concluded that the SOFC model used in the

present study is reliable.

3 Thermodynamic analysis

In order to investigate the effect of various operating

parameters such as Uf and Treformer on the SOFC

performance and overall BP-SOFC-CHP system performance,

various important efficiency indexes are taken into account to

evaluate and are defined in detail below.

3.1 Energy efficiency (ηI)

The SOFC energy efficiency (ηI,SOFC) can be calculated as

follows:

ηI,SOFC (%) � PSOFC

_EH2

× 100% (5)

where _EH2 is the thermal input of hydrogen (MW) and PSOFC is

the SOFC power output (MW).

With regard to the overall efficiency of BP-SOFC-CHP

system, it can be determined by using the following equations.

Basically, the main energy content of the products which can be

recovered from the BP-SOFC-CHP system are product gas,

biochar and sensible heat. The gross power output from the

BP-SOFC-CHP system equals to the sum of electric power of the

SOFC and CHP. The energy content of the product gas can be

expressed by its lower heating value (LHV, MJ kg−1) (Emun et al.,

2010):

LHVproduct gas � xH2LHVH2 + xCOLHVCO + xCH4LHVCH4

(6)

TABLE 5 A comparison of simulation results for SOFC model.

Gas composition Anode outlet Referencesa Cathode outlet Referencesa

(mol%) Present model Present model

H2 6.26% 6.2% 0% 0%

CO 4.15% 4.2% 0% 0%

CO2 30.0% 30.0% 0% 0%

CH4 0% 0% 0% 0%

N2 0.95% 0.9% 81.86% 81.9%

H2O 58.64% 58.7% 18.14% 18.1%

SOFC performance Voltage (mV) Referencesa Current density (mA/m2) Referencesa

Present model Present model

663.7 662 188.2 188.7

aThe results were validated against Doherty et al. (2010).
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where x stands for the mass fraction of gas species in the product

gas, and LHVH2, LHVCO, LHVCH4 are the lower heating value of

the gas species, H2, CO, and CH4 in the product gas (MJ kg−1),

respectively.

On the other hand, the energy content of biochar is calculated

based on the LHV of biochar (27 MJ kg−1) (Rafiq et al., 2016).

Hence, the system energy efficiency for main products (ηI,products)

is defined as the ratio of energy output of the BP-SOFC-CHP

system to the energy input, whereas the overall electrical energy

efficiency (ηI, electricty) is the ratio of net power generation to

energy input. They are defined as follows:

ηI,products (%) �
_Eproduct gas + _Ebiochar

_Ein

× 100 (7)

ηI, electricty (%) �
Pgross −∑Paux

_Ein

× 100 (8)
Pgross � PSOFC + PST (9)

ηI, overall (%) � ηI, products + ηI, electricity (10)

where _Eproduct gas, _Ebiochar are the thermal output of product

gas and biochar from the BP-SOFC-CHP system (MW),

respectively. Pgross is the gross power output of SOFC

(PSOFC) (MW) and steam turbines (PST) (MW), ∑Paux is

the sum of auxiliary power (MW).

3.2 Exergy efficiency (ηII)

The overall exergy balance between the inlet and outlet flows

can be expressed as (Saidur et al., 2012; Zhang et al., 2012; Ozcan

and Dincer, 2014):

∑
in

_Exi −∑
out

_Exj + _Exheat − _Exw � _Exdest (11)

∑
in

_Exi � _Exbiomass (12)

∑
out

_Exj � _Exproduct gas + _Exbiochar (13)

FIGURE 3
Sankey diagram of the BP-SOFC-CHP system: (A) energy, and (B) exergy.
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where ∑
in

_Exi and ∑
out

_Exj are the exergy rates of the input and

output streams, respectively. _Exbiomass is the input exergy rate of

biomass (MW), _Exheat is the exergy rate of heat transfer (MW),
_Exproduct gas is the output exergy rate of the product gas (MW),
_Exbiochar is the exergy rate of biochar (MW), _Exw is the exergy

rate of work (MW), and _Exdest is the exergy destruction

rate (MW).

Basically, the total exergy of the material streams includes

physical exergy and chemical exergy, which can be written as

follows:

_Extotal � _Exph + _Exch (14)

where _Extotal is the total exergy of the material streams (MW),

and _Exph and _Exch are the physical and chemical exergy of the

material streams (MW), respectively.

