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Recent advances in ex ante techno-
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technologies based on process simulationt
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Xiaogian Ma®®

Thermochemical waste or biomass to energy (W/BtE) technology is known for its high conversion
efficiency, rapid reaction rate, and foreseeable scale-up potential. To elucidate the coexisting risks and
opportunities of newly proposed or ready-to-be-retrofitted W/BtE systems, ex ante techno-environ-
mental-economic (TEE) assessment can provide multidimensional quantified guidance, while process
simulation is an effective tool to predict their performance based on the existing laboratory- or pilot-
scale experiment results. This review aims to provide a comprehensive understanding of process simu-
lation-based TEE assessment of W/BtE systems. It summarizes the establishment of applicable conditions
for reactor-level modelling approaches. Next, the calculation methods and principles for TEE assessment
are introduced. Furthermore, based on the review of studies published from 2020 to 2024, it fully investi-
gates the advances in the optimization of thermochemical processes through process simulation and the
performance improvement of W/BtE systems, including waste or biomass to power (W/BtP) and to fuel
(W/BtF) systems. Eventually, it highlights that the enhancement of data source quality and in-depth con-
sideration of realistic conditions are the key aspects to be improved in the future.

1. We discussed the basic structures, calculation methods, and existing advances in the ex ante process-simulation-based
techno-environmental-economic (TEE) assessment of thermochemical waste or biomass to energy (W/BtE) technologies.

2. Thermochemical W/BtE technologies can be one of the most promising low-carbon technologies in the future, and
numerous studies conducted at laboratory- and pilot-scale have been published. As the commercial application of most
W/BLE technologies is still in the early stage, tools are needed to elucidate the coexisting risks and opportunities of newly
proposed or ready-to-be-retrofitted W/BtE systems, which can be provided by ex ante TEE assessment.

3. Despite the fact that the existing studies provide references for many cases, basic methods and eventual results vary sig-
nificantly, causing poor comparability and integrity. This study summarizes general and comprehensive TEE assessment
structures and methods, providing guidelines, understanding and prospects to improve the accuracy and credibility of

future work.

1 Introduction

With the expansion of the global population, it is estimated
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that >2 billion tonnes of municipal solid waste (MSW) is gener-
ated annually, and about 38% of it is under uncontrolled man-
agement." In this case, waste to energy (WtE) technology, as
one of the most important waste utilization methods, has
attracted increasing attention to meet the goals of the present
carbon neutrality policy and achieve a circular economy.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic flow sheet of thermochemical W/BtE technology (redrawn from Urena®®).

Initially, the utilization of waste can substitute the mining of
fossil fuel-resources, reducing fossil-based carbon emission.>”?
Furthermore, the application of WtE technology has lower
environmental risks compared with traditional landfill treat-
ment.* High organic-content waste (MSW, biomass waste, etc.)
has high utilization value in the application of WtE
technology,”® and its considerable generation makes it a
dependable feedstock source.” The organic-content in MSW is
a mixture of food residue, wood, paper, textile, plastic, rubber,
and other components. Besides plant-based agricultural waste,
animal-based wastewater, sludge and animal manure are also
important components of the organic content in biomass.?
Generally, plant-based organic content mainly includes cell-
ulose, hemicellulose and lignin, while animal-based content
basically consists of sugars, lipids and proteins.’ Polymers are
the main component of the manufactured organic content in
textiles, plastic and rubber.'® Thus, the concept of WtE can be
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expanded to waste or biomass to energy (W/BtE). W/BtE
technology mainly includes thermochemical, biochemical,
and chemical routes.'" This review mainly focuses on the ther-
mochemical route.

Thermochemical W/BtE technology refers to the power
generation or value-added chemical production based on
pyrolysis, gasification, and incineration processes,'> and the
main scheme for the three processes is shown in Fig. 1.'?
Pyrolysis is conducted in an oxidant-free atmosphere with an
external heat supply.'* Pyrogas mainly consists of CO, CO,, H,,
CH, and noncondensable hydrocarbons.">"'® Condensable oil
product includes acids, alcohols, aldehydes, ketones, phenols,
esters, sugars, furans, complex oxygenates and hydrocarbons.’
Moreover, a considerable carbon content still exists in the gen-
erated char.'” The reported yield of gas, liquid and char
during MSW pyrolysis is about 37 wt%, 27 wt%, and 46 wt%,
respectively."® To maximize the production of high-value fuel
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gas via thermochemical conversion, an atmosphere with an
inadequate amount of oxidant (air, oxygen, steam, etc.) for
complete combustion is employed during the gasification
process.'® Due to the simultaneous occurrence of partial oxi-
dation and thermal decomposition, the combustible content
of waste or biomass is mostly converted into the gas phase,
leaving a minor content of ash and tar.'* With an increase in
the supplied amount of oxidant, the gasification process can
realize auto-thermal at the expense of a reduction in the temp-
erature for gas production.””*' Common gasification agents
include air, steam, and O,. Among them, air is the most con-
veniently available, steam promotes the H, yield in the syngas,
and O, is the ideal option to prevent the dilution of N,, which
reduces the potential formation of NO,. Regarding the gaseous
product of pyrolysis and gasification, after removal of pollu-
tants (H,S, HCl, COS, NH;, HCN, tar, and particulate),”>*? it
can be further processed for the manufacture of value-added
fuel.>»* Incineration is the process employed for the complete
oxidation of waste or biomass with an adequate or excessive
supply of oxygen or air, generating high-temperature flue gas
(mainly CO, and steam).® In the Rankine cycle (RC), massive
heat transfer occurs from the flue gas to generate steam, which
propels the power generator. An air pollution control (APC)
section is necessary in the incineration facility to ensure that
the content of SO,, NO,, HC], dioxin, and particulate in the
flue gas satisfies the local emissions standards.*®™>®

To date, incineration is most widely applied method for the
treatment of waste worldwide owing to its advantages of rapid
treatment and reduction in the volume of residues.? Since the
1970s, lots of studies and programs have been conducted on
waste pyrolysis and gasification technology to avoid the
environmental risks of dioxin and heavy metal emission
during waste incineration,***! but its commercial application
is still in its infancy.?* Recently, both existing and proposed W/
BtE facilities have encountered challenges. Firstly, the syner-
gistic disposal of multiple waste and biomass has become the
mainstream trend, and thus the characteristics of the feed-
stock will fluctuate, introducing uncertain factors in the opti-
mized operation of the facility.*® Secondly, with the implemen-
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tation of the carbon neutrality policy, low-energy efficiency and
high-environmental-risk equipment and techniques need to be
replaced by more advanced ones,** and new sections need to
be added to the original system, such as carbon capture and
storage (CCS) units.*® This requires guidance in the aspects of
equipment section and technique suitability. Finally, for the
assessment of the long-term environmental and economic per-
formance of the facility operations, it is a significant require-
ment to provide guidance to avoid the potential risks associ-
ated with sensible factors in advance of the improvement or
construction of facilities.*®

