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With a growing energy demand in a carbon-constrained society, fuels cells powered by
renewable fuels, and specifically solid waste, are seen as interesting contributors to the
energy portfolio. The alternative energy industry needs to reduce costs, enhance efficiency,
and demonstrate durability and reliability to be economically feasible and attractive. This
paper addresses biomass waste gasification in distributed energy systems, using a solid
oxide fuel cell (SOFC) to produce electricity and heat. The potential and optimal plant
efficiency and layout (i.e., anode off-gas (AOG) recirculation point via small-scale
turbomachinery and heat exchanger network) are analyzed through a multi-stage
approach that includes scenario evaluation and multi-objective optimization via a hybrid
optimization strategy with heuristics and mathematical programming. The results in this
paper summarize themost convenient operating conditions and provide an optimized heat
exchanger network (HEN). The AOG recirculation toward the gasifier combustor is the
preferred option; the electrical and thermal efficiencies can separately go up to 49 and
47%, respectively. The combined total efficiency ranges between 76 and 82%, and the
area of heat exchange, which corresponds to an amount of heat exchanged between 91
and 117 kW, is within 6–14m2.

Keywords: bio-waste gasification, solid oxide fuel cell, anode off-gas recirculation, small-scale turbomachinery,
process modeling, optimization, mathematical programming, heuristics

INTRODUCTION

Two important issues that current and future societies must address are energy demand and waste
disposal. In this context, the deployment of renewable and waste-derived energy sources could reduce
emissions and secure energy access by diversifying supply. Among the waste streams that are available,
organic wastes are quite amenable to pre-treatment and further use in biomass-based processes to
produce electricity and/or heat. The traditional scheme for electricity production uses large and
centralized power plants that inject electricity to the grid. Renewable and locally available sources such
as biomass waste are better matched to distributed energy systems, which should be properly designed
to cope with population needs and disposable residue resources and their geographical location. The
dispersed production and relatively low energy density of waste streams may not allow them to be
transported over long distances or aggregated sufficiently for use in central power generation unless co-
fired with traditional fuels. In addition, population needs may involve rural development or electricity
injection to the grid that is required to alleviate the pressure on large fossil fuel power plants.
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In Doty and Turner (2009), the term “distributed generation”
(for complete independence from a centralized grid) refers to the
generation of combined heat and power (CHP) ranging from
several kW’s to 25 MWe. Decentralization of energy production is
part of the new energy generation measures, and CHP, for
instance, for domestic applications and low dense areas, is an
efficient option being explored for at least 20 years (Smith and
Few, 2001; Schneider et al., 2021). In particular, Cockroft and
Kelly (2006) and Thiers et al. (2010) identified small fuel cell (FC)
stationary installations (called “micro-CHP”) that can produce
power up to 50 kWe, while large stationary FC systems can be well
over 100 kWe in size. Technologies that compete with FCs at a
distributed generation scale of power and/or heat include
reciprocating engines, Stirling engines, steam engines, air
source heat pumps, photovoltaics, wind turbine systems, and
micro-gas turbines. Fuel cell systems comprise the lowest
pollutant emissions and highest electrical efficiency options for
fueled and dispatchable distributed generation. Stationary FC and
biomass gasification systems are seen as more efficient and
cleaner options than traditional technologies that can address
the combined need to re-use residues while producing electricity
and heat (Cottrell et al., 2011).

Biomass as Raw Material
A portfolio of technologies has been advanced to convert biomass
into electricity and/or heat. The conversion technology selected
depends on the composition and amount of the resource, the
desired final product, environmental standards, and economic
and project-specific conditions (Faaij, 2006). Mainly, methane-
and hydrogen-rich gases can be used most directly in an FC
system. The challenging fuels are solid waste and biomass fuels
that require additional processes to be used in combination with
the FC, such as gasification, pyrolysis, digestion, and
fermentation. These processes can produce syngas or producer
gas, pyrolysis gas, biogas, and/or ethanol that can each be used in
the FC system. Recent research works refer to other bio-hydrogen
production concepts that are still in their infancy, such as light-
dependent methods of bio-photolysis and photo-fermentation
and dark fermentation and water–gas shift (WGS) reaction
mediated by photoheterotrophic bacteria. These methods
consume CO2 and mainly use organic waste as the raw
material (Kapdan and Kargi, 2006; Kothari et al., 2012). All
biomass raw materials need some form of pre-treatment
process that depends upon fuel properties to accommodate the
inlet material to the processing conditions. The main challenges
in the biomass gasification field are tar formation and ash
reactivity. A thermochemical treatment option such as
gasification followed by FC conversion can both destroy
pathogenic bacteria from waste and produce a gas amenable to
an electricity generation process.

Fuel Cells for Co-Generation
Current stationary FC systems transform hydrogen-rich gaseous
fuels by an electrochemical reaction producing electricity. The
hydrogen-rich gaseous fuel can be produced from natural gas,
coal, and/or biomass, via steam reforming, partial oxidation or
gasification, pyrolysis, digestion, fermentation, etc. Fuel cell

systems can incorporate internal fuel processing components
that provide flexibility to the inlet raw fuel stream. Most
current systems are designed to directly operate on natural gas
and anaerobic digester gas combined with gas cleanup.
Additional hardware is usually required to operate on other
fuels such as ethanol, methanol, landfill gas, or other biomass
and biogas fuels. Pure hydrogen storage, transportation, and
delivery from centralized production is of special concern in
terms of 1) the need for a well-established pipeline and/or
tractor–trailer networks to secure fuel supply, 2) storage
challenges associated with low volumetric energy density, and
3) pumping, transmission, and distribution losses (Dougherty
et al., 2009). Onsite hydrogen production and use may overcome
these challenges as a short-term solution. Even if an FC can
achieve an electrical efficiency greater than 60% (Doherty et al.,
2009), if it requires pure hydrogen, then hydrogen production
and distribution may negatively influence the whole supply chain
and life cycle efficiency depending upon the used feedstock
supply, transformation processes, and distribution processes.
While integrated high-temperature FC systems can directly
operate on natural gas and most biogases, significant
challenges in the FC domain include the development of
proper materials to bear high temperatures, and integrated
operation on biomass-derived fuels in a plant, while increasing
cell and stack durability. The selected FC type in this work is a
solid oxide fuel cell (SOFC), which, due to its tolerance to CO and
CO2 and high operating temperatures, is well suited for
integration with gasification. To date, only a small number of
biomass gasification systems in combination with an SOFC have
been demonstrated in small scale (Ud Din and Zainal, 2016;
Radenahmad et al., 2020).

SOFC Systems and Anode Off-Gas
Management
SOFCs are generally implemented in co-generation plants and
hybrid (or combined cycle) power plants and for transportation
applications. The system efficiency, operating range, and
behavior vary depending on the fuel type, energy
management, and auxiliary equipment. System studies are
therefore of great interest, with investigations using a plurality
of approaches such as numerical simulations, experimental
analyses, and multi-objective optimizations.

An SOFC is a good candidate to integrate into CHP systems, as
the SOFC can provide both electricity and heat, namely, the waste
heat from exothermic reactions and from utilization of the high-
temperature exhaust gases [anode off-gas (AOG) and cathode off-
gas (COG)]. For the latter, the AOG and COG are commonly fed
into a burner downstream of the SOFC (AOG containing reactive
gases) to generate heat. SOFC-CHP systems are therefore suitable
for energy supply at small scale and micro-scale. The overall
efficiency (electricity and heat) can reach up to 85–90%. Typical
components of SOFC-CHP systems are a gas-cleaning unit, a fuel
processor (e.g., steam reformer), an SOFC module, heat
exchangers (HEXs), and pressure rise units as well as a
DC–AC converter. Heat sinks in SOFC systems are typically
fuel and air preheaters, the reformer, and, if existing, also the
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steam generator and other heat-exchanging units (Choudhury
et al., 2013; Buonomano et al., 2015). The selection of an SOFC
plant layout therefore depends on different design parameters,
such as the operating temperature and pressure of the SOFC stack
(pressurized or ambient), the fuel type and necessary fuel-
processing units (e.g., internal or external reforming), heat
supply for reforming and/or for other heat sinks (e.g., via heat
recovery or fuel burning), or the steam production method (e.g.,
through AOG recirculation or external steam generation).

Appropriate off-gas management is of high importance to the
overall system efficiency and operation safety and has to be taken
into account for the SOFC system design. Generally, the off-gas at
the SOFC outlet has high temperatures between 725 and 850°C.
The AOG is also high in steam and CO2 content, as they are the
main products of the electrochemical reactions. Other
components are H2, CO, and unreacted educts or fuel gases.
Those characteristics make the AOG very suitable for heat
recovery, recirculation, or integration into downstream
processes. As previously mentioned, the AOG and COG can
be burned for heat generation and recovery, or for electricity
generation in a downstream micro-gas turbine (Brayton cycle).
Another possibility is to recirculate part of the AOG back toward
the reformer and stack inlet using turbomachinery or an ejector.
AOG recirculation was first implemented by Siemens-
Westinghouse in an SOFC-GT system (Hassmann, 2001). The
main motivation for AOG recirculation is the coverage of the
reformer steam demand by the steam content in the recirculated
AOG, omitting the need for external steam supply. This way, the
overall system efficiency and simplicity can be improved
(Hassmann, 2001; Halinen et al., 2012). In addition, both the
recirculated CO2 and H2Omitigate the risk for carbon deposition
at the SOFC stack inlet (Colpan et al., 2007). Another commonly
mentioned reason for AOG recirculation is its potential to
increase the electrical output of the stack by recirculating
unreacted fuel back to the inlet, hence “increasing the overall
fuel utilization” (Dietrich et al., 2011; Peters et al., 2013;
Engelbracht et al., 2015; Torii et al., 2016). However, there is a
trade-off, as recirculating the AOG can also lead to fuel dilution
and thus negatively impact the stack performance, depending on
the fuel type, system layout, and operating conditions (Lee et al.,
2011; Rokni, 2017).