In the foregoing equation, the _Exph for each species in the

product gas can be defined by

_Exph � (h − h0) − T0(s − s0) (15)

where h and s are the specific enthalpy (kJ kmol−1) and entropy

(kJ kmol−1 K−1) of the gas species at a given state, while h0 and s0
are the specific enthalpy and entropy of the gas species at the

environment state T0 = 25°C and P0= 1 atm, respectively.

The _Exch for each species in the gas mixture can be described

as follows:

_Exch � ∑
i

_ni⎛⎝Exch,i + RT0 ln
_ni∑ _ni
⎞⎠ (16)

where _ni is the mole flow rate of species i in the product gas (kmol

s−1), Exch,i is the standard chemical exergy of species i in the

product gas, and R is the universal gas constant (kJ kmol−1 K−1).

Meanwhile, the standard chemical exergy of species in the

product gas and carbon can be obtained from the studies of

Zhang et al. (2012), Saidur et al. (2012), and Ozcan and Dincer

(2014). The exergy of heat streams is expressed as follows:

_Exheat � ∑(1 − T0

T
)QH (17)

where T is the operating temperature for the system (K), and QH

is the heat transfer flow rate of the system (MW).

For biomass, the specific chemical exergy can be obtained by

(Cohce et al., 2010):

_Exbiomass � β mbiomass LHVbiomass (18)
β � 1.044 + 0.0160H/C − 0.3493O/C(1 + 0.0531H/C) + 0.0493N/C

1 − 0.4124O/C (O/C≤ 2) (19)

where _mbiomass is the mass flow rate of biomass fed into the BP-

SOFC-CHP system (kg s−1), LHVbiomass is the lower heating value

of the biomass (MJ kg−1), and C,H,O,N are the mass fraction of

carbon, hydrogen, oxygen, and nitrogen respectively.

As a consequence, the SOFC exergy efficiency (ηII,SOFC) can

be defined as follows:

ηII,SOFC (%) �
PSOFC

_ExH2

× 100 (20)

where _ExH2 represents the exergy rate of hydrogen (MW) and

PSOFC is the SOFC power output (MW).

Meanwhile, from the aforementioned equations, the exergy

efficiency of the products (ηII,products), which is defined as the ratio

of exergy output of products to the total exergy input and

electrical exergy efficiency (ηII,electricity), which is the ratio of

net power generation to exergy input, in the BP-SOFC-CHP

system are defined by (Saidur et al., 2012; Zhang et al., 2012):

ηII,products (%) �
_Exproduct gas + _Exbiochar

_Exin

× 100 (21)

ηII,electricity (%) �
Pgross −∑Paux

_Exin

× 100 (22)
ηII,overall (%) � ηII,products + ηII,electricity (23)

4 Results and discussion

In the following discussion, a base case of the performance of

overall BP-SOFC-CHP system in terms of energy (ηI,overall) and

exergy (ηII,overall) analyses is first studied. Sensitivity analysis with

respect to four main operating parameters, including current

density, fuel utilization factor (Uf), reforming temperatures

(Treformer), and biochar split ratio (Rbiochar) on the BP-SOFC-

CHP system performance are then examined. The effort is

targeted to find the optimal operating conditions of this new

system for co-generation of biochar and electricity. Finally, in

order to cover the heat demand of the overall process, a stand-

alone BP-SOFC-CHP system is further evaluated.

4.1 A base case study of the biomass
pyrolysis-solid oxide fuel cell-combined
heat and power system

The energy and exergy flow diagrams of the BP-SOFC-CHP

system for the base case are shown in Figures 3A,B, respectively.

In this base case, the pyrolysis volatiles reforming temperature

(Treformer) is kept constant at 650°C. The total mass flow rate of

biomass fed into the system is determined based on the required

current density of SOFC. At a current density of 2500 A m−2 and

a fuel utilization factor (Uf) of 0.85, it is calculated that

1.32 kg s−1 of biomass is to be fed into the BP-SOFC-CHP

system. Under the prescribed operating conditions, the result

for biochar production rate from the BP-SOFC-CHP system is

about 0.46 kg s−1.