The concept of ex ante techno-environmental-economic
(TEE) assessment has been well developed with time.*”
However, although there are plenty of lab-scale and pilot-scale
experimental data and real operational data as a foundation, a
more credible and adjustable calculation model is still
required.*® Obviously, the process simulation method can be
employed, given that it can acquire credible data of various
operating conditions based on existing data using rigorous
chemical, hydrodynamic, and thermodynamic theories.*”

According to previous studies, the classification of the
assessment boundary and process simulation completeness is
shown in Fig. 2. From the perspectives of process simulation,
tier I only focuses on the core sections of the W/BtE system,
including the thermochemical conversion section and power
generation or product synthesis section. Then, tier II further
considers the quality control sections, such as pollution
control section, product purification section, and by-product
utilization section. Tier III includes the complete process of
the W/BtE system, given that the simulation of auxiliary sec-
tions (heat recovery network, pipeline transportation network,
utilities network, etc.) is added into the flowsheet. From the
perspectives of assessment boundary, tier I concentrates on
the direct emissions, regardless of the indirect emissions
caused by chemicals, energy and utilities, and tier II completes
the scope, which basically covers the W/BtE system.
Furthermore, tier III considers the influence of upstream and
downstream processes, such as raw material collection,
product transport and storage, and residue treatment.
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Fig. 2 Classification of assessment boundary and process simulation completeness.

Consequently, tier III covers the complete life cycle of the W/
BtE system.

This review is organized as follows: section 2 introduces the
progress in the establishment of a process simulation model;
section 3 introduces the calculation methods for TEE assess-
ment; section 4 compares the TEE performance of the
different hybrid W/BtE systems reported in recent years;
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section 5 illustrates the prospects and shortcomings in this
field; and section 6 concludes this review.

2 Model establishment for process
simulation

Process simulation plays a vital role in ex ante TEE assessment,
given that it not only generates the life cycle inventory of W/
BtE systems as foreground data, but also enables the solving of
flow equilibrium formulations as the foundation of techno
analysis, as shown in Fig. 3. The establishment of the model
for process simulation is mainly determined by the selection
of modelling approaches based on the feedstock properties,
operational parameters, and reactions mechanisms.

In the case of thermochemical processes, the main model
approaches are summarized at the molecular level, particle
level, and rector level.’®*' The main model approaches at
various levels of the thermochemical W/BtE process are shown
in Fig. 4. The kinetic model is a multi-level approach, given that
it can participate in the simulation of different levels. In this
review, as shown in Fig. 3, the role of process simulation is to
provide the foreground data, which reflects the product yield
and composition influenced by the feedstock characteristics
and operational parameters at the reactor level, as the reference
for the following TEE assessment. Thus, this review emphasizes
the reactor-level modeling approaches. A detailed introduction

Green Chem., 2025, 27, 2846-2899 | 2849
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Fig. 3 Basic flowsheet of the ex ante techno-environmental-economic assessment based on process simulation.

on the mechanistic models and network models can be
obtained by referring to Vikram et al.*° and Hameed, et al.*'

2.1 Kinetic model

The kinetic model is often integrated with other models to pre-
cisely predict the non-equilibrium product distribution, gas
composition and temperature profiles within a finite time or
volume at various levels of simulation. The participation of the
kinetic model in modelling can be summarized as follows.

At the molecular level, employing the force field method (or
molecular mechanics) and electronic structure calculation (or
first-principles or ab initio method), the mechanistic model
establishes the detailed reaction mechanism, which includes
the potential reaction paths and the intermediate and final
products.*® However, the pyrolysis of the organic content in
waste or biomass involves millions of interconnected reac-
tions, including the decomposition of the feedstock and sec-
ondary reactions among intermediate products. Furthermore,
in the case of the classical organic contents in waste or
biomass, the understanding of their pyrolysis molecular
mechanism is still limited. Thus, it is impossible to provide
precise descriptions of every reaction with sufficient experi-

2850 | Green Chem., 2025, 27, 2846-2899

mental data as validation, and a detailed and complicated
reaction mechanism may cause extensive calculation cost.
Accordingly, to simplify the calculation process with accepta-
ble accuracy, the focus of future research is the establishment
of an universally applicable kinetic model, which aggregates
multiple reactions, sets up a concise mechanism of representa-
tive elementary reactions, and clarifies the expression of the
reaction rate equations of each elementary reaction with
limited experimental data.*® Fig. 5(a) shows the different reac-
tion schemes in the kinetic model, which include one-step,
parallel, independent, competitive, interaction, and detailed
lumped schemes.

At the particle level, the network model (mainly includes
Bio-FG-DVC, Bio-FLASHCHAIN, and Bio-CPD models) and the
heat and mass transport model are usually applied to study
thermochemical processes.”’ The kinetic model can serve as
the source item of heat and mass transport equations to simu-
late the occurrence of the interface heterogeneous reactions,
and consequently the yield and composition of the product
can be predicted.”?

At the reactor level, the kinetic model is further integrated
with the hydrodynamics and geometry of the reactors to

This journal is © The Royal Society of Chemistry 2025
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provide results ranging from zero-dimensional (stirred tank) to
one- (plug flow), two-, and three-dimensional. When the finite
element or volume method is introduced to solve the set of
multiphase flow equations, hydrodynamics, heat and mass
transport, and the reaction mechanism problems, the model is
developed into the computational fluid dynamics (CFD)
model. The integration of multi-step reaction mechanisms and
coupling cross-scale modelling provides broader possibilities
in the directed conversion of products, reaction condition
optimization and ex ante reactor design.

Over the decades, thermogravimetry analysis
different operating conditions has provided sufficient data to
build a mathematical model of the solid fuel thermochemical
process, and the description of the model is listed in Table 1.
The goal of model establishment is to give the analytical,
numerical, or approximate solution of the “kinetic triplet”,
which refers to the activation energy (E), pre-exponential factor
(4), and mathematical translation of the reaction progression
mechanism (f(a)).® The solution for f(a) and g(a) in the
common kinetic models can be obtained from the study by
Mostafa, et al.”® In the case of common homogeneous and
heterogeneous reactions (as shown in Fig. 5(a)), the kinetic

under

This journal is © The Royal Society of Chemistry 2025

model varied in previous studies due to the difference in feed-
stock characteristics, reactor design, type of W/BtE technology,

43:44,47,5456 The reaction rate of common

catalyst selection, etc.
homogeneous and heterogeneous reactions can be shown by
different mechanisms, such as the Arrhenius, Langmuir-
Rideal, Langmuir-Hinshelwood-

Hougen-Watson, and Eley-Rideal mechanisms. The applicable

Langmuir-Hinshelwood,

model can be obtained and modified by experimental data
fitting or referring to the model under similar operation
conditions.

2.2 Thermodynamic equilibrium model

The thermodynamic equilibrium (TE) model includes two sub-
categories, ie., the stochiometric method and non-stochio-
metric method, which can be employed to calculate the pro-
duction yield and composition at the equilibrium state of an
entire zero-dimensional reactor. The detailed mathematical
models are listed in Table 1. Based on the acquisition of ther-
mochemical properties of the considered species (such as stan-
dard molar enthalpy of formation, standard entropy, and heat
capacity), the key to the stochiometric method and non-sto-
chiometric method is the calculation of the equilibrium con-

Green Chem., 2025, 27, 2846-2899 | 2851
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stants of reactions and the minimization of the Gibbs free
energy, respectively (see Fig. 5(b)).