AOG recirculation and integration is currently not
predominantly applied in commercial SOFC-CHP systems, as
most of the AOG is thermally converted for heat generation.
However, positive effects of AOG recirculation and integration in
small-scale SOFC-CHP systems have been determined via
modeling activities (Zhang et al., 2017; Park et al., 2019),
showing the potential and need for further investigations and
experimental realizations of AOG integration in SOFC-CHP
systems.

In SOFC systems, turbomachinery can be used either as
auxiliary systems (e.g., air blower) or to enhance the
performance of the system (e.g., AOG recirculator in SOFC-
CHP systems and micro-gas turbine for additional power
production in SOFC-GT hybrid systems). Here, the focus of
turbomachinery lies on the recirculator, as the general goal of the
current work is to improve the performance of SOFC systems to

make them more attractive and competitive with existing power
generation solutions. There are currently only few commercial
small-scale gas-bearing–supported turbomachinery systems
available, which are suitable for SOFC applications.

The current work focuses on the design of an innovative,
highly efficient, and fuel-flexible micro-CHP plant that uses
biomass waste as the raw material, and an SOFC to produce
electricity and heat, with AOG recirculation. The purpose is to
support the design of a pilot plant within the framework of the
EU H2020 project BLAZE (Biomass Low cost Advanced Zero
Emission small-to-medium scale integrated gasifier-fuel cell
combined heat and power plant) via process flow modeling
and multi-objective (MO) optimization. The results of the
current work will be used within the framework of the project
to further propose the Bio-SOFC pilot plant process flow
diagram (PFD). The results in this paper summarize the
most convenient operating conditions and provide an
optimized heat exchanger network (HEN). Future research
will focus on the role of the recirculator with regard to the
SOFC performance and the turbomachinery specificities.
Hazelnut shells were preferred in the BLAZE project among
different types of residual feedstocks to be used as the raw
material. Fifteen types of residual biomass were selected and
analyzed based on their availability, physical and chemical
properties, and selling and transportation costs. Hazelnut
shells were cleaner compared to the other biomass types:
lower ash content (1–2%), lower chlorine and sulfur
contents, lower moisture content (below 10%), and an
adequate shape for gasification (as obtained from the local
area where the pilot plant is based in the Abruzzo region at the
center of Italy)1.

Novelty
The current work is a step forward toward the construction of a
novel and highly efficient bio-waste-based gasification plant
combined with an SOFC, at a pilot scale of 25 kWe. The
boundaries of the study are placed at the pilot plant. The
aim is to achieve an overall 90% of plant combined efficiency
(50% of electric efficiency, 40% of thermal efficiency). As a
reference, small biomass gasification CHP plants using
downdraft gasifiers (10–200 kWe), and small-to-large scale
systems using fluidized bed gasifiers (up to 1000 kWe)
coupled with gas engines, have electric efficiencies of up to
25% and combined efficiencies of up to 80% (Bocci et al., 2014).
The presented layout counts with a slightly pressurized gasifier,
hot syngas–cleaning units, and the AOG recirculated via small-
scale turbomachinery. This turbomachinery will use steam
produced within the plant. The hybrid optimization
approach uses a combination of an evolutionary algorithm
and mathematical modeling to find the most suitable plant
layout and working conditions to reach the target plant
efficiency, which can be applied to any other process.

1BLAZE project public deliverables can be checked at https://www.blazeproject.eu/
resources/.
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PROCESS DESCRIPTION

The Bio-SOFC plant uses a dual bubbling fluidized bed gasifier
(DBFBG), where steam gasification is separated from
combustion, and an SOFC large stack module (LSM) as main
technologies. It gasifies biomass waste to produce electricity, at
the selected scale of 25 kWe, and steam. The DBFBG includes
ceramic filter candles filled with commercial Ni-catalyst pellets
(thus, hot gas cleaning) for particle removal and decomposition of
tar and ammonia (Savuto et al., 2019). The heat is transferred
from the combustion to the gasification reactor by a sand bed,
which acts as a heat carrier (for instance, olivine). Flue gas is
produced in the combustor and can act as a heat source in the
plant (not only for the gasification process). The hot gas–cleaning
units (GCUs), including chloride and sulfur compound
separators and tar reformer, together with the previously
mentioned catalytic filter candles at the outlet of the
gasification chamber, are crucial. They keep the levels of slow
tars, fast tars, and sulfur, halogen, and alkali compounds low, to
avoid carbon deposition, fouling, and corrosion, specifically as
needed by the SOFC LSM. The heat of the gasification process, in
the current pilot gasifier, is provided by burning LPG and residual
char from gasification in the gasification–combustion reactor.
One of the purposes of the current design work is to elucidate the
conditions under which the amount of LPG can be minimized, so
as to produce electricity completely free (or with minimal use) of
fossil fuels.

The syngas streammoves toward the GCU, after some cooling.
The clean syngas is then preheated to the required SOFC LSM
inlet temperature. The air supply to the gasifier and the fuel cell is
controlled by two blowers; both streams are preheated to the
desired gasification and fuel cell temperatures. The temperature
gradient across the SOFC module is a critical design parameter
that is tightly controlled. This determines the mass flowrate of the
cathodic air. The COG, before being released, is used to produce
hot water. See a simplified block flow diagram (BFD) of the Bio-
SOFC plant in Figure 1, pointing out the three AOG recirculation
options specified hereafter. The turbomachinery, a fan turbine

unit (FTU), aims to use the AOG in the Bio-SOFC plant through
the best layout configuration, by consuming steam produced in
the system. The three main locations where the AOG can be
recirculated are 1) the SOFC LSM anode inlet, 2) the gasifier
combustor, and 3) the biomass gasification chamber. The main
inlet streams are biomass, water, and air; the main outlet streams
are flue gas, COG, AOG, hot water, and steam (when produced by
heat integration).

The gasifier and the SOFC LSM have to meet specific pressure
conditions. In order to use a pressurized gasifier in the Bio-SOFC
plant, an ad hoc screw feeder is needed, which has to be
appropriately designed to avoid inner hot gas to flow back in
the feeder, pyrolyzing inlet biomass. In the SOFC LSM, the anode
pressure should always be above the cathode pressure, in a range
of 5–30 mbar; it should ideally operate above atmospheric

FIGURE 1 | Simplified block flow diagram of the Bio-SOFC plant, pointing out the three recirculation options evaluated. GCU: gas-cleaning units, LSM: large stack
module, FTU: fan turbine unit, AOG: anode off-gas, COG: cathode off-gas, and LPG: liquefied petroleum gas.

TABLE 1 | Pressure losses per unit in the Bio-SOFC plant (consortium data). VL:
vapor–liquid.

Unit ΔP (mbar)

Gasifier + filter candles 100
Gasifier combustor 100
GCU 120
SOFC LSM anode 30
SOFC LSM cathode 45
VL separator 20
AOG HEX 10
Burner (GT case) 100

TABLE 2 | Constraints, i.e., range of Bio-SOFC plant modeling values that have to
be met (consortium data).

Dependent variable Condition

Air to the 25 kWe SOFC <5600 Nl/min
Cell voltage >0.7 V
Heat balance gasifier Heat combustor � heat overall gasification process
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pressure. The maximum absolute pressure that the cathode can
tolerate is 1.09 bar. Pressure management in the overall plant
affects the design of the FTU, as the recirculation pressure can
change and depends on the recirculation point. Table 1
summarizes the pressure losses per unit in the Bio-SOFC
plant. Table 2 summarizes the conditions or constraints that
the Bio-SOFC plant should meet. These conditions, as explained
inMethodology, are checked via filtering in the MO optimization
approach.

METHODOLOGY

A systematic approach is used to evaluate several candidate
design options of the Bio-SOFC plant (named here
“scenarios”) and to identify the optimal system configurations.
System modeling, optimization, and sensitivity analysis are used
as evaluation tools. The methodology can be divided into two
steps:

1. Scenario evaluation. The six scenarios defined take into
account the three possible recirculation points, i.e., 1)
AOG to the SOFC LSM anode inlet, 2) AOG to the
gasifier combustor, and 3) AOG to the gasification
chamber (see Figure 1), the use of an AOG gas
turbine (GT), the possibility of not taking advantage of
the AOG calorific value, and the option of not using the
FTU for recirculation, but a conventional blower.

2. MO optimization. In the scenario evaluation step, one
plant layout is selected for optimization. The results of
the current step indicate the advised operating conditions
from a list of decision variables, and the HEN of the Bio-
SOFC plant, according to selected conflictive objectives:
electrical and thermal efficiencies (Effel and Effth) and
area of heat exchange. Theoretically, the electrical and
thermal efficiencies will increase, if the area of heat
exchange (cost) increases. The thermal efficiency will
decrease, if the available heat is used to generate
electricity instead of producing steam.

Process simulation is used to solve the plant mass and energy
balances of the Bio-SOFC plant, and it is the starting point of the
scenario evaluation and of the process optimization. The selected
performance indicators describe not only the objective functions
but also all the different metrics considered in the scenario
evaluation. Process optimization includes process simulation
and process heat management, to elucidate the most suitable
operating conditions and HEN for the Bio-SOFC plant, as these
are highly influencing aspects of the process performance. See
more details in the following paragraphs.