The inlet energy flow, which is the sum of the chemical

energy content of the biomass fuel, heat of reaction, and energy

requirement of the process, to the BP-SOFC-CHP system is
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25.95 MW and most of the useful energy output of products are

obtained from biochar and pyrolysis gas, which are 12.68 and

4.59 MW respectively, corresponding to 48.9 and 17.7% of the

energy input (i.e., ηI, products = 66.6%). On the other hand, it is

noteworthy that the energy required to heat the biomass to the

operating temperature of pyrolysis (i.e., 500°C) and for biomass

pyrolysis reaction are around 0.98 MJ kg−1 and 1.01 MJ kg−1

respectively. Similar results have been reported in Yang et al.

(2013) and Weldekidan et al. (2019), where they estimated the

heat required for biomass pyrolysis by using TGA-DSC

experiment. Their results concluded that the energy

demand for heating the rice husk and chicken litter to the

pyrolysis temperature of 500°C were 0.8 MJ kg−1 and

1.2 MJ kg−1 respectively, while the heat energy consumed

for pyrolysis process of five different biomass samples was in

the range of 1.1–1.6 MJ kg−1 at pyrolysis temperature

between 500 and 550°C. Accordingly, it is clear that the

simulated results are consistent with those measured from

the experimental works and the present model is good

enough to carry out an energy balance of the BP-SOFC-

CHP system. The net power generation, which is the sum of

SOFC and the CHP system, is 2.74 MW. Therefore, 10.6%

(ηI, electricity) of the energy input is converted to net electricity

for the BP-SOFC-CHP system. From the above data, the

overall energy efficiency (ηI, overall) of the BP-SOFC-CHP

system for the base case is 77.1%. With regard to the

exergy flow diagram of the BP-SOFC-CHP system for the

base case (Figure 3B), the inlet exergy flow to the overall

system is about 27.66 MW. The exergy efficiency of pyrolysis

gas and biochar is 14.9 and 48.1% respectively, accounting

FIGURE 4
Effects of current density (j) on the BP-SOFC-CHP system: (A) SOFC cell voltage and power output, (B) SOFC efficiency, (C) total power input
and output and electrical efficiency, and (D) overall system efficiency and biochar production rate.
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for ηII, products of 63.0%, while an electrical exergy efficiency

(ηII, electricity) of about 9.9% is achieved. The highest exergy

destruction and loss take place at the SOFC and CHP system,

followed by the BP unit, contributing around 13.8 and 13.3%

of the total exergy input respectively. Consequently, the

overall exergy efficiency (ηII, overall) of the BP-SOFC-CHP

system for the base case is 72.9%.

4.2 Sensitivity analysis

In order to develop a better understanding of a novel BP-

SOFC-CHP system two important SOFC operating parameters,

current density (j) and fuel utilization factor (Uf), that influence

the overall system energy, exergy, and electrical efficiencies are

first investigated. Subsequently, particular emphasis is placed on

studying the impacts of the reforming temperature (Treformer)

and biochar split ratio (Rbiochar) on the overall BP-SOFC-CHP

system’s performance to find the optimal operating conditions.

4.2.1 Effect of current density (j)
Sensitivity analysis of the effect of current density on the

BP-SOFC-CHP system is shown in Figure 4, where Uf and

Treformer are kept constant at 0.85 and 650 °C respectively,

throughout the sensitivity analysis. As can be seen, when

increasing the current density from 1,000 to 4000 A m−2,

SOFC power output increases from 0.79 to 2.70 MW, but cell

voltage drops from 0.83 to 0.71 V (Figure 4A). This is

attributed to the fact that SOFC operation at higher current

density results in higher voltage losses caused by the ohmic,

FIGURE 5
Effects of fuel utilization factor (Uf ) on the BP-SOFC-CHP system: (A) SOFC cell voltage and current density, (B) SOFC efficiency, (C) total power
input and output and electrical efficiency, and (D) overall system efficiency and biochar production rate.
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activation, and concentration polarizations that are directly