In the case of the stochiometric method, all the relevant
species and reactions are considered in the simulation.** Due
the numerous potential uncharacterized species and reactions
during the thermochemical conversion of waste or biomass,
the applied reaction mechanism needs to be simplified after
rigorous consideration.”” Thus, the first step of the stochio-
metric method is to clarify the chemical coefficients in the
selected dominant reactions. Then, in the second step, the
equilibrium constants of these reactions are calculated at the
given state (the coefficients for functions of equilibrium con-
stants of common gaseous reactions as a function of tempera-
ture are presented in Table S1}). Eventually, the overall
product yield and composition can be calculated with chemi-
cal and energy equilibrium under the given feedstocks and
operation parameters.

In the case of the non-stochiometric method, specific reac-
tions do not need to be considered, only requiring the selec-
tion of the potential product species under effective feed-in
(the actual feed after excluding the component of ash and
unreacted char).”” Furthermore, after computing the
minimum Gibbs energy distribution, the product yield and
composition under given circumstances can be obtained. It is

2852 | Green Chem., 2025, 27, 2846-2899

worth noting that the non-stochiometric method is more con-
venient than the stochiometric method. Consequently, the sto-
chiometric method is less preferable when handling complex
processes compared with the non-stochiometric method.””
The fundamental of the TE model is the thermochemical
data. Modification the thermodynamic equilibrium model has
been conducted with the accumulation of experimental results
and the improvement of measurement equipment. Firstly, in
terms of the model structure, researchers discovered that a
multi-stage equilibrium model is more accurate when consid-
ering realistic conditions, given that the integrated model pro-
vides the chance to exclude certain reactions from full equili-
brium.*” Secondly, when handling the complicated generation
of char and tar, researchers constrain the composition and
yield of char and tar by using a group of empirical functions
related to the operation parameters.’®> Furthermore, correc-
tion factors or functions are used to adjust the equilibrium
constant in the stochiometric method,*®®" while the chemical
equilibrium is constrained by the heat capacity and the temp-
erature difference in the non-stochiometric method.®**?
However, although the accuracy of the TE model has been fully
developed, it still has certain deviation between the predicted
results and experiment data. Zhang et al.*® pointed out that
the main challenges in the application of the TE model are the

This journal is © The Royal Society of Chemistry 2025
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improvement of the accuracy in the thermochemical data pre-
diction of complex waste and biomass feedstocks and the com-
bination of kinetic and TE models to reduce the deviation
caused by simplified assumptions of microscopic information
and insufficient reaction time.

2.3 Computational fluid dynamic (CFD) model

The CFD model provides a vital option for researchers to
obtain the detailed distribution of the target parameters (such
as velocity, temperature, pressure, and substance concen-
tration) and geometry of tracer particle trajectories inside the
reactor. The application of the CFD model is essentially the
process of solving the discrete governing function group with
specific initial and boundary conditions inside the compu-
tational domain. Its general step can be summarized as
follows:** 1. establishment of the governing equations; 2. clari-
fication of the initial and boundary conditions; 3. discretiza-
tion of the computational domain (also called grid gene-
ration); 4. CFD solver setting; 5. satisfaction of grid indepen-
dence test and model validation (if the results are out of the
acceptable error range, the simulation will restart at step 1);
and 6. interpretation.

The conservation equations in the aspects of mass, momen-
tum, and energy build the foundation of the governing
equations group. In the typical thermochemical process, the
phenomena of turbulence, heat transfer, chemical reaction,
interphase interaction, and multi-phase flow need extra gov-
erning equations for their expression.**>*%* In the case of tur-
bulence, various forms of the RANS (Reynolds averaged
Navier-Stokes) method-based k-¢ model have been considered
as mature and cost-effective choices.** The convection heat
transfer process is expressed in Newton’s law of cooling with
different experiment-fitted equations for the Nusselt number,
and the homogeneous radiation heat transfer process can
mainly apply the discrete ordinates (DO) and P1 model.®® The
species transport model is universal for chemical-involved pro-
cesses, and validated kinetic models of homogeneous and
heterogeneous reactions can be introduced with various turbu-
lence-chemical interaction methods. The descriptive equations
of forces exerted on a particle (including gravitational force,
particle-particle/particle-wall contact force, drag force,
pressure gradient force, and cohesive force) are vital in the cal-
culation of interphase interaction.®® The multi-flow model has
been developed comprehensively, and recently the distin-
guished performance of the CFD-DEM (discrete element
method)/SuperDEM (superquadric discrete element method)
models has proven their significant potential®*®®®” in the
further development of particle models of thermochemical
and hydrodynamic behavior.®¢%8~7°

2.4 Machine learning model

The machine learning (ML) model is a data-driven model,
which involves adjusting the node parameters inside the algor-
ithm network to correlate the input and output. Unlike the
kinetic, thermodynamic equilibrium and CFD models, the
establishment of an ML model is a purely mathematical
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process without the expression of physical and chemical
mechanisms. Thus, ML cannot provide analytical results and
understanding of the reaction mechanism.

Database establishment is the foundation of ML models. In
the case of the thermochemical W/BtE process, the feedstock
characteristics, operational parameters, and reaction patterns
are commonly selected as the input data, and the yield and
composition of the products are the expected output.>® After
data acquisition and processing, the collection of sufficient,
correct, and validated data is split into the training set (about
80%) and the test set (about 20%).”" Hyperparameter optimiz-
ation and cross-validation are conducted based on the prin-
ciple of various ML algorithms to acquire the trained model
with the expected performance.'® ML models can be classified
into supervised learning, unsupervised learning, and reinforce-
ment learning models based on their learning behavior.
Supervised learning models have been reported to be the most
widely used given that they predict the output variables based
on the input variables.”>”* The common categories of super-
vised learning models include artificial neutral network (ANN),
gradient boosting (GB), support vector machine (SVM),
decision tree (DT) and Gaussian process (GP).”"

2.5 Model comparison and mainstream software application

Each simulation model has advantages and disadvantages
based on its methodical mechanism and calculation cost. The
kinetic model simulates the overall reaction rate with para-
meters from experimental data, and as the product is accumu-
lated with time, this model can accurately give non-equili-
brium predictions with finite time and volume, making it very
suitable for reactions occurring at a low temperature and in a
fluidized reactor.”” The kinetic model can provide analytical
results, but has limited application due to its difficult para-
meter acquisition and high calculation cost when coupled
with hydrodynamics.** Also, the kinetic model shows weak-
ness in the simultaneous prediction of gas-solid reaction.’”