Process Simulation
The mass and energy balance calculations are performed in
Aspen Plus V10 software. The Bio-SOFC plant model is zero-
dimensional and at the steady state and uses the software in-built
library models combined with ad hoc models coded in Fortran. In
order to confirm the validity of the Bio-SOFC plant model along

its operating conditions, specific technology experts were
consulted within the project consortium to provide advice on
model parameters, such as efficiencies. Otherwise, literature
modeling data were used, as in the case of the gas turbine.
The two most important units, the fluidized bed gasifier and
the SOFC, were validated by comparison over a range of data that
were contrasted with (gasifier model) and derived from (SOFC
operation maps) experimental measurements.

In the scenario evaluation, heat integration is assessed by the
calculation of the problem table (the feasible heat cascade) and its
graphical representation, the grand composite curve (GCC), of
the Bio-SOFC plant, at fixed inlet conditions. The problem table
is solved in Excel (Kemp, 2007; Towler and Sinnott, 2013). It gives
as a result the maximum energy recovery (MER), which is the
minimum value of utilities needed.

In the optimization, heat integration is assessed by mixed
integer linear programming (MILP) in AMPL (A Mathematical
Programming Language, a specific modeling environment for the
formulation and solution of mathematical programming
models), where variable temperature levels and cooling/heating
needs of the Bio-SOFC plant (calculated in the Aspen Plus model)
are used as input data. The adapted “SYNHEAT temperature-
stage” HEN superstructure of Yee and Grossmann (1990) in
Martelli and co-workers (2017) is used in the optimization. The
results pinpoint the most efficient combination of cold and hot
streams by minimizing the number of connections.

The results of the scenario evaluation, i.e., a preferred layout
and the essential trade-offs among the selected performance
indicators, are the starting point of the optimization. As
overall contextual conditions, it is assumed that inlet streams
(air, water, biomass, LPG) are available at 25°C and 1.01325 bar.

Performance Indicators
The list of performance indicators below is used to evaluate the
six selected scenarios.

The cold gas efficiency (CGE) calculates the performance of
the gasifier by considering the lower heating value (LHV) of the
involved streams—the syngas after the filter candles, in the
numerator, and the inlet biomass, LPG, and AOG (when
available, depending on the scenario) to the gasifier
combustor, in the denominator:

CGE � _msyngas,ar · LHVsyngas,ar

_mbiomass,arLHVbiomass,ar + _mLPGs,arLHVLPG,ar + _mAOG,arLHVAOG,ar
,

(1)

where _m are the mass flowrates in kg/s, the LHV is expressed in
kJ/kg, and ar refers to “as received” (including moisture content
and ashes, when present).

The SOFC efficiency (EffSOFC) takes into account the gross
SOFC LSM power produced (Pprod in kW), divided by the inlet
fuel, which is the syngas after the GCU (when available, after
AOG mixing):

Ef f SOFC � Pprod

_msyngas,arLHVsyngas,ar
. (2)

The electrical efficiency (Effel) considers the net power produced
in the system (that is, the gross power from the SOFC LSM Pprod
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minus the power consumed by the system’s compressors and
pumps, in kW) divided by the total inlet calorific value into the
system, provided by the biomass and LPG streams:

Ef f el �
Pprod − (∑​ Pcomp +∑​ Ppump)

_mbiomass,arLHVbiomass,ar + _mLPGs,arLHVLPG,ar
. (3)

The thermal efficiency (Effth) considers the total amount of heat
used to produce hot water at 1.01325 bar and 65°C (Qhw in kW)
using the COG stream (from 140 to 50°C), the total amount of
heat that is absorbed by the cold utility (Qcu in kW), which in this
case is steam produced at 5 bar and 220°C (i.e., the steam
conditions needed at the turbine of the FTU), and the thermal
power consumed by the turbine of the FTU (Qturb in kW). It is
therefore assumed that all the heat absorbed by the cold utility is
used to generate steam with a commercial value (at 5 bar and
220°C), even after powering the turbine (at 2.5 bar and around
180°C):

Ef f th �
Qhw + Qcu − Qturb

_mbiomass,arLHVbiomass,ar + _mLPGs,arLHVLPG,ar
. (4)

The CHP performance, or total efficiency (Efftot), is the sum of
Effel and Effth. Note that, in the Bio-SOFC plant, not only
biomass (in the gasification reactor of the gasifier) but also
LPG (in the combustion reactor of the gasifier) is used as a
fuel. As mentioned before, one of the main purposes of the
plant design is to decrease as much as possible the
consumption of the LPG fossil fuel, so as to prioritize the
production of renewable electricity.

The selected objective functions used in the optimization are
as follows:

1. Effel
2. Effth
3. HEN area

The first two objectives are maximized; the last one is
minimized. The HEN area is selected as a direct potential
variable metric that influences the capital cost of the plant (as
the main capital intensive units, sizes and characteristics of the
SOFC LSM and gasifier are already fixed and are input conditions
in the BLAZE project).

The heat integration problem determines the structure and
design variables. The AMPL model solution specifies which cold
and hot streams are connected with each other, specifically: 1) at
which stage (as defined in the SYNHEAT superstructure), 2) the
need for cold and/or hot utilities, 3) the inlet and outlet
temperatures of each stream at every stage, and 4) the value of
the exchanged heat (Qtotal inW). From this information, the HEN
area is calculated as the sum of all the individual HEXs’ areas (Aex,
in m2), as follows:

Aex � Qtotal

Uoverall cor · LMTD
. (5)

The calculation of the logarithmic mean temperature difference
(LMTD) takes into account the inlet and outlet HEX

temperatures of the hot (T) and cold (t) streams (Towler and
Sinnott, 2013):

LMTD � (Tin − tout) − (Tout − tin)
ln (Tin−tout )

(Tout−tin)
. (6)

The calculation of the corrected overall heat transfer coefficient
(Uoverall_cor, in W/m2°C) takes into account the film transfer
coefficient of each pair of hot and cold streams (h, W/m2°C),
as a simplification. The heat transfer coefficient is corrected by
two factors: a factor of 0.95 that corresponds to a temperature
adjustment (Towler and Sinnott, 2013) and a factor of 1.1 that
accounts for 10% of area increase due to fouling (Green and
Perry, 1999). The film transfer coefficients for each cold and hot
stream of the process are estimated based on bibliographic data
(non-exhaustive estimation):

Uoverall cor � Uoverall · 0.951.1
, (7)

Uoverall � 1
1

hhot
+ 1

hcold

. (8)

Process Optimization
A sequential and systematic approach is used to design and
optimize the Bio-SOFC plant. The present work adapts the
multi-period approach described by Pérez-Fortes et al. (2019)
to consider one unique period, and the queuingMO optimization
(QMOO) algorithm is replaced by ev-MOGA, an elitist MO
evolutionary algorithm developed by the Predictive Control
and Heuristic Optimization Group (CPOH) at Universitat
Politècnica de València (Spain), which is available via the
MATLAB central file exchange (Herrero, 2020). Evolutionary
algorithms are heuristic methods that base the optimization
strategy on the exploration of the search space (defined by the
decision variables and their range of variation); thus, they allow
for the optimization of a non-linear and non-continuous system
of equations. The sequential steps of the MO optimization
methodology consist of 1) the calculation of the mass and
energy balances, 2) the system energy integration, and 3) the
evaluation of the performance indicators. The ev-MOGA
constitutes the master or upper optimization level of the
iterative solution process, with the subsequent steps 1), 2), and
3) acting as the slaves or within the lower optimization level. The
algorithm is used to identify the most appropriate input values of
the defined decision variables, which are varied according to the
resulting values of the objective functions. Figure 2 outlines the
main steps of the MO optimization methodology used in the
current project. Ten relevant plant variables (see Input Data) are
selected, and the three objective functions mentioned above
(electrical and thermal efficiencies and the total HEX area) are
considered. In an evolutionary algorithm, the constraints (or
conditions that must be fulfilled) are not enforced but verified by
filtering (last step before the loop). In the current project, four
constraints are considered, according to SOFC requirements and
the heat balance of the allothermal gasifier (see Input Data).

In order to keep the mathematical problem (heat
management) linear (MILP), the approach considers the
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optimization of the design specifications (decision variables;
among them, temperatures) at the ev-MOGA upper level and
the calculation of the HEX areas at a lower level, after solving the
optimal matching of streams using the AMPL simultaneous
approach. The structure of the HEN is proposed via integer
variables (binary), considering all the possible matches of hot and
cold streams of a stage. The problem is linear by solving the
superstructure arrangements: heat transfer flow and energy
balances. MATLAB software is used to develop the needed
routines for data pre- and post-processing (calculation of the
objective functions, filtering, and communication between the
software programs Aspen Plus and AMPL). The followed
procedure complies with the OSMOSE structure (Industrial
Process and Energy Systems Engineering Group, 2020), which
is the optimization platform developed by the Industrial Process
and Energy Systems Engineering (IPESE) group from EPFL.