proportional to current density (Doherty et al., 2010). As

shown in Figures 4A,B significant decreasing trend of ηI, SOFC

and ηII, SOFC are observed with increasing current density. The

decrease of ηI, SOFC and ηII, SOFC is mainly because the increased

the amount of fuel input flow and the decreased cell voltage as

current density rises. The values of ηI,SOFC and ηII,SOFC are in

the range of 45.8–53.5% and 44.5–52.0%, respectively. On the

other hand, the total input power and total power output

(SOFC and CHP) increase linearly along with the current

density (Figure 4C). The former is in the range of

10.36–41.54 MW, while the latter is 1.16–4.06 MW. It can

be thus seen that the electrical efficiency is reduced from

11.2 to 9.8% for ηI, electricity and 10.5 to 9.2% for ηII,electricity

respectively, when the current density is raised from 1,000 to

4000 A m−2 (Figure 4C). Figure 4D shows the distributions of

ηI,overall, ηII,overall and biochar production rate of the BP-SOFC-

CHP system along with the current density. The values of the

ηI,overall and ηII,overall drop as the current density increases.

Overall, the values of ηI,overall and ηII,overall of the BP-SOFC-

CHP system vary in the range of 76.4–77.8% and 72.2–73.5%,

respectively. On examining the distributions of biochar

production rate (Figure 4D), it is seen that biochar

production ranges from 0.18 to 0.73 kg s−1 within the

investigated ranges of current density.

4.2.2 Effect of fuel utilization factor (Uf )
The second sensitivity analysis is carried out by varying the

utilization factor (Uf).Uf is one of the most significant operating

parameters for SOFC and has impacts on the performance of the

entire system. During the sensitivity analysis, a constant SOFC

power output (AC) of 2 MW is assumed to be generated

(i.e., biomass input flow rate, cell voltage, and current density

are calculated to achieve 2 MW). Figure 5 illustrates the influence

of Uf on the performance of BP-SOFC-CHP system, where

Treformer is kept constant (650°C) in all cases. It can be observed

that the current density is increased from about 2586 A m−2 to

2801 A m−2 with an increase of Uf from 0.6 to 0.9, resulting in a

decrease in the cell voltage from 0.81 to 0.75 V. This is attributed

to the fact that more consumption of H2 by the SOFC at higher

values of Uf is observed, and thus higher polarizations losses are

caused with higher current density (Figure 5A). Raising Uf from

0.6 to 0.9 increases the ηI, SOFC from 37.0 to 51.3% and ηII, SOFC
from 35.9 to 49.8% (Figure 5B). Figure 5C depicts that the total

power input and output of the BP-SOFC-CHP system decreased

from 32.59 to 23.57 MW and 3.46 to 2.92 MW respectively

within the investigated ranges of Uf. A higher Uf means less

H2 is left unreacted from the SOFC (i.e. less H2 is sent to the

combustor), resulting in less thermal energy of flue gas for the

CHP unit. Similarly, more consumption of H2 by the SOFC at

higher Uf requires less biomass input supplied to the BP-SOFC-

CHP system in order to achieve the desired SOFC power output

(2 MWAC). As a whole, with varyingUf, the values of ηI,electricity
and ηII,electricity of the BP-SOFC-CHP system are in the range of

9.0–10.5% and 8.5–9.9% respectively. The effect of Uf on the

overall system efficiency and biochar production are shown in

Figure 5D. It is not surprising that the values of ηI,overall and

ηII,overall are increased with increasing Uf because of lower

biomass input flow rate (Figure 5C). As a whole, the overall

system efficiency is in the range of 75.6–77.1% for ηI,overall and

71.5–72.9% for ηII, overall, while the biochar production ranges

from 0.49 to 0.68 kg s−1within the investigated ranges of Uf.

4.2.3 Effect of reforming temperature (Treformer)
By virtue of the fact that Treformer is an important parameter

affecting the performance of pyrolysis volatiles reforming unit,

the effect of Treformer on the concentrations of product gas at the

FIGURE 6
Effects of reforming temperature (Treformer ) on the outlet (A)
gas composition, and (B) lower heating value of the product gas in
the reformer.
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reformer exit is first discussed. The appropriate operating

temperature for pyrolysis volatiles reforming unit is in the

range of 600–850°C (Xu et al., 2015; Wang et al., 2017), hence

the aforementioned range of Treformer serves as the basis of the

present work.