The CFD model is an improved calculation of the kinetic
model, and due to its integration of rigorous governing
equation groups and the reactor geometry, this model can
provide detailed results inside the reactor in both the steady
and non-steady states. Thus, the CFD model gives reliable and
practical reference in reactor design and operation optimiz-
ation, especially in the case of fluidized reactors.®®> However,
the CFD model requires considerable computing power and
potential software expenses, and the validity of the results sig-
nificantly depends on the selection of physical and chemical
models.**

The TE model is known for its rapid response capability,
convenient model establishment without considering the
reactor geometry, and low computing cost.*® This model can
provide the maximum product yield in the equilibrium state
with simple modifications and has high accuracy at high reac-
tion temperatures.’”” However, the main limitation of the
thermodynamic equilibrium model is its deviation between
the assumption of global equilibrium and infinite reaction
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time or volume with the realistic situation, and the lack of geo-
graphical distribution of zero-dimensional results.”*

The ML model has good applicability under equilibrium
and non-equilibrium conditions, and it can handle data with a
complex non-linear relationship.”® However, despite its out-
standing accuracy, the ML model lacks knowledge on the reac-
tion mechanism, and it has high requirements of quantity and
quality of the training data.”® Also, the ML model does not
perform well with input under diverse backgrounds.”

The application of software has witnessed great progress
with the development of simulation models. The mainstream
CFD software includes ANSYS Fluent, COMSOL Multiphysics,
OpenFOAM, ANSYS CFX, Star CCM, and PHOENICS.®"”> The
application of these software greatly improves the intuitive
understanding of the thermochemical process inside the
furnace based on the visualization of the results, but CFD
simulation mainly focuses on the reactor furnace due to the
limited computing power. Given that the W/BtE process can
extend to the further utilization of the products of thermo-
chemical process, process simulation software, such as Aspen
Plus, Aspen HYSYS, Engineering Equation Solver, UniSim
Design, gPROMS, CHEMCAD, and GAMS, has been widely
used to assess the performance of the whole W/BtE
system.”>”” Among these categories of software, the advan-
tages of Aspen Plus and Aspen HYSYS have been recognized by
researchers, given that they both have an extensive database,
ripe computational models, and convenient prepackaged
modules.””®”° However, the source code of their simulation
package is not available, and their cost is also considerable.®
MATLAB provides an open-source platform for researchers to
customize individual simulation functions. Technically, the
four above-mentioned models can all be established in
MATLAB by self-programming or invoking modules from open
source code hosting platforms, such as GitHub. Similar soft-
ware or programming platforms such as Scilab, PyCharm,
Jupyter Notebook can also play the same role, but certain pro-
gramming skills are required for their operation, especially
when dealing with unestablished modules.®°

3 Techno-environmental-economic
assessment methods

The common techno-environmental-economic assessment
methods mainly include the 7Es, i.e., energy, exergy, advanced
exergy, environmental, economic, exergoenvironmental, and
exergoeconomic analysis. Their relationship is both deepening
and interdisciplinary, as shown in Fig. 6.

3.1 Techno assessment method

3.1.1 Energy analysis. The components of the total energy
are shown in eqn (1).*" In chemical or thermal systems, the
kinetic energy and potential energy can be neglected, and eqn
(1) is reduced to eqn (2), which is expressed as follows:**

En = Enp, + Eng, + Enyg + Enp, (1)
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En = Engpp, + Eny (2)

where En is the total energy, kJ; Enp, is the physical energy, kJ;
Eng, is the chemical energy, kJ; Eny; is the kinetic energy, kJ;
and Eny, is the potential energy, kJ. Generally, for biomass
and waste:*?

Enbiomass/waste = mbiomass/wasteHHVbiomass/waste (3)

where E.nbiomaSS /waste 15 the energy flow rate of the biomass or
waste, KW; Mpiomassiwaste 1S the mass flow rate of the biomass
or waste, kg s~'; and HHV is the higher heat value, kJ kg™
Similarly, the En of char and tar can also be calculated using
the same method.** In the case of a gas mixture:*"

Engas = Z mgasti(hgas,i + HHVgas,i) (4)

where E'ngas is the energy flow rate of the biomass or waste,
kW; 1ig,s; is the mass flow rate of component i in the gas
mixture, kg s7'; hgas,i 1s the enthalpy of component i in the gas
mixture, kJ kg™'; and HHVy,,; is the HHV component i in the
mixture gas kJ kg™". The entropy of a single component can be
calculated as follows:*

T
hgas = hgas‘o + J deT (5)

To
Gp=a+bT+cT>+dT? (6)

where fg,s and hg,s 0 represent the specific enthalpy of com-
ponent / at the specified temperature T and Ty, kJ kg™' and ¢,
is the constant pressure specific heat capacity, K (kg kJ) ™. Eqn
(6) shows its empirical equation.

In the case of a unit or system, the energy efficiency 7., (%)
is defined as the ratio of the useful energy outputs to the
energy inputs. The exergy efficiency 7, (%) of the system is cal-
culated as follows:

_ > Engy

Z Enj,
where > E'nOut and ) E.nirl denote the sum of the energy flow
rate of the useful products and all input streams, respectively,
kw.

Energy analysis is based on the first law of thermo-
dynamics. By analyzing the energy flow, the energy saving
potential can be discovered, the key for process optimization
can be verified, and the basis for energy cost estimation can be
founded. However, energy analysis has certain limitations,
considering that it focuses on the total amount of energy, not
the availability of energy in the given external environment.
Thus, the concept of exergy is defined for a deeper and more
comprehensive analysis of energy availability.

3.1.2 Exergy analysis. Considering the comparison between
the state of the studied system and the external environment,
the amount of energy can be divided in to exergy and anergy,
as expressed in eqn (8):

7)

Nen

En = Ex+ An (8)
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Fig. 6 Relationship among common techno-environmental-economic assessment methods.
where Ex and An is exergy and anergy in the state of the given Ex? = inef(f‘ (10)

external environment, respectively, in units of kJ. When a
system is considered in thermal and chemical equilibrium
with its surroundings, exergy is the part of energy that can be
converted into other forms of energy without limits and
anergy is the part of energy that can be not utilized without
further operation.

Similar to the explanation in the energy analysis, the exergy
in the study involves exergy ExP" and chemical exergy Ex"
given that the kinetic exergy and potential exergy can be neg-
lected. The physical exergy per unit can be expressed as
follows:*>

ExP! = (H — Hy) — To(S — So) (9)

where T, is 298.15 K; H, and S, are the basic enthalpy (kJ
kg™") and entropy (J (mol K)™') at the environmental state
(298.15 K and 0.1013 MPa) and H and S denote the enthalpy
(k] kg™") and entropy (J (mol K)™') at a given state, respect-
ively. The chemical exergy Ex" per unit mass is defined as
follows:®°

2856 | Green Chem., 2025, 27, 2846-2899

In the case of a gas mixture, the chemical exergy per unit
mass is as follows:*”

Ex" = RT, Z x; In x; + Z xiejfl (11)

where R denotes the gas constant with a value of 8.3145 kJ
(kmol K)™" and x; and €™ refer to the molar fraction (%) and
standard chemical exergy (k] kg™') of component i, respect-
ively. The standard chemical exergy of component i can be
obtained from the study by Morris and Szargut.®® The exergy
of MSW or biomass per unit mass can be can be obtained in
the reports by Silva et al.**> and Shahbeig et al.®®

In the case of a unit or system, the exergy efficiency 7. (%)
is defined as the ratio of the useful exergy outputs to the
exergy inputs. The exergy efficiency 7, of the system is calcu-
lated as follows:

- 2 Fou Ef("“‘ (12)
Z Exin

Nex
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where Zﬁxout and Zﬁxm denote the sum of the exergy flow
rates of the useful products and all input streams, respectively.