As a result of the optimization, the Pareto fronts will allow the
decision-maker to visualize the consequences of the selected
choice, in terms of performance of one criterion at the
expense of the others. Among the selected objectives,
maximization of Effel and maximization of Effth are conflictive
between them, as, in general, one increases if the other decreases
(i.e., ideally, Effth � 1 – Effel). The third objective, the HEN area,
acts as an economic criterion (capital cost), as the size of the pilot
plant is fixed. In this specific case, the operating costs allocated to

the utilities are not relevant to optimization, as a unique utility
has been selected, the steam that can be used in the process or be
sold into the market. In Selection of Optimum Designs, the
selected non-dominated solutions reported correspond to the
extremes of the Pareto frontier and to a weighted distance
solution (Euclidean distance to the utopian point—0.4 of Effth
and 0.5 of Effel, and the minimum HEN area found during the
optimization).

Summarizing, the aim of the optimization is twofold: 1) to
optimize the process design specifications and 2) to propose an
HEN structure. This second point is further described in the next
section.

Heat Management
The heat integration problem determines the structure and design
variables (inlet and outlet temperatures and HEX areas) of the
HEN. The procedure applied here uses as a starting point the
work by Pérez-Fortes et al. (2019), which based its approach on
the original works by Mian and co-workers (Mian et al., 2016;
Martelli et al., 2017). The SYNHEAT algorithm from Martelli
et al. (2017) was modified to take into account the multi-period
optimization strategy from Mian et al. (2016) in Pérez-Fortes
et al. (2019). The same sequential framework idea (upper/lower
optimization levels) from Mian et al. (2016) is further adapted
here, with different intermediate steps and different upper level

FIGURE 2 | Sequential multi-objective optimization approach for the Bio-SOFC process and HEN design.
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algorithms and objective functions, and for a unique period.
Another difference as well is that the minimum temperature
difference between a hot and a cold stream (ΔTmin) is not
considered for optimization but is given as input (30°C).

It was mentioned in Process Simulation that two different heat
management approaches are used for the scenario evaluation and
for the process optimization: pinch analysis and SYNHEAT
superstructure, respectively. Pinch analysis using the problem
table method was already proposed by Linnhoff and Hindmarsh
(1983), where all the streams are combined within temperature
intervals to provide a perfect process integration and the
minimum external energy requirements. The graphical
representation of the problem table is the GCC, and it is used
here in Scenario Evaluation to analyze the heat management of
the Bio-SOFC plant in general and to compare scenarios in
particular (i.e., to estimate the cold utility needs).

The SYNHEAT superstructure is used to determine the HEN
layout. It stands for the type of stream connection and overall outline,
originally proposed by Yee et al. (1990). Parallel and series HEXs can
be considered. It assumes constant heat capacities, constant heat
transfer coefficients, counter-current HEXs, and isothermal mixers.
The proposed representation stands for a “stage-wise” superstructure
that allows for matching of different streams; within each stage,
potential exchanges between hot and cold streams can happen. In the
problem table based on the heat cascade, the number of stages is equal
to the number of energy intervals (requiring a large number of
exchangers) (Yee et al., 1990). In general, the number of stages will be
lower than the maximum number of hot and cold streams, owing
that an optimal and practical HEN design should not require a large
number of HEXs (i.e., a particular stream should not exchange heat
withmany streams) (Yee et al., 1990). Overall, theminimumnumber
of HEXs to install is usually the number of process streams and
utilities, minus one (Linnhoff andHindmarsh, 1983). Accordingly, in
the current work, three stages have been selected. The total number of
cold streams in our process is 4, the total number of hot streams is 8
(without considering the overall evaporation process of the steam
needed for the FTU, as is included in the utility), and one utility is
considered; the minimum number of HEXs to install is 12. Note that
the evaporation process of the utility/steam generationmay comprise
three bodies—economizer, evaporator, and superheater (thus, for
practical purposes, 14 HEXs is the minimum number). Moreover,
not all the hot and cold streams can be combined among them; we
take into account the forbidden match between air- and fuel-rich
streams. As part of the algorithm developed by Martelli et al. (2017),
also restricted matches and no-splitting streams are possible.

The Bio-SOFC plant results in a threshold problem, i.e., only
requiring a cold utility (the plant produces enough heat for its
own process consumption and still has excess of it). In the
calculation of Effth, it is considered that all the system’s heat
that needs to be released via the cold utility is used to produce
steam at 5 bar and 220°C (i.e., the steam conditions needed at the
turbine of the FTU). The scenario evaluation and the
optimization differ in the following:

- In the scenario evaluation, the FTU is modeled, and its ad hoc
steam needs and generation are taken into account for every
considered layout.

- In the optimization, with the aim of being as flexible as
possible with the Bio-SOFC plant possibilities, the FTU is
not modeled, but the overall amount of steam produced
(and which is available for the turbomachinery) is
considered, via the SYNHEAT algorithm.
Methodologically, inside step (3) in Figure 2, there is
one more iteration, where the results of the AMPL
model are read, and specifically, the cold utility needs
are taken into account to calculate the specific amount
of steam produced via an Aspen Plus model of an
evaporator (therefore, there is a flow of information
between AMPL and Aspen Plus). As a shortcut in the
SYNHEAT algorithm (i.e., to calculate the area of heat
exchange), the h value of the cold utility is the one of an
evaporator (not distinguishing between the economizer,
the evaporator, and the superheater). The specific turbine
steam needs have been determined for only the selected
Pareto cases. The use of a commercial blower to recirculate
the AOG toward the combustor was modeled and
evaluated. This device was included in the model used
for optimization; with its power consumption, the impact
of the flow and temperature of the AOG recirculation
toward the combustor in the Effel is considered.

The AMPL MILP problem solves the minimum number of
connections among streams using CPLEX, which is the MILP
solver by IBM.

PROCESS MODELING

The mass and energy balances are performed in Aspen Plus V10
software. The model uses the Peng–Robinson–Boston–Mathias
property method, which applies the Peng–Robinson cubic
equation of state with the Boston–Mathias alpha function for
the calculation of the thermodynamic properties and steam
tables. The model is zero-dimensional, and reactors and HEXs’
heat losses are neglected (except in the SOFC LSM). International
system units are used.

Table 3 summarizes the selected cases for simulation and
comparison, so as to conclude the final layout to be optimized. In
these cases, biomass feedstock flow was adapted to produce, in
each particular case, 25 kWe nominal in the SOFC LSM.
Supplementary Table S1 summarizes the default operating
conditions and modeling assumptions of the Bio-SOFC plant

TABLE 3 | Cases analyzed in Scenario Evaluation. Pressurized gasifier, not fixed
HEN, global FU � 0.75, and, when present, VL separation at 20°C (see the
corresponding Supplementary Figures S1–S6).

Name Description

Case 1 Base case; Bio-SOFC plant without AOG use
Case 2 AOG recirculation to the gasification chamber
Case 3 AOG recirculation to the SOFC LSM anode inlet
Case 4 AOG recirculation to the gasifier combustor without FTU
Case 5 AOG recirculation to the gasifier combustor with FTU
Case 6 AOG used in a GT
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model. These correspond specifically to the modeling input in
Cases 1 to 6. The details of each unit model are described in the
following paragraphs.

Fluidized Bed Gasifier
In the indirectly heated gasifier, the gasification chamber was
modeled separated from the combustion chamber to take into
account the heating needs (i.e., fuel needed) to have a balanced
gasifier. The bibliographic sources used as a reference are Doherty
et al. (2013) and Marcantonio et al. (2019). It is assumed that the
gasifier works at 1.29325 bar, that it is isothermal (per separate
gasifier chamber and combustion chamber), that char is 100%
carbon, and that the overall heat needed in the gasification
process (the steps that take place in the initial decomposition
block, together with RStoic—N, S, and Cl compound formation,
RYield—tar production, RGibbs—gasification, and RStoic that
simulates the reactions in the filter candles) is provided by the
gasifier combustor. The feeding system is not modeled.

The inlet streams to the gasifier are biomass waste, steam (to
the gasification chamber), air, LPG (modeled as propane), and
AOG in Cases 2–5 (to the combustion chamber). Internally, also a
fraction of char, from the gasification process, is burnt into the
combustor. The amount of biomass is controlled by a design
specification block that varies the amount of inlet waste to reach a
gross power output in the SOFC LSMof 25 kWe. Once the amount
of biomass is calculated, the amount of inlet water (which is
circulated via a pump and converted into steam in an
evaporator—sum of the economizer, evaporator, and
superheater) is calculated by a calculator block, reaching the
specified steam-to-biomass ratio (STB) of 0.5. The amount of
LPG is calculated by a design specification block, based on the
balance of heat mentioned in the previous paragraph. The amount
of inlet air to burn all the fuels in the combustor is calculated in a
calculator block that considers a 1.12% excess of air.

The biomass stream, hazelnut shell, is modeled as an
unconventional stream (non-conventional solid) that is
converted into its elements (conventional components: carbon
graphite, H2, N2, O2, S, Cl2, ash) via an RYield reactor (definition
of component yields), which uses the ultimate analysis of the
considered biomass type. A calculator block is defined for this
purpose. Ash is also defined as a non-conventional solid. The
decomposed stream goes to an RStoic reactor that simulates the
production of H2S, HCl, and NH3 from the conversion of the
overall amounts of N2, S, and Cl2:

1
2
N2 + 3

2
H2 → NH3 (9)

H2 + S → H2S (10)

Cl2 +H2 → 2HCl (11)

Afterward, the char, inorganics, and volatiles are separated.

- 11% of char is separated and sent toward the gasifier
combustor (consortium discussion), together with the
ashes (Akhlas et al., 2015). The rest is divided into two
streams: 92% going to the gasifier and 8% going to the tar
production reactor (Marcantonio et al., 2019).

- The inorganics directly go to the mixing step, before the filter
candles.