Figure 6A displays the profiles of concentrations of H2, CO,

CH4, and CO2 in the product gas as well as carbon production

rate as a function of Treformer, while Table 4 presents the major

chemical reactions occurring in the pyrolysis volatiles reforming

reactor. It can be seen that as the Treformer is increased from

600 to 850°C, the concentrations of H2 and CO in the product gas

increase from 34.0 to 42.3% and 14.4 to 43.5% respectively,

whereas those of CO2 and CH4 in the product gas decline from

24.6 to 6.8% and 5.1 to 0.1% respectively. Basically, increasing

Treformer is favorable to products in endothermic reactions. This

is thus attributed to the fact that an increase in Treformer is

conducive to the production of H2 and CO as a consequence of

the endothermic dry reforming reactions (R2-R3) and steam

methane reactions (R4-R8). However, the profile of

concentration of H2 first grows substantially and then remains

almost constant with further increase in Treformer. For example,

the percentage of H2 increase from around 34.0% at 600°C to

42.0% at 750°C, and then it keeps almost constant at around

42.0% when the Treformer is higher than 750°C. Similar

observations are also reported in the study of Xu et al. (2015),

which concluded that from the viewpoint of H2 and CO

productivity, the reformer temperature should be operated

between 700 and 750°C.

With attention paid to carbon formation in the reformer

(Figure 6A), it is clear that the carbon production rate declines

drastically with increasing Treformer. For instance, when the

Treformer increases from 600 to 700°C, the value of carbon

FIGURE 7
Effects of reforming temperature (Treformer ) on the BP-SOFC-CHP system: (A) SOFC cell voltage and current density, (B) SOFC efficiency, (C)
total power input and output and electrical efficiency, and (D) overall system efficiency and biochar production rate.
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production rate drops from 0.099 kg s−1 to 0.028 kg s−1. Notably,

it should be pointed out that once the Treformer is as high as

750°C, no more carbon formation is observed. It has been known

that methane cracking (R10), tar and hydrocarbon

decomposition (R13-R14), reverse Boudouard (R11), and

reverse carbon gasification reactions (R12) are major chemical

reactions that contribute to carbon formation (Table 4). Among

them, R10, R13, and R14 are characterized by endothermic

reactions, whereas R11 and R12 are characterized by

exothermic reactions. Hence, both R11 and R12 may be

considered as the dominating reactions for carbon formation

in the investigated range of Treformer. Similar results have been

observed in the thermodynamic equilibrium calculations (using

Factsage) study of Liu et al. (2013). The LHV of the product gas

from the BP-SOFC-CHP system is shown in Figure 6B. It

depends strongly on the Treformer from 600 to 750°C. Beyond

750°C, there is no effect on temperature as the product gas

concentration is almost same. As a whole, the LHV of the

product gas is in the range of 4.14–7.49 MJ kg−1.

The influence of altered Treformer on the performance of BP-

SOFC-CHP system is plotted in Figures 7A–D, where the

biomass input rate and Uf of SOFC are fixed at 1.32 kg s−1,

and 0.85 respectively. As seen in Figure 7A, the cell voltage

slightly declines with increasing Treformer, whereas the current

density raises with increase in Treformer. The reason is that

increasing the Treformer from 600 to 750°C facilitates H2

production rate at the reformer exit, implying that more H2

fuel is fed to the SOFC. This also indicates that the higher the H2

fuel flow rate, the higher current density that is obtained

(Figure 7A), and thereby lowers the cell voltage as a result of

higher polarization losses which are closely dependent on current

density. Similar observations were also reported by Lee and

FIGURE 8
Effects of biochar split ratio (Rbiochar ) on the BP-SOFC-CHP system: (A) SOFC cell voltage and current density, (B) SOFC efficiency, (C) electrical
efficiency, and (D) overall system efficiency and biochar production rate.
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Strand (2009), Zhao et al. (2015), and Hou et al. (2018) while

evaluating the influence of fuel flow rate on the performance of

SOFC. However, it should be noted that the values of current

density and cell voltage remain almost constant when the

Treformer is higher than 750°C, resulting from constant H2

production rate produced in the reformer (Figure 6A).

Figure 7B reveals the variation on SOFC efficiency along with

the Treformer. As expected, the increase in Treformer leads to the

reduction of SOFC efficiency until the Treformer reaches 750°C, as

a result of higher voltages losses and the increased fuel input flow

for the higher current density. The value of ηI, SOFC varies in the

range of 47.7–51.1%, while that of ηII, SOFC is 46.3–49.6%.