Exergy analysis can accurately reveal the utilization of the
available part of the total energy by excluding the distraction
of the anergy. In this way, sections destructing more exergy
can be considered more significant than those mainly
destructing anergy or low-grade exergy (such as the condenser
in the Rankine cycle). However, not all exergy constructions
can be recovered through technological improvement.”® To
clarify the reasons for the exergy destruction more comprehen-
sively from the perspectives of avoidability and the forcing
source, the advanced exergy analysis method has been
proposed.

3.1.3 Advanced exergy analysis. The level and source of
irreversibility can be identified by conducting advanced exergy
analyses.”” Exergy destruction can be divided into endogenous
and exogenous based on the aspects of the forcing sources
and unavoidable and avoidable parts based on the aspects of
avoidability.”* Regarding the exergy destruction for component
k in the system, endogenous and exogenous exergy destruction
refer to the part of destruction due to the internal irreversibil-
ity of component k in the system and the external irreversibility
from other components influencing component k in the
system, respectively. Then, avoidable exergy destruction is des-
tined to occur regardless of the technological improvement
and the design optimization, and the unavoidable exergy
destruction can be reduced through the above-mentioned
measures. The relationship between various types of exergy
destruction is shown in eqn (13)-(17), as follows:*°

Expr = Exp " + Exp™ + Exp + Expy” (13)
Exp = Expy” + Exp (14)
Exp = Expi + Expy” (15)
Exy, = Exp + ExpR (16)
B = B + B 17)

where Exp; is the exergy destruction of component k in the
system, kJ; and the superscripts en, ex, av and un represent
endogenous, exogenous, avoidable, and unavoidable parts of
the exergy destruction, respectively.

The endogenous exergy destruction can be obtained when
the studied component is under real operational conditions,
while the other components operate without irreversibility
theoretically. Kelly et al.®® described the methods to split the
endogenous and exogenous exergy destruction, which are
thermodynamic-cycle-based approach and engineering
approach, respectively. Given that the thermodynamic-cycle-
based approach is not applicable when the ideal theoretical
cycle of the system cannot be established (such as combus-
tion), most studies apply the engineering approach. Briefly, for
an ideal system, if irreversibility is only introduced in com-
ponent k, the exergy balance can be expressed as follows:**
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EXtyel, total — EXloss,total - EXprOducL total = EXp x + EXDA,others (18)

where  EXuel, totals EXjoss, total, and EXproduct,total  are the
total systematic exergy flow rate of fuel, loss, and
product, kW, and Exp; and EXp owers are the exergy
destruction flow rate of component £ in the system and
other. components, kw, resppctively. When.liegn EXp, others — 0,
lim El)l(rf]uel,total — EXjoss, total — EXproduct,total - EXD‘]C-

E'ka of each component is separately calculated from the
system under the assumed operational conditions with
minimum exergy destruction.”> Cun

After obtaining the value of Ex;,; and Exp 4, the calculation
can be completed, as shown by eqn (19)-eqn (23), as follows:*®

Engk =Expj — ExeDrjk (19)
Ex%xlfn = Exp i (Exp i /Exp )™ (20)
Expi = Expp — Bxp” (21)
Expi = EXpy — Expi" (22)
Exp = Expy — ExpR” (23)

The energy, exergy, and advanced exergy analyses can all
facilitate the understanding of the principle of energy conver-
sion inside the system. However, when discussing the energy,
exergy, and advanced exergy performance between different
systems, it has been suggested to conduct a comparison of
systems with the same products (or shared products in the
coproduction). For instance, in the comparison of system A,
which generates electricity, and system B, which produces
chemicals, given that the boundary often ends up with the pro-
duction being manufactured but does not include the end-of-
life utilization processes, system B producing chemicals would
have a better performance. The reason for this is that the
energy/exergy destruction during the end-of-life utilization to
produce electricity or power is not included in the boundary of
the system, but it actually occurs and is considered in the elec-
tricity-generating system. Also, the level of irreversibility of
different products varies significantly. Thus, it is rec-
ommended that the results of the energy, exergy, and
advanced exergy analyses be employed as a reference to judge
the performance of technological improvement and design
optimization of similar systems.

3.2 Environmental analysis method

The methodological framework of life cycle assessment (LCA)
includes goal and scope definition, life cycle inventory (LCI)
analysis, life cycle impact analysis (LCIA), and interpretation.
In the process-simulation-based environmental analysis, the
framework is modified to fit the situation in various tiers, as
shown in Fig. 7(a).

3.2.1 Goal and scope definition. In this step, the goal of
the study should be clarified, mainly deciding the functional
unit of the environmental analysis method (per unit mass and
volume of the feedstock or product or per unit time period of
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Fig. 7 Process-simulation-based LCA. (a) Generic methodology. Reprinted with permission.®” Copyright 2024, Elsevier Ltd. (b) Midpoint and end-

point indicators (e.g., ReCiPe 2016).

the system operation). The boundary (or tier of the assessment
completeness) of the system should be chosen. Also, the
process simulation model should be established, developed,
and validated in this step. If the environmental analysis has
been conducted in tier III (a complete LCA system), the poten-
tial data source should be identified.

3.2.2 Life cycle inventory analysis. The data collection of
LCI based on the chosen functional unit and system boundary
is fundamental in LCA. A complete LCI includes a mass and
energy flow of various inputs and outputs. The input flow

2858 | Green Chem., 2025, 27, 2846-2899

includes the consumption of feedstock, chemicals, utilities,
energy, catalysts, solvents, etc. The output flow includes the
generation of products, direct emissions, residues, etc. In
process-simulation-based environmental analysis, the fore-
ground LCI can be directly obtained from the simulation
results. When the level of environmental analysis reaches tier
II, the indirect impacts of the production or treatment of
various inputs and outputs are considered, and the back-
ground LCI can be obtained from commercial databases (such
as ecoinvent, CLCD, Gabi, and ELCD), the literature, industrial
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operation data, published reports, etc. If a tier-III analysis is
conducted, the LCI of upstream and downstream processes
can also be obtained from the above-mentioned sources.

3.2.3 Life cycle impact analysis. Given that various LCIA
methods have different purposes and preferences, the selec-
tion of LCIA methods directly decides the number of sub-cat-
egories and the numerical figure of environmental analysis.”®
Generally, then sub-categories of impact can be divided into
midpoint and endpoint categories, and the impacts of several
midpoint category finally total the impact on one endpoint cat-
egory (see Fig. 7(b), taken ReCiPe 2016 LCIA method as an
example). The midpoint of global warming potential (GWP) is
the indicator with the most attention in recent studies.