- The volatile stream, in turn, is also divided into two streams:
the main one goes to the gasification block and a fraction of
H2 that is used to produce tar to the tar production reactor.

Tar production, in an RGibbs reactor, considers the synthesis
of toluene (C7H8), benzene (C6H6), and naphthalene (C10H8), as
tar representatives, from H2 and C. The needed stoichiometric
amount of H2 is calculated based on the following tar synthesis
reactions and the aim of obtaining a molar proportion of 60% of
benzene, 20% of naphthalene, and 20% of toluene:

3H2 + 6C →C6H6 (12)

4H2 + 10C →C10H8 (13)

4H2 + 7C → C7H8 (14)

The gasifier, whose inlet streams are steam, volatiles, and a little
fraction of char, is modeled with RGibbs, a Gibbs free energy
minimization reactor applying the restricted quasi-equilibrium
approach via Data-Fit from experimental data, from
Marcantonio et al. (2019). The gasification reactions are

C +H2O →H2 + CO (15)

C + 1
2
O2 →CO (16)

CO +H2O →H2 + CO2 (17)

H2 + 1
2
O2 →H2O (18)

CH4 +H2O →CO + 3H2 (19)

The temperature approach for each reaction is −0.81°C, 1.09°C,
−5.27°C, 1.12°C, and −233.4°C, respectively (Marcantonio et al.,
2019). The last value has been adapted in the current model to
adjust better to the results obtained from the gasifier model in
MATLAB (first principle model developed for the existing
gasifier). After the gasifier and the tar production, all
separated streams are mixed (Marcantonio et al., 2019).

The gasifier combustor is modeled as an isothermal reactor
with complete combustion. The inlet air is compressed and
heated up to 400°C (600°C in Case 5) before entering the unit.
The filter candles (described in the next section) are placed
inside the gasifier. The temperature of the syngas going out of
the gasifier takes into account this step; it is considered that the
filter candles decrease the gasification temperature by 70°C.
Before the filter candles, in the pilot plant reactor, there is an
in-bed gas-cleaning step that uses calcined dolomite to adsorb
tars, NH3, H2S, and HCl (Marcantonio et al., 2020). This
reactor is not modeled in the current approach (taking into
account that this unit does not have a significant contribution
to the overall gasifier balance, i.e., mass—syngas
composition—and energy balances, except for the
contaminant separation), and as an alternative, the
contaminants are assumed to be appropriately separated
from the main syngas in the downstream GCU. The results
of the model (before the filter candles) have been contrasted
with the results of the MATLAB model (see Supplementary
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Table S2), with an acceptable agreement (with the larger
discrepancy in CH4 composition estimation).

Gas-Cleaning Units
The gas-cleaning units in the Bio-SOFC plant include
(Marcantonio et al., 2020) the in-bed gas cleaning by a
calcined dolomite bed, the catalytic filter candles, the sorbent
reactor that separates S compounds, the alkali-based sorbent
reactor that separates Cl compounds, and the tar reformer.

As a simplification in the Bio-SOFC plant model, the syngas-
cleaning units are the following:

- An RStoic reactor simulating the catalytic filter candles,
where methane, toluene, benzene, and naphthalene react
with water to produce CO and H2. These reactions are
considered to take place at a temperature that is 70°C lower
than the gasification temperature.

- Two heat exchangers that adapt the temperature to 400°C
and 550°C, the two selected operating temperatures for S and
Cl separation and for tar reforming, respectively.

- The HCl adsorber, H2S adsorber, and tar reformer that are
simply modeled as a component separator that splits all the
contaminants from the syngas before the SOFC LSM.

The following reactions take place in the catalytic filter
candles, with the specified fractional conversions of methane
(0.9), toluene (0.95), benzene (0.92), and naphthalene (0.9)
(Marcantonio et al., 2020). These conversion factors belong to
an STB of 0.5:

CH4 +H2O → 3H2 + CO (20)

C7H8 + 7H2O → 11H2 + 7CO (21)

C6H6 + 6H2O → 9H2 + 6CO (22)

C10H8 + 10H2O → 14H2 + 10CO (23)

Solid Oxide Fuel Cell Large Stack Module
The SOFC LSMmodel compiles the modeling approaches in Van
herle et al. (2003); EG and G Technical Services, I (2004); Doherty
et al. (2009); Pérez-Fortes et al. (2019). In the selected pressurized
gasifier configuration, and taking into account the pressure losses
in Table 1, the anode inlet pressure is 1.07325 bar and cathode
inlet pressure is 1.05825 bar. The model is 0D and considers that
the inlet gases are heated to a temperature of 700°C, that the outlet
temperature (AOG and COG) is 790°C, and that the
electrochemical and chemical reactions occur at an average
reactor temperature (calculated as an average of the inlet and
outlet temperatures—i.e., 745°C with base conditions). The SOFC
module is balanced: the outlet power is calculated (see below) and
the heat that needs to be evacuated is the result of a heat balance.
The model consists of an anode block that is modeled by two
RGibbs reactors, one that simulates an internal reformer and
another one, downstream the first one, which simulates the
combustion step. Both of them, based on inlet species,
calculate the phase and chemical equilibriums. Thus, the outlet
gas composition is at equilibrium. The second RGibbs receives O2

from the cathode block, simulated as a component separator that

splits O2 required for the electrochemical reaction. The streams
that go out from the anode and cathode are mixed for the heat
balance step. The AOG and COG are separated (knowing that all
remaining O2 and N2 belong to the COG) after the heat balance
step (downstream the second RGibbs). The heat loss for the LSM
is 2.5 kW (Pérez-Fortes et al., 2019). The inlet amount of air is
controlled via a design specification block to obtain the desired
outlet temperature.

Given the local fuel utilization (FU), the model calculates the
needed amount of O2 in the anode to perform the electrochemical
reaction. Note that the local FU is 0.75 when no recirculation
affecting the LSM is taking place. As a matter of comparison
among the scenarios, a global FU of 0.75 has been fixed. The
equivalent amount of H2 is calculated as in the equations below,
considering the overall hydrogen reaction. H2(eq) comprises the
inlet syngas H2 amount and the H2 quantity that could be
produced from the syngas fractions of CO and CH4 by the
water–gas shift and methane-reforming reactions. It is
common to assume that CH4 is reformed and that CO is
shifted to H2 and, therefore, that only H2 participates in the
electrochemical reaction. To calculate O2 (needed) and the
current density (J), the inlet syngas composition is taken into
account:

H2 + 1
2
O2 →H2O (24)

H2(eq) � H2(in) + CO(in) + 4CH4(in), (25)

H2(consumed) � FU ·H2(eq), (26)

O2(needed) � 1
2
·H2(consumed). (27)

The current (I) (“shortcut value” and not representative, as the
current depends on the cell connection), current density, and
voltage (Vmax or ideal) are calculated as follows (Van herle et al.,
2003; EG and G Technical Services, 2004):

Imax � H2(eq) · z · F, (28)

I � FU · Imax , (29)

J � I
Area

. (30)

Here, z � 2 (number of electrons transferred) and F � Faraday’s
constant � 96,485 C/mol.

The calculation of the ΔH and TΔS of the hydrogen oxidation
reaction (W) accounts for the difference between the outlet and
the inlet steam’s enthalpy and entropy values, to estimate the
Gibbs free energy (ΔG):

Wmax � −ΔG, (31)

Vmax � −ΔG/I. (32)

The calculation of the ASR (Ω/cm2) considers the overall
governing equations from Nakajo et al. (2011), simplified to
be included in the current 0D model. It is composed by its
activation, ohmic, and concentration loss terms. Therefore, the
final power produced in the SOFC LSM takes into account the
Vcell, which includes the potential losses. The calculated power is
an input variable to the SOFC heat balance, as mentioned at the
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beginning of the section. The results of the SOFC LSM model
have been contrasted with the values of an operation map
provided by the company SOLIDpower (SP), as summarized
in Supplementary Table S3.

Fan Turbine Unit
This unit is modeled using the compressor and turbine units from
Aspen Plus. The (micro)steam turbine of the FTU has to provide
all the power needed by the AOG fan, which indeed depends on
the flowrate and the composition of the recirculated stream.
Depending on the density of the recirculated stream, the needs
of the recirculator vary, and thus, the steam expanded in the
turbine varies accordingly.

It is assumed that the turbine has an isentropic efficiency of 0.4
and the inlet steam is at 5 bar and 220°C. The discharge pressure is
2.5 bar. The turbofan is assumed to work with an isentropic
efficiency of 0.6. The power transfer among devices, emulating
the mechanical efficiency, has a factor of 0.8. The used efficiencies
are based on the performance of a thermally driven high-speed
gas-bearing–supported turbofan first demonstrated by Wagner
et al. (2020).

Pressure Changers, Heaters, and Coolers
The balance of plant (BoP) components such as pumps for water
supply, blowers for air supply and gas circulation, and heaters and
coolers are modeled using standard Aspen Plus library
components. The performance of the blowers is determined
based on the isentropic efficiencies of 0.6 and mechanical
efficiencies of 1. The pumps’ efficiencies are 0.8. Coolers and
heaters are usually modeled without pressure loss (except
otherwise indicated in Table 1). For the design of the HEN, a
ΔTmin of 30°C is assumed. See Table 4 for a summary of all the
HEXs considered, characterized by their temperature range and

film transfer coefficients; these data are introduced in the
SYNHEAT algorithm.