Figure 7C indicates that as the Treformer is increased from

600 to 850°C, the total power input, total power output

(SOFC + CHP), ηI, electricity, and ηII, electricity are increased by

2.04 MW, 1.26 MW, 4.0%, and 4.0%, respectively.

Nevertheless, in examining the profile of overall system

efficiency (Figure 7D), it is worth noting that the overall

system efficiency is slightly affected by the Treformer within the

ranges investigated in this work. As a whole, the values of ηI,overall
and ηII,overall are in the range of 77.1–77.6% and 72.7–73.3%

respectively. With regard to biochar production rate, it decreases

up to 750°C and then keeps constant with further increase in

Treformer. This arises from the fact that biochar is mainly

produced from the pyrolysis reactor when the Treformer is

higher than 750°C.

4.2.4 Effect of biochar split ratio (Rbiochar)
The effect of biochar split ratio on the performance of BP-

SOFC-CHP system is plotted in Figure 8, where biomass input

rate, Uf, and Treformer are kept at 1.32 kg s−1, 0.85, and 850°C,

respectively. In this study, a splitter is used to separate out a

portion of biochar from the pyrolysis reactor to the reformer. The

amount of biochar sent to the reformer is determined by a

biochar split ratio (Rbiochar), which is defined as the ratio of

mass flow rate of biochar sent to pyrolysis volatiles reformer

divided by the total mass flow rate of biochar produced in the

pyrolysis reactor. As shown in Figure 8A, with the increase of

Rbiochar from 0 to 20%, the SOFC voltage is decreased from 0.74 to

0.72 V, while the current density is increased from around

3327 A m−2 to 3680 A m−2. Increasing the Rbiochar lead to more

H2 production in the pyrolysis volatiles reformer due to the

carbon gasification (R15), thereby resulting in more H2 fuel flow

at the anode of SOFC. However, it is found that the values of

SOFC voltage and current density are independent of Rbiochar

once the Rbiochar is greater than 20%. This is because no carbon

gasification reaction occurs in the pyrolysis volatiles reformer

due to insufficient steam concentration. Meanwhile, the

increased Rbiochar lowers the ηI,SOFC and ηII, SOFC by 1.0 and

1.0%, respectively (Figure 8B). Overall, ηI,electricity and

ηII,electricity can be improved by 0.7 and 0.8%, respectively

(Figure 8C), by varying the Rbiochar from 0 to 20%, thus

causing that the overall system energy (ηI, overall) and exergy

FIGURE 9
The stand-alone design of the BP-SOFC-CHP system for the co-generation of biochar and electricity.
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(ηII,overall) efficiencies are marginally enhanced by 0.4 and 0.8%,

respectively (Figure 8D), but the biochar production rate is

decreased from 0.39 to 0.33 kg s−1 on account of less biochar

generated in the pyrolysis reactor. The results through various

parametric sensitivity analyses are helpful for the design of a

flexible and efficient system for co-generation of biochar and

power production, from an economic point of view.

4.3 A stand-alone design of the biomass
pyrolysis-solid oxide fuel cell-combined
heat and power system

In view of the endothermic reactions during biomass

pyrolysis and the pyrolysis volatiles reforming processes, a

stand-alone design of the BP-SOFC-CHP system for co-

generation of biochar and power is eventually proposed.

In order to achieve a self-sustainable process, pyrolysis

gas which contained the second-highest energy content in

the overall system is sent to a combustor to generate heat for

the drying, heating, pyrolysis, and reforming processes.

Figure 9 demonstrates the layout of the stand-alone

design of the BP-SOFC-CHP system in terms of mass and

energy balance, where Uf, Treformer , and Rbiochar are 0.85,

700°C and 0% respectively, and the mass flow rate of biomass

is 1.32 kg s−1. In addition, this stand-alone design assumes

that a hydrogen recovery rate of 85% with a purity of

99.9 mol% can be obtained from the pyrolysis gas by

employing a separator unit. The off-gas (includes a

portion of unrecovered hydrogen) from the separator is

fed to the combustor in which an RStoic reactor is used to

simulate the combustion process. Under the prescribed

operating conditions, as shown in Figure 9, the total

energy demand of the BP-SOFC-CHP system is

approximately 4.5 MW, which includes the energy

requirements of about 0.47 MW (Qdrying), 1.33 MW

(Qpyrolysis), 1.01 MW (Qreformin g), 1.71 MW (Qheating) for

drying, pyrolysis, reforming, and process heating

respectively. From the viewpoint of energy balance, it is

apparent that the energy required for the overall BP-

SOFC-CHP system at a pyrolysis temperature of 500°C

can be completely supplied by burning the pyrolysis gas

with 120% excess air. In the studies of Abrego et al. (2018)