The framework of LCIA has 4 steps including classification,
characterization, normalization, and weighting. The classifi-
cation step classifies emissions into various impacts.”® In the
characterization step, for emitted substance i and environ-
mental impact category j, the environmental impact potential
of j (EP;) equals the amount of 7 (Q;) multiplied by the equival-
ency factor (EF;;), as expressed in eqn (24), as follows:

EP; = Z Q; X EF;; (24)

The normalization step combines the characterized
environmental impacts in different units, and consequently
the magnitude of these impacts can be comparable with the
total effect of the given ref. 100. The calculation of normaliza-
tion step is as follows:

Nj = EP;/NF; (25)

where N; is the normalized result of category j, pts; and NF; is
the normalization factor, which is related to the referenced
year and region.

The weighting step can summarize the characterization
results into reduced impact categories or even a single score
based on different value choices, but it is not recommended to
singly apply weighted results in the comparison due to the
potential subjective judgment.'® The calculation of the nor-
malization step is as follows:

Wj = N;/WE; (26)

where W; is the weighting result of category j; and WEF; is the
weighting factor, which relates to the values choices.

3.2.4 Interpretation. Interpretation is the last step in LCA.
It consists of the goal and scope of the study, an interpretation
is aimed to recognize significant issues, form conclusions
based on the results, and give suggestions for improvement of
the W/BLE systems. A sensitivity analysis of operational para-
meters can provide more in-depth advice. Regarding the uncer-
tainty of the final results due to the measurement methods,
the data sources, and the mathematical algorithms, the appli-
cation of a pedigree matrix and Monte Carlo simulation can
give the statistical indicators of the results conveniently.

Environmental analysis conducted at different tiers can
focus on the local, regional, and total environmental impact of
W/BtE systems. Given that the normalization and weighting
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factors can significantly differ due to the chosen LCIA
methods and values choices, it is suggested to compare the
results based on the sane choice of assessment methods. Also,
with the inevitable implementation of stricter policies for
environmental protection and carbon taxes, the results of
environmental analysis can assist W/BtE systems to obtain
accurate and comprehensive environmental performances in
daily operations and technological improvement.

3.3 Economic analysis method

Economic analysis aims to reveal feasibility of the W/BtE
systems within their lifespan. The estimation of cost and profit
is the basic aspects of economic analysis.

3.3.1 Cost estimation model. After development over the
last few decades, a mature system estimation theory of the life
cycle cost (LCC) has been established, which can be divided
into fixed capital investment (FCI) and working capital (WC).
FCI (also called fixed costs) is the total cost of designing, con-
struing, installing of equipment and auxiliary facilities, and
the preparation of the plant site at the beginning of the
program.’®>'%* WC (also called variable cost) is the cost to
maintain the common operation in the aspects of manufactur-
ing, marketing, management and administration.'®>"%**
Although the name of the concepts may differ, their detailed
definition remains consistent in various studies (Fig. 8).

3.3.1.1 FCI estimation. FCI consists of direct cost (mainly
related to purchase and installation of equipment and auxili-
ary facilities) and indirect cost (related to financial investment,
contingency, engineering and supervision expenses).'%>"% The
basis of the FCI estimation is the source of equipment pur-
chase cost (EPC). The potential of purchased equipment cost
in order of priority is quoted offer from the vendor, budgeted
prices, in-house data from other projects, commercial data-
bases, books, and the Internet.’°” Cost estimation starts with
the estimation of the purchased equipment. For design engin-
eers who lack access to reliable cost data or estimating soft-
ware, the refined exponential estimating method is often
used,'*>'°® as shown in eqn (27).

n
. INDEX .
Qesnmate) <SIm X flocation (27)

Qref INDEXf

where EI is the equipment investment, M$; Q is the bench-
mark (usually the size or capacity); INDEX is index, which
reflects the fluctuation in the chemical equipment with time,
such as Marshall and Swift index (M&S), and chemical engin-
eering plant cost index (CEPCI); and fiocation i the location
factor. The subscripts estimate and ref represent the estimated
and referred data, respectively.

Ali et al.*® concluded the capital cost estimation methods
and relative accuracy in previous studies. Based on the vari-
ation in the chosen method, the capital cost estimation can be
conducted at different accuracy. For the convenient and
prompt estimation of FCI, the existing studies tend to use the
factorial method for cost estimation, such Lang factors,
detailed factorial estimates, module costing technique, and

Elestimate = Elper X (
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| Life Cycle Cost (LCC)

| Fixed capital investment (FCI) or fix costs

||

Working capital (WC) or variable cost I

(a) Components and (b) NETL estimation model of TC

Direct cost Indirect cost Variable production costs Fix charges
v' Purchased v’ Engineering v/ Raw material v' Depreciation
v’ Installation v’ Supervision v’ Operating labor V' Taxes
v’ Instruments v’ Legal expenses v’ Operating V' Financing
v’ Piping v Construction supervision v’ Insurance
v’ Electrical v Administration v’ Utilities v' Rent
v’ Buildings v Contractor v' Maintenance &
v Site preparation v’ Contingency repair Plant overhead costs
v Auxiliary v’ Operating supplies v" Medical
v' Land v’ Laboratory charges v Safety
v Royalties v’ General overhead
v’ Catalysts & solvents v’ Payroll
v’ Packaging
Distribution & marketing v Restaurant
v Offices v’ Recreation
v' Personnel v Salvage
v Shipping v" Lab control
v Advertising ... v’ Superintendence
v’ Storage
Administrative expenses
v Salaries & wages Research & development
v Legal
v Office operation...
Escalation during capital expenditure period
Interest on debt during capital expenditure period
Pre-production costs
. - TASC
Inventory capital
Financing costs t
Other owner's costs !
. - TOC |
Process contingency 4 |
Project contingency S
. x multipliable
EPC contractor services TPC I factor
. I
Process equipment EPCC t ___
Supporting facilities |- BEC N | x multiplisble
: s actor
Direct and indirect labor | -
= = = = 4 multipliable
x multipliable factor
factor

| 103,106

percentage of delivered-equipment cost method.'”® Lang

factors are used to evaluate the FCI based on eqn (28),'* as

follows:

C:F<ZC,-) (28)

where C is the total fixed capital cost, M$; Y C; is the total pur-
chased cost of all the major equipment items including reac-
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tors, tanks, columns, heat exchangers, furnaces, M$; and F is

the Lang factor, which is 3.1, 4.74, and 3.63 for solids, fluids,

and mixed fluids-solids processing plant, respectively.'%®
Based on the Lang factors, the detailed factorial estimates

method gives factors for each individual equipment,'®> and
the calculation of FCI changes as follows:
C= ZFe,z’Ce,i (29)
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where C.; is the purchased cost of equipment item i, M$; and
F.; is the factor for detail equipment, such as Hand factors."*

The module costing technique is a more precise method
given that it evaluates the detailed factor of each part of the
FCI in the cost estimation of each module, which can be
described as follows:'’

C= Z Cei(1+ 01, + Oprr + 0001, + k) (1 + Om)(1 + Ocon & FEE)
(30)

where C,; is the purchased cost of equipment i, M$; 0 is the
cost factor, and subscripts L, FIT, O, E, M, CONT & FEE rep-
resent the aspects of labor, freight, overhead, engineering,
material, and contingency and fee, respectively.