Gas Turbine
As an AOG alternative, its burning and use in a GT are also
considered based on the promising results reported by Facchinetti
et al. (2012); Caliandro et al. (2014); Facchinetti et al. (2014), even
if the authors already pointed out in Facchinetti et al. (2012)
(evaluation of hydrothermal gasification–SOFC) that there is a
trade-off between increased system performance and increased
system complexity. In that work, the electrical efficiency can go
up to 63% by considering a sub-atmospheric inverted Brayton
cycle with oxy-combustion, two GTs (one at the anode side and
another one at the cathode side), and CO2 separation via steam
condensation and one steam production—one utilization level in
a steam turbine. In Caliandro et al. (2014), the electrical efficiency
of a non-pressurized small-scale gasifier–SOFC system, using an
indirect circulating fluidized bed gasifier, goes up to 64.5%, when
using a GT and a steam turbine.

All the AOG is therefore sent to a downstream combustor in
Case 6. The burner has a stoichiometric (and complete)
combustion. The burner has three inlet streams: AOG, air, and
steam (in order to increase the expanding mass flow and control
the combustion chamber temperature). The AOG enters the unit
at 790°C and 1.04325 bar. Air enters at the same pressure and
temperature, while steam enters at atmospheric pressure. The
inlet amount of steam corresponds to an steam excess ratio of 3
(toward the inlet mass flow of fuel) (Facchinetti et al., 2014). The
burner is adiabatic, and the outlet temperature results in 1176°C.
This is the turbine inlet temperature. The pressure at the turbine
outlet is 0.2029 bar. Between the GT and the downstream
compressor, water is condensed so as to decrease compression
power: in that way, water is pumped separately. Flue gas and
water are compressed up to atmospheric pressure. The flue gas is
vented at 140°C.

RESULTS

Scenario Evaluation
The resulting GCCs for the different cases are presented in
Figure 3 (see the detailed hot and cold streams’ temperatures
and loads in Supplementary Table S4). It is clearly seen that the
Bio-SOFC plant has a threshold problem, i.e., only cold utility is
needed. The regions where the GCC bends back on itself
represent regions where net heat can be exchanged between
the different temperature intervals (process heat exchange).
The different GCCs of the different cases differ in the amount
of heat that can be exchanged within the process, the amount of
required cold utility (as explained in Methodology, in our case,
steam at 5 bar, to power the turbine of the FTU unit, which can be
produced), and its temperature. See that Case 2 needs notably
more heat to produce steam to power the FTU. The main gas
responsible for the different “widths” of the GCC is the flue gas
from the gasifier combustor, with more or less heat available
(different streams’mass flowrate and difference of temperatures).
As a consequence, when the flue gas has a higher heat load, the

TABLE 4 | List of the heating and cooling needs of the Bio-SOFC plant (H: heater,
C: cooler), their fixed temperature, type of stream, and estimated film transfer
coefficient (h, in W/m2°C) (Smith, 2005; Towler and Sinnott, 2013). In order to
calculate the exchange area linked to the cold utility, h � 6000 W/m2°C was
assumed.

C or H Temperature range (°C) Type of stream h (W/m2°C)

C1 780–400 Syngas 200
C2 Case dependent AOG 200
C3 960–120 Flue gas 150
C4 790–140 Air 160
C6a 140–50 Air 160
H1 61–400 Air 160
H2 400–550 Syngas 200
H3 Case dependent AOG 200
H4 550–700 Syngas 200
H5 31–700 Air 160
H6EC 25–108 Water 4000
H6EV 108–108 Water–steam 6000
H6S 108–400 Steam 180
H7ECa 25–152 Water 4000
H7EVa 152–152 Water–steam 6000
H7Sa 152–220 Steam 180
H8a 140–50 Water 4000

aNot present in the optimization.
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value of the cold utility is higher. Note the difference between
Case 1 and Cases 2, 3, and 4. Case 5 needs less cold utility because
the AOG and air streams to the combustor are heated up (thus,
the available heat is already used within the process). Case 6 has
the largest GCC length, as heat is not only produced in the gasifier
combustor via LPG but also produced in the GT combustor via
AOG combustion (with its own streams of inlet air and steam).
The less integrated scenarios may have a higher thermal
efficiency, as they need more cold utility. However, this is not
a situation to be favored, as, in general, higher cold utility needs
imply higher LPG demand. Thus, the heat integration results of
Case 5 pinpoint the positive effect of decreasing LPG
consumption at the expense of higher AOG combustion inlet
temperature and steam condensation.

The results of the evaluation of the six cases are summarized in
Supplementary Table S5. The amount of biomass is controlled to
produce 25 kWe of gross electricity. The net electricity produced
is around 24 kWe in all cases, except when using the GT, the
electricity produced goes up to 31.7 kWe. Case 2 counts with the
lowest inlet biomass stream; this is a positive effect of
recirculating the AOG toward the gasifier. Lower biomass is
needed as, together with the required steam (the AOG in Case
2 has 40% of H2O in mole basis), the AOG also has carbonaceous
species. When the AOG is not used in the gasifier combustor, the
inlet amount of LPG is 16.22 kWth (Cases 1 and 6). Case 2,
however, needs a higher amount of LPG to close the heat balance
in the gasifier. The reason is the higher amount of gas that has to
be heated up. The amount of LPG considerably decreases in Cases
3, 4, and particularly 5; when the recirculation ratio toward the
inlet stream of the SOFC (RR) is 0.5 (Case 3); and in the last case
when the temperature of the AOG and air to the gasifier

combustor is increased. In order to calculate the Effel value, it
is seen from the discussed numbers that the larger difference is
marked by the remarkable decrease in LPG needs in Case 5
(compared to the biomass inlet decrease in Case 2 and the inlet
LPG amounts in Cases 3 and 4).

The syngas produced in the fluidized bed gasifier has the same
quality in all the cases (the same inlet biomass and STB), except in
Case 2, where the use of AOG instead of steam contributes to
produce a larger mass flowrate of syngas, but with a LHV due to
dilution (larger CO2 and H2O fractions). However, the calorific
power of the syngas in Case 2 is overall higher than that for the
other cases.

The AOG composition changes in Case 2, when it is
recirculated back to the gasifier (higher fractions of CO2 and
H2O), and changes in Case 3, when it is recirculated back to the
SOFC LSM anode inlet (higher fractions of H2, CO, and CO2 and
lower portion of H2O). With the Aspen Plus model, voltage is
quite similar in all cases, whereas in Case 2, voltage is lower (worst
SOFC performance). The amount of air needed is similar as well,
except in Cases 2 and 3, where, indeed, AOG composition also
changes. However, in order to know more accurate SOFC LSM
operating values, it is advised to execute a more exhaustive SOFC
stack model.

Note that the largest power consumer in the plant is the air
compressor for the SOFC LSM, followed by the air compressor
for the gasifier needs. The AOG compressor is used in Cases 2, 3,
and 4, whereas in Case 5, only the FTU is considered to
completely recirculate the AOG to the gasifier combustor.

The CGE is higher in Case 2 (due to a large calorific power of
the overall syngas produced) and in Case 5 (because of the lower
amount of LPG needed). The SOFC efficiency is similar in all

FIGURE 3 | GCCs of Cases 1 to 6.
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cases, except in Case 2 (in agreement with its lower operating
voltage). The electrical efficiency is 10% larger in Case 5 than in
Case 1, revealing the clear benefit of using the AOG within the
plant. The electrical efficiency is 45% in Case 6, compared to 44%
in Case 5, when the GT is used. The cooling water that can be
generated via COG cooling is also evaluated. The value of cold
utility reported, as explained inMethodology, assumes that all the
heat that needs to be evacuated from the system is useful heat to
produce marketable steam. From the results obtained, Effth’s are
higher in Cases 3, 4, and 6. The total efficiency is higher in Case 6,
followed by Cases 3 and 4, Case 5, and Cases 2 and 1. However, as
mentioned before, thermal efficiency will always be higher when
more LPG is consumed. Therefore, as a criterion for scenario
selection for optimization, the Effel is considered overall; the AOG
use in the gasifier combustor decreases the use of LPG, and more
if inlet temperatures are increased. The recirculation of the AOG
to the gasifier and to the SOFC results in more diluted syngas
entering the SOFC LSM (thus, in a worse overall system
performance). The results of Effel of Cases 5 and 6 are very
similar. However, Case 6 has a more complex layout and
consumes more LPG than Case 5.

The larger compression pressure requirement in the FTU
happens in Case 5. However, the steam needs are lower than
those in Case 2 as, hypothetically, it is assumed that the AOG can
be compressed at 20°C (vs. 200°C that so far has been
demonstrated in the technology, since the steam in the turbine
is at 220°C, to avoid large temperature gradients and steam
condensation in the gas bearings). If compression is at 200°C,
the total power needed from the turbine is 209W instead of
162W, 16.5 kg/h instead of 10.16 kg/h of steam consumed. Note
that it is still less than that in Case 2 (even though all the AOG
stream is of concern), as steam has been separated from the AOG
(thus resulting in less flowrate to compress).

As a conclusion of this evaluation, Case 5 is the selected layout
for optimization. The internal use of AOG in the Bio-SOFC plant
proves to be positive to increase the Effel while decreasing the
amount of LPG, pursuing the green production of electricity. The
use of the FTU is also strategically selected for optimization, as it can
use steam generated within the plant to compress the AOG, thus
not decreasing the amount of net electricity produced (Case 4 AOG
fan consumption—0.129W vs. 10.19 kg/h of steam needed). The
steam released after the turbine expansion is still marketable steam.