and Cong et al. (2018), they also reported that burning the

fuel gases from the biomass pyrolysis could supply enough

heat energy to sustain the system in the pyrolysis

temperature range of 500–650°C. Accordingly, considering

the system power output and recoverable heat, the values of

ηI,electricty, ηI,overall and ηII,overall of the stand-alone BP-SOFC-

CHP system are 5.4, 63.9 and 57.8% respectively, with a

biochar yield of 31.6%. It should be noted that the

thermodynamic efficiency of the system is based on a

hydrogen recovery rate of 85%. The energy penalty for a

feasible hydrogen separation technology such as

membranes and pressure swing adsorption has not been

considered in the present system. This is required to be

integrated into the system (He, 2021) and will be

considered in the future works.

5 Conclusions and future work

A novel integrated BP-SOFC-CHP system for the co-

generation of biochar and power is developed and its

performance is examined through a thermodynamic

analysis. Parametric analysis carried out on the BP-

SOFC-CHP system has highlighted the following

conclusions:

1) Based on variation in operating parameters including current

density (j), fuel utilization factor (Uf), reforming

temperature (Treformer), biochar split ratio (Rbiochar), the

system efficiency calculations performed reveal that the

overall electrical (ηI,electricty), energy (ηI,overall) and exergy

(ηII,overall) efficiencies of the BP-SOFC-CHP system are in

the range of 8–13%, 76–78% and 71–74% respectively, with a

biochar yield of around 34%.

2) Varying j from 1,000 to 4000 A m−2 results in a decrease of

1.4 and 1.3% in the ηI,overall and ηII,overall respectively, while

the biochar yield varied between 34.5 and 34.7%. This is due

to the increased biomass input flow rate, leading to an

increase in total input power, as j rises.

3) Varying Uf from 0.6 to 0.9 leads to an increase of 1.5 and

1.4% in the ηI, overall and ηII, overall respectively, while the

biochar yield is around 34.7%. This is attributed to the

less biomass input required for the BP-SOFC-CHP

system to achieve the desired SOFC power output, as

Uf rises.

4) Additional carbon formation from the pyrolysis volatiles

reforming unit is observed when the Treformer is in the

range of 600–750°C. As a whole, under fixed biomass fuel

input of 1.32 kg s−1 and Uf of 0.85, increasing the Treformer

has little impact on the ηI,overall and ηII,overall.

5) Based on biomass fuel input of 1.32 kg s−1, Uf of 0.85, and

Treformer of 850°C, increasing the Rbiochar from 0 to 20% is

able to increase the ηI,overall and ηII,overall due to the

intensified carbon gasification reaction in the pyrolysis

volatiles reformer under high reforming temperature

conditions. However, the performance of BP-SOFC-

CHP system will not be further improved once the

Rbiochar is greater than 20% because of insufficient

steam concentration.

6) According to energy balance, with a hydrogen recovery rate of

85% from the hydrogen separation unit, it is possible to

operate a stand-alone BP-SOFC-CHP system by burning

the pyrolysis gas. Such a self-sustainable design of the BP-
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SOFC-CHP system can yield the ηI,electricty, ηI,overall, and

ηII,overall of 5.4, 63.9 and 57.8% respectively, with a biochar

yield of 31.6%.

Based on the above simulation results in view of

thermodynamic evaluations, it is concluded that the

developed BP-SOFC-CHP system not only offers high

system energy efficiency (64%), but also generates a

biochar yield of at least 30%, which can be further utilized

in various fields. Such a novel integrated system is therefore

helpful for developing the negative emissions technologies in

the near future. However, to further investigate the technical

feasibility of the proposed system, the following remarks

should be explored in future work: 1) evaluate and identify a

suitable hydrogen separation technology and integrate it

with this system, and 2) an in-depth techno-economic

analysis and a life cycle analysis from the economic and

environmental perspective should be carried out.
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