The percentage of delivered-equipment cost method can be
seen as a simplification and deformation of the module
costing technique. It gives the range of the proportion of each
component in FCI to the EPC. Based on the given examples of
3 types of facilities, the chosen proportion can be adjusted
with the recommended range according to the studied case.
Table 2 lists the details of the percentage of delivered-equip-
ment cost method.

Detailed program data provide solid references to adjust the
theoretical model. Rubin et al. concluded the cost estimation
data of reports published by the National Energy Technology
Laboratory (NETL), Electric Power Research Institute,
International Energy Agency Greenhouse Gas Program, Zero
Emissions Platform and Global CCS Institute.'’ However,
besides the publications by NETL, which can still be assessa-
ble and remains updated,'®®'** the other documents cannot
be found in the official channel. Lots of research applied the
factorial model modified by data from NETL. The summarized
NETL model gives the definition and scope of the bare erected
cost (BEC), engineering procurement and construction cost
(EPCQ), total plant cost (TPC), total overnight cost (TOC) and
total as-spent cost (TASC), and multipliable factors are used in
the calculation between the above-mentioned definitions.%° 1t

Table 2 Recommended range of components of FCl and three examples?®®
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should be mentioned that the reported multipliable factors
differ in the literature published in various years,"**™*'” and as
the reports by NETL keep updating, the multipliable factors
may also be updated by researchers when applying this model.

3.3.1.2 WC estimation. WC estimation is an essential part
in evaluating the cash flow of a program. In the reports by
Turton et al.*°* and Peters et al.,'® a similar estimation model
was established, and the reported NETL model is very neat. A
comparison of these three models is listed in Table 3.
Compared with the other two models, obviously the NETL
model has more simplified assumptions, posing the risk of
underestimating the WC. Carbon tax is a very important cost
in the current implementation of carbon tax. Based on the esti-
mated boundary of CO, emission regulated by local auth-
orities, the cost of carbon tax can be calculated as the product
of the amount of CO, emission and the tax per unit CO, emis-
sion. Given that the cost of carbon tax relies on the production
of the program, it suggests that the carbon tax should be listed
as an item of variable production costs.

Depreciation, the invisible cost in the cashflow, can play a
significant role in assessing the economic feasibility. The
common methods for the calculation of depreciation are
straight line method (SLM), sum of the years digits method
(SYDM), double declining balance method (DDBM), and modi-
fied accelerated cost recovery system (MACRS). The MACRS
method uses a double declining balance method and switches
to a straight-line method at a point. The SLM, SYDM, and
DDBM can be calculated as follows:

FCI;, — S,

DM = — - (31)
2 1) — kJFCIL, — S

DSYDM [(n+1) — kJFCI, — S, (32)

n(n+1)

5 J=k—1
DY == [FCIL -3 Dj] (33)
J=0

3

Range of FCI, %

Component Recommended Solid processing Solid-fluid processing Fluid processing

Direct costs
Equipment 15-40 25.19 23.36 19.84
Installation 6-14 11.34 9.11 9.33
Instrumentation & controls 2-12 4.53 6.07 7.14
Piping 4-17 4.03 7.24 13.49
Electric 2-10 2.52 2.34 2.18
Buildings 2-18 6.30 6.78 3.57
Site preparation 2-5 3.78 2.80 1.98
Auxiliary 8-30 10.08 12.85 13.89
Land 1-2 — — —

Indirect costs
Engineering & supervision 4-20 8.31 7.48 6.55
Construction 4-17 9.82 7.94 8.13
Legal 1-3 1.01 0.93 0.79
Contractors 2-6 4.28 4.44 4.37
Contingency 5-15 8.82 8.64 8.73

This journal is © The Royal Society of Chemistry 2025
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Item Turton et al.***

Peters et al.'® NETL (reported by Moosazadeh et al.''”)

1. Variable production costs” (or direct manufacturing costs)
a. Raw material Inventory based
b. Utilities” Inventory based
c. Catalysts and solvents Inventory based
d. Operation labor (Cy) —
e. Operating supervision 0.1-0.25 of Coy,
f. Maintenance and repairs 0.02-0.1 of FCI

g. Operating supplies 0.1-0.2 of 1.f
h. Laboratory charges 0.1-0.2 of Cop,
i. Patents and royalties 0-0.06 of WC*®

2. Fix charges
a. Depreciation” —
b. Taxes and insurance 0.014-0.05 of FCI
c. Overhead cost 0.5-0.7 of (Cop, + 1.e + 1.f)
d. Rent —
e. Interest —

3. General expenses
a. Administration
b. Distribution and marketing
c. Research and development

0.15 of (Cop, + 1.€ + 1.f)
0.02-0.2 of TPC
0.05 of TPC

“ Direct manufacturing costs in the study by Turton et al.,'**

and annual operating and maintenance cost in the study by Moosazadeh et a

Inventory based Inventory based

Inventory based Inventory based

Inventory based Inventory based
c

0.15 of Co,

0.07 of FCI 0.0257

0.15 of 1.f —

0.15 of Cop, —

0.04 of WC*® —

0.02 of FCI
0.5-0.7 of (Cop + 1.e + 1.f) —
_ £

h

0.15-0.25 of Coy, —
0.02-0.2 of TPC' —
0.05 of TPC —

lll7

b Includes water, electricity, fuel, refrigeration, steam, and waste treatment and disposal. Turton et al.'®* lists waste treatment and disposal as a
single item of variable production costs. “ Labor cost = labor number x annual operating hours x salary per hour of each labor.  The NETL model
only includes the fixed operation and maintenance costs and the insurance cost besides the cost of raw material, utilities, catalysts and solvents.
“Without depreciation. / Calculated separately. £ 0.08-0.12 of the value of rented property. %0.05-0.1 of the total value of the borrowed capital.
" The higher figure is applied to selling in small quantities, and vice versa.

where D™, DF¥PMand DPPBM represent the annual deprecia-
tion in the k™ year applying SLM, SYDM and DDBM, respect-
ively, M$ per year; n is the depreciation period, year; FCIy, rep-
resents the depreciable fixed capital investment, M$; and S,, is
the salvage value after n years, which is usually assumed to be
zero, M$.

3.3.2 Profit estimation model. The first step of profit esti-
mation is to evaluate the income. In the case of W/BtE
systems, the income mainly includes the selling of the pro-
ducts and by-product, and the subsidy when treating specific
waste. Also, if the W/BtE systems have effective carbon emis-
sion control, the excess carbon quota can be traded as profit.
Thus, the annual production income (API) can be expressed as
follows:

API = ZBproduct X Pproduct + ZBwaste X SUbwaste + others
(34)

where Bproduce i the annual production capacity of products or
by products, M$; Pproquct is the selling prices of products or by
products, M$; By.ste is the annual treatment capacity of waste,
t per year; Suby,ge is the financial subsidy for waste treatment,
MS per t; and others is the potential profit in other fields.