Within the BLAZE project context, the net present value of the
base Case 5 was studied, considering pilot plant values. Among
the overall investment, the SOFC LSM contributes the most,
followed by the gasifier and feeding system, HEN, reactors, and
vessels. Operating costs overcome revenues. Themost influencing
variable in the net present value is the inside battery limits
investment. Further R&D is needed to decrease it2.

Optimization
Supplementary Figure S7 presents the Bio-SOFC plant layout to
be optimized, including the variables considered for optimization,

in red. The optimization variables are summarized in the next
section, whereas the process constraints are listed in Table 2. The
forbidden matches correspond to prohibited hot–cold stream
connections in the HEN design due to possible flammability
issues.

Input Data
The generation of green electricity is a design priority. Thus, the
AOG recirculation toward the gasifier combustor was the
preferred recirculation option. The temperatures of inlet air
(TH1) and AOG to the combustor (TH3) were identified as
key to achieve zero LPG. Moreover, the lower the amount of
steam in the AOG (which depends on TC2), the better towards
zero LPG consumption, to consume less compression power and
to require less combustion heat in the gasifier combustor. The
main operating variables of the gasifier, i.e., the STB, the
temperature of the inlet steam (TH6S), and the gasification
temperature (TGasif), as well as the main operating variables
of the SOFC LSM, i.e., fuel cell inlet temperature (Tin SOFC, the
same for the anode and cathode) and FU, are considered decision
variables. The hot GCU works at a range of temperatures, with a
fixed and complete contaminants’ separation fraction, which is
assumed not to vary. The chloride and sulfur compounds’
abatement units and the tar reformer operating temperatures
are therefore optimized. Table 5 summarizes the decision
variables and their possible range of variation.

The forbidden matches are heat exchange connections to
avoid, in the Bio-SOFC plant, between fuel-rich and oxygen-
rich streams to prevent explosion. In the Bio-SOFC plant,
these streams correspond to the following heaters (H) and
coolers (C):

- C1: Syngas cooling down after the gasifier
- C2: AOG cooling down for steam separation
- C4: COG cooling down
- H1: Air inlet to the burner
- H2: Syngas between cleaning units
- H3: AOG going to the gasifier combustor
- H4: Syngas going to the SOFC
- H5: Air inlet to the SOFC

The flammability limits are defined as the lowest and highest
concentrations of combustibles in air at normal conditions of
pressure and temperature (at 1 bar and 20°C); within these limits,
the mixture will be burnt if ignited (Towler and Sinnott, 2013).
Selecting as a reference the values from Case 5, the compositions
of the fuel gases and oxygen-rich gases of the Bio-SOFC system
affected by H’s and C’s mentioned above are summarized in
Table 6 and Table 7. The possible mixtures of combustible and
oxygen-rich streams are calculated in Table 8. The possible
flammable mixtures are marked in bold and underlined in the
table. The forbidden matches are therefore (C4,H4), (C4,H2),
(C1,H5), (C1,H1), and (C2,H1).

Influence of Variables
The output data generated while performing the optimization
(independent and control variable values) provide an amount

2BLAZE project public deliverables can be checked at https://www.blazeproject.eu/
resources/.
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of information that can be used to analyze the variable’s
impact on the selected optimization objectives. The electrical
efficiency is higher when FU, inlet AOG temperature, and air
temperature (TH3 and TH1) to the gasifier combustor
increase. On the contrary, Effel increases when the STB
and the gasification temperature decrease. Regarding FU,
electricity production is certainly improved as a larger fuel
conversion is considered. As widely analyzed in the scenario
evaluation, the temperature of the inlet gasifier combustor
stream tends to be higher to decrease LPG consumption. In
relation to the gasifier operation, see Supplementary Tables
S6, S7 for the effects of the STB and TGasif on relevant
gasifier output values. The gasification reactions where steam
is involved are endothermic, so the heat of combustion
increases as the STB raises. The consumptions of LPG and
biomass raise with the STB. The higher the STB, the higher
the steam fraction in the syngas. The steam content affects the
performance of the SOFC LSM. The more the steam in the
SOFC, the more the biomass is needed to produce the same
amount of power. Therefore, lower STBs are favored in the
optimization.

Analogously, a higher steam fraction in the SOFC LSM is
avoided when selecting lower gasification temperatures
(moreover, in dry composition, H2 and CO fractions are
higher at lower temperatures). Furthermore, LPG and biomass
consumptions increase when the gasification temperature raises.

In the variables analysis, it is seen that the higher the CGE, the
better the Effel. The lower the inlet LPG and amount of air to the
combustor, the better the Effel. These last three are dependent
variables that are linked to the aimed LPG consumption
reduction.

The thermal efficiency is “biased” by a worse system
integration, as all the cold utility heat can be used to produce
marketable steam, thus increasing the Effth. Influencing and
conflicting variables compared to Effel are TGasif, TH1 and
TH3, and gasifier combustor inlet LPG and air (thus, an
increased consumption of LPG would need more steam as the
cold utility). Lower Tin SOFC and TC2 improve Effth, as less heat
is integrated (needed) within the process.

The HEN area is fairly independent of the influence of the
selected decision and control variables (see also the Pareto shape
in the next section). Nevertheless, it slightly depends on the Tin

SOFC; the largest HEX in the Bio-SOFC plant corresponds to H5
(inlet SOFC warming up).

Selection of Optimum Designs
Figure 4 shows the Pareto front and its projection on different
planes. The optimization process was executed several times,
obtaining a total of 38,028 points. This total number of
executed scenarios was filtered, first to only keep the cases
that converged in Aspen Plus and AMPL and second to only
consider the cases that respect the constraints listed in
Table 2. The Pareto front and its projections reveal that
there exists a trade-off between Effth and Effel and between
Effel and HEN area. On the contrary, a higher Effth requires
less HEN area.

From these results, the extremes of the Pareto front are
selected (see the columns Effel, Effth, and HEN area in
Table 9). Moreover, the utopian point is used as an ideal
of the criteria values to find the closer solutions from the
Pareto front. The utopian coordinates are Effel � 0.5, Effth �
0.4, and for the HEN area, the minimum area found in the
whole range of executed scenarios was selected. The weighted
distance to the utopian point is considered in the colored
scale of Figure 5. Marked by yellow squares are the 20 closer
points to the utopian point. The weight given to the Effel and
Effth is the same (i.e., 1), while the weight given to the HEN
area is 1/100 (considered a less critical objective in the BLAZE
project, so as to favor the other two criteria). See the first

TABLE 5 | Decision variables for optimization (between brackets, reference in Supplementary Figure S7).

Decision variable Range Starting value

1. FU on the SOFC LSM (FU) 0.6–0.8 0.75
2. STB in the gasifier (STB) 0.33–0.98 0.5
3. Temperature of gasification (TGasif) 750–850°C 850°C
4. Fuel cell inlet temperature (Tin SOFC) 690–750°C 700°C
5. AOG cooling temperature (TC2) 20–300°C 20°C
6. Temperature of inlet air to the gasifier combustor (TH1) 100–760°C 700°C
7. Temperature of inlet steam to the gasifier (TH6S) 200–400°C 200°C
8. Operating temperature of chloride and sulfur compounds’ abatement units (TC1) 200–450°C 400°C
9. Operating temperature of the tar reformer (TH2) 550–700°C 550°C
10. AOG inlet temperature to the gasifier combustor (TH3) 20–760°C 400°C

TABLE 6 | Composition of fuel gases in the Bio-SOFC plant.

Component/mole fraction Syngas AOGar AOGdry

H2 0.49 0.13 0.26
CO 0.24 0.057 0.11
CH4 0.005 0 0
CO2 0.11 0.30 0.61
H2O 0.14 0.51 0.02

TABLE 7 | Air and COG compositions in the Bio-SOFC plant.

Component/mole fraction Air COG

O2 0.21 0.19
N2 0.79 0.81
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column of Table 9 for the data corresponding to the closest
point to the utopian point.

In Supplementary Figure S8, the values of the optimization
variables (Table 5) of the Pareto points are plotted, sorted by
distance (from closer to further) from the utopian point. The
most important variables in the Bio-SOFC plant are (in order) as
follows:

- FU (var1), which tends to be on the upper limit (above 0.75).
- The AOG cooling temperature (var5), which is low enough to
separate steam (below 40°C).

- The SOFC inlet temperature (var4), which tends to be on the
lower limit (690–700°C).

- The STB (var2), which tends to be on the lower limit
(below 0.4).

- The gasification inlet temperature (var3), which tends to be
on the lower limit (around 750–780°C).

- The inlet air temperature to the combustor (var6), usually
closer to the upper limit (above 500°C).

- The inlet AOG temperature to the combustor (var10), which
tends to be above 100°C.

The selected ranges of temperature for the gasification steam
(var7) and the chloride and sulfur compounds’ abatement units
(var8) and tar reformer (var9) have no impact on the results.
The latter is particularly interesting, as it reveals that, for the

FIGURE 4 | Pareto front of the Bio-SOFC plant (Case 5) optimization. Trade-off among Effel, Effth, and HEX area.

TABLE 8 | Combustible and oxygen-rich stream mixtures, compared to the upper and lower flammability limits in air (Towler and Sinnott, 2013).