Then, the after tax profit (ATP) is calculated using eqn (35),
as follows:*®

ATP = (API — APC) x (1 — tax rate) (35)

The net present value (NPV), dynamic payback period (DPP)
and internal rate of return (IRR) are chosen to evaluate the
economic feasibility of the project. NPV (MS$) is the present

2862 | Green Chem., 2025, 27, 2846-2899

value of current and future profits minus the present value of
the current and future cost over a period. A positive NPV refers
to foreseeable profitability. DPP (year) is the time that NPV can
realize the balance of income and outcome, which reflects the
time needed to recover the initial investment. IRR (%) is the
discount rate when NPV equals zero over the lifespan, and it
refers to the expected annual growth rate of the initial
investment.

NPV, DPP, and IRR can be calculated using eqn (36)-(38),
resprectively.®>**?

DPP
ATP + D
Z% —TCI=0 (37)
— (1+1%)
ATP 4+ D
> APED . per—o (38)
(1 + IRR)

where i* is the real interest rate, %.

Levelized cost (LC, M$) (see eqn (39)"°) and levelized
profit (LP, M$) (see eqn (40) ) are used to show the breakeven
price and the actual profit of the calculated benchmark (B)
considering the time value of capital, respectively.

LCC
C=— 0 (39)

B
2T
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NPV
P=— (40)

B
2y

Based on the estimation of cost and profit, the economic
feasibility of W/BtE systems can be evaluated. However, given
that the estimation is based on several simplified assump-
tions, the inaccuracy between the estimation results and actual
situation is unavoidable. Thus, it is recommended to con-
sidered the results as the reference to clarify the key economic
factors and the distribution of capital investment.>” When dis-
cussing the possible economic performance, it is suggested to
further modify the results by engineering data and conduct a
comprehensive sensitivity analysis. Besides, differences in the
application of the estimate methods and the assumed para-
meters in the literature also cause errors when comparing the
performance among various facilities. To ensure the compar-
ability of different studies, the discussion of the results should
be based on similar method applications and parameter
assumptions.

3.4 Exergoenvironment and exergoeconomic assessment

Exergoenvironmental and exergoeconomic assessment inte-
grates environmental analysis (based on LCA) and economic
analysis with exergy analysis to identify the environmental
impact mitigation priority and the cost-effectiveness of the
components in the system, respectively.

The F-P principles are often applied in the exergoenviron-
mental and exergoeconomic assessment, which are described
as follows:'*" 1. the specific cost and environmental impacts of
the exergy flow, which are extracted from the fuel stream and
equal to the average specific cost and environmental impacts
of the same fuel stream supplied by upstream components
and 2. the specific cost and environmental impacts of the co-
products from the same component are the same.

In the exergoenvironmental analysis, the environmental

impact flow balance can be expressed as follows:"**">?
Bproductk = Bruelk + Yi + By (41)
By = Z br (Mpoltutant,in — Mpollutant,out) (42)
B = biEx; (43)

where Bpmduct,k is the environmental impact rate of the
product of component k, pts per s; Bfuel‘k is the environmental
impact rate of fuel to component k, pts per s; Yy is the environ-
mental impact rate of component k; BiY is the environmental
impact rate of pollutant to component k, pts per s; B; is the
environmental impact rate of stream i, pts per s; and b; is the
environmental impact per exergy unit of stream I, pts per kJ.

Yy can be obtained by decomposing the total environmental
impact of the component (Y¥?) into daily operation, and Y{®!
includes the environmental impact of the component in the
phases of construction (Y{°), operation & maintenance (YoM),
and disposal phase (Y2'). ¥; and Y2 can be calculated using
eqn (44) and (45), as follows:

This journal is © The Royal Society of Chemistry 2025
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. Ytotal
y, =k _ 44
=N (44)

ylol — yCO 4 yOM 4 yDI _ ytotal ), (45)

where Y@ is the environmental impact per mass unit of com-
ponent k, pts per t; wi is the mass weight of component &, t;
and N is the annual operation hours.

The relative specific environmental impact difference
between the product and fuel () is applied to judge the
environmental quality of the component (see eqn (46)). The
smaller the value of 1,4, the less effort needed for environ-
mental performance improvement. Besides, the exergoenviron-
mental factor (f;) can facilitate the understanding of the
dominant environmental factor. Y; is the main contributor
when f;, ; is higher than 0.7, whereas the main contributor is
the environmental impact flow of exergy destruction (Bpy)
when f; ¢ is lower than 0.3.**

bk = (DPproductk — Dtuel k) /Pruel (46)
fox = <Yk + BﬁF) (Yk + B+ BD,k) (47)

The exergoeconomic analysis has a similar cost flow
balance, as follows:*1123:12

C.'product,k - Cfuel,k - C‘vloss4,k + Zk (48)
> Cink+ Cwi =Y Couer + Cqi + Zi (49)
C’,‘ = Cl'E:Xl‘ (50)
. @ X FCI; x CRF
Ty =k Dk 2 (51)
3600N
*(1+ )"
S g Ch L (52)
1+m)"-1

where Cpmduct,k is the cost rate of the product stream of com-
ponent k, $ per h; C"fuelyk is the cost rate of the fuel stream to
component k, $ per h; Ciogs « is the cost rate of the loss stream
to component k, $ per h; Z; is the cost rate of component k, $
per h; Cin i and Coye s are the cost rate of the inlet and outlet
stream to component , respectively, $ per h; Cy  and Cq 4 are
the cost rate of net input power and net output heat to com-
ponent k, respectively, $ per h; C; is the cost rate of stream 7, $
per h; ¢; is the cost per exergy unit of stream i, $ per kJ; and
CREF is the capital recovery factor of the W/BtE system.

The cost effeteness of the component can be reflected by
the relative specific cost difference between the product and
fuel (r.x). A small r.; indicates a slight loss in cost-effective-
ness in the component. The exergoeconomic factor (f.) can
help distinguish the main contributor in the loss of cost-effec-
tiveness, similar to the application of f;, x, and the explanation
of the values f  can refer to f;, x.

ek = (Cproduct,k - Cfuel,k)/cfuel,k (53)

fex =Zi/(Zk+ Co) (54)
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where C‘D,k is the cost rate of exergy destruction, $ per h.

As mentioned above, the results of exergoenvironment and
exergoeconomic analysis strongly rely on the selection of the
LCIA method and economic assumptions (price of fuel and
product, annual operation year, lifespan, interest rate, etc.),
suggesting that a similar selection of the above-mentioned two
aspects is the foundation for the comparison among various
reports in the literature.

4 Techno-environmental-economic
performance of various W/BtE systems

In the previous reviews, researchers mainly concentrated on
the advances in W/BtE simulation models and their principles
and modifications have been summarized in the literature, as
mentioned in section 2. Given that the modelling approaches
have been fully developed, the research hotspot has shifted to
the TEE assessment of thermochemical W/BtE technologies.
In this section, the TEE performances of hybrid W/BtE systems
are investigated based on the survey of the published literature
since 2020.

4.1 Optimization of the primary thermochemical process

The primary production of syngas (flue gas), char and oil
during the thermochemical process is the core and foundation
of the W/BLE system. Process simulation, as an excellent comp-
lementary tool for data acquisition besides experiments, can
provide sufficient, informative, and reliable results with low
time cost and financial expense after validation. Numerous
studies have been conducted to investigate the results distri-
bution of thermochemically processed waste or biomass, and