Component/mole
fraction

Syngas (C1) + air
SOFC (H5)

Syngas (C1) + air
COMB (H1)

Syngas (H2,H4) +
COG
(C4)

AOGdry (H3) +
COG
(C4)a

AOGar (C2) + air
COMB (H1)b

Lower
limit

Upper
limit

H2 0.0327c 0.27 0.0333c 0.0093 0.072 0.041 0.742
CO 0.016 0.13 0.0166 0.004 0.031 0.125 0.742
CH4 0.00035 0.003 0.00036 0 0 0.053 0.14

aEven after checking with FU � 0.6, STB � 0.33, TGasif � 760, H2 fraction reaches 2 %, still well below the 4% limit.
bWhen checked for the air SOFC flow (which is about 16 times higher than themass flow of the air COMB), H2 fraction hardly reaches 2%. Thus, we consider that this match does not need
to be forbidden.
cNot exactly inside the limits, but selected due to their proximity.
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specific case of the Bio-SOFC plant, the temperature of the GCU
is not crucial for the final efficiency of the plant. However, it was
assumed that the efficiency of the GCU units was independent
of temperature, and moreover, in the Bio-SOFC plant,
production of waste heat is not an issue, as the high-

temperature heat is a valuable stream that generates
profitable steam. At equality of performance, and in exergy
terms, it is not advised to go further down in temperature for the
GCU, when the needed temperature downstream is around
700°C.

FIGURE 5 | Pareto front and sorting of solutions based upon the utopian point (star point).

TABLE 9 | Selected optimal process designs (extremes of the Pareto front and closest point to the utopian point) and performance.

Variable/performance criteria Distance utopian Effel Effth HEN area

FU 0.780 0.800 0.715 0.746
STB 0.333 0.330 0.967 0.330
TGasif (°C) 782.5 751.2 837.5 839.5
Tin SOFC (°C) 690.0 690.4 697.5 690.0
TC2 (°C) 28.7 25.9 26.2 186.9
TH1 (°C) 550.1 745.8 132.4 101.5
TH6S (°C) 321.3 398.6 356.9 221.8
TC1 (°C) 279.4 200.0 236.1 428.6
TH2 (°C) 643.0 551.0 634.3 626.7
TH3 (°C) 508.7 756.6 245.3 263.2
Effel 0.4547 0.4873 0.3443 0.3493
Effth

a 0.3558 0.3052 0.4736 0.4093
Efftot 0.8105 0.7925 0.8179 0.7587
Area (m2) 9.980 11.543 13.614 6.727
Steam generated (kg/h) 14.606 10.027 29.977 26.360
Cooling water produced (kg/h) 155.826 153.954 190.537 161.233
Steam to the gasifier (kg/h) 3.261 3.158 10.696 3.371
LPG (kg/h) 0.173 0.000 0.902 1.196
Recirculation compressor (kW) @ TC2 0.122 0.115 0.153 0.360
Steam needed in the FTU (kg/h) @ TC2 9.63 9.13 12.10 28.05
Steam needed in the FTU (kg/h) @ 200°C 15.11 14.35 19.05 b

aConsidering gas in the FTU fan @ 200°C.
bTC2 is already close to 200°C; AOG is recirculated with steam.
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The results in Table 9 reveal a total efficiency around 80%. For
the solution that is closer to the utopian point, the electrical
efficiency is 45%, the thermal efficiency is 36%, and the HEN area
is 10 m2. LPG consumption is zero in the case where Effel is
maximized. In the case where the HEN area is minimized, the
LPG consumption is not a crucial variable. Note that the steam
consumption of the FTU turbine is below the steam generated in
the plant when the AOG is at TC2. However, as explained before,
the AOG cannot have such a low temperature. At 200°C, the
steam needs could be only covered by the optimum configuration
with the largest Effth. As an alternative, if the FTU is not used, the
power consumed by a commercial fan used to provide the ΔP
required by the AOG is in the row “Recirculation compressor
(kW) @ TC2” in Table 9.

The results presented are the extremes of the Pareto front and
the utopian point, based on the reported weights above. However,
other Pareto solutions from the Pareto front can be selected
depending on the decision criteria of the decision-maker, for
instance, zero LPG consumption or the calculated exergy
efficiency, if priority is given to energy degradation. For
instance, for the selected Pareto solutions, the exergy efficiency
varies between 34 and 52%, being higher when the electrical
efficiency is higher (note that, in the Bio-SOFC plant, the
temperatures of the hot and cold utilities were fixed).

Heat Exchanger Network Design
The HEN structures for each of the reported optimum points are
summarized in Supplementary Tables S8–S11. The reported
variables in the tables follow the nomenclature described in the
methodology, with capital T corresponding to the hot source (and
1 referring to the inlet, 2 to the outlet). The fourth and fifth
columns refer to the stage where heat exchange takes place (as
defined in the SYNHEAT algorithm). Therefore, a stream with
different stages (which is the case for several hot streams in the
current results, not for the cold ones) means that this stream
counts with series (up to 3) HEXs. A stream with the same stage
several times means that parallel HEXs are considered. End-CU
refers to a connection with the cold utility (in this case, generating
steam at the conditions required by the FTU).

As general characteristics, the Bio-SOFC plant may count with
12 HEXs with C4–H5 being the most important HEXs (exchange
between inlet and outlet air streams of the SOFC LSM). C3 (flue
gas) can be combined in many ways, as it is the largest hot source
of the Bio-SOFC plant. When combined with H5 (Tin SOFC), the
HEN area decreases considerably (see Supplementary Table
S11). C4 (COG) and C3 (flue gas) are indeed the main hot
sources.

CONCLUSION

This paper summarizes the different scenario evaluations and
the optimization performed to propose a micro-CHP bio-
waste gasification–SOFC plant layout and working
conditions within the framework of the EU H2020 project
BLAZE. Two particularities of this plant are 1) the AOG
recirculation and 2) the use of small-scale turbomachinery

to make it possible. The main locations where the AOG could
be recirculated were 1) the SOFC LSM anode inlet, 2) the
gasifier combustor, and 3) the gasification chamber. The AOG
recirculation toward the gasifier combustor was selected as the
preferred layout for implementation. The optimization of this
layout pinpointed the most important plant variables for plant
operation: FU (above 0.75), AOG cooling temperature (which
has to be low enough to allow steam condensation), SOFC inlet
temperature (between 690 and 700°C), STB (below 0.4),
gasification inlet temperature (which tends to be on the
lower limit), and inlet air temperature to the combustor and
inlet AOG temperature to the combustor (which tend to the
upper limits). Four optimum designs were selected, i.e., the
extremes of the Pareto front (maximum Effel, maximum Effth,
and minimumHEN area) and the nearest design to the utopian
point. The HEN of selected optimal solutions was described (in
total, 15 HEXs are foreseen), with a total area of heat exchange
between 6 and 14 m2, which corresponds to an amount of heat
exchanged between 91 and 117 kW. The COG and flue gas are
the main hot sources, and the consumption of LPG can be
avoided, or at least minimized. The most important HEX is the
one that exchanges heat between the inlet and outlet air
streams of the SOFC LSM. The electrical and thermal
efficiencies went up to 49 and 47%, respectively. The
combined total efficiency ranges between 76 and 82%. For
comparison, current small biomass gasification CHP plants
coupled with gas engines have electric efficiencies of up to 25%,
and combined efficiencies of up to 80%. The final pilot plant
implementation decision will come from the adjustment and
consideration as baseline of the optimization results to the
strategic decision of the project consortium in terms of steam
and LPG consumptions, and, of course, of practical
implementation considerations.
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GLOSSARY

Aex Heat exchanger area (m2)

AMPL A Mathematical Programming Language

AOG Anode off-gas

ar as-received basis

BLAZE Biomass Low cost Advanced Zero Emission small-to-medium scale
integrated gasifier-fuel cell combined heat and power plant

BoP Balance of plant

CX Cooler (X corresponds to a number; nomenclature in the PFD)

CGE Cold gas efficiency

CHP Combined heat and power

COG Cathode off-gas

DBFBG Dual bubbling fluidized bed gasifier

Effel Electrical efficiency

Effth Thermal efficiency

EffSOFC SOFC efficiency

Efftot Total (CHP) efficiency

ev-MOGA Multi-objective evolutionary algorithm developed by the
Predictive Control and Heuristic Optimization Group (CPOH) at Universitat
Politècnica de València (Spain)

FC Fuel cell

FTU Turbine-driven fan unit or fan turbine unit

FU Fuel utilization

GCC Grand composite curve

GCU Gas-cleaning unit

GT Gas turbine

h Film transfer coefficient (W/m2°C)

HEN Heat exchanger network

HEX Heat exchanger

HX Heater (X corresponds to a number; nomenclature in the PFD)

LHV Lower heating value (kJ/kg)

LMTD Logarithmic mean temperature difference (°C)

LPG Liquefied petroleum gas

m mass flowrate (kg/s)

MER Maximum energy recovery

MILP Mixed integer linear programming

MO Multi-objective

PFD Process flow diagram

Pcomp Power consumed by the compressors/fans of the system (kW)

Pprod Gross power produced by the SOFC LSM (kW)

Ppump Power consumed by the pumps of the system (kW)

Qcu Heat that is absorbed by the cold utility (kW)

Qhw Heat used to produce hot water at 1.01325 bar and 65°C (kW)

Qturb Thermal power consumed by the turbine of the FTU (kW)

RR Recirculation ratio

SOFC LSM Solid oxide fuel cell large stack module

STCR Steam-to-carbon ratio

STB Steam-to-biomass ratio

T Temperature (°C)

Tin Stream inlet temperature before a heat exchange (°C)

Tout Stream outlet temperature after a heat exchange (°C)

ΔTmin Minimum temperature difference between a hot and a cold
stream (°C)

U Heat transfer coefficient (W/m2°C)

VL Vapor–liquid
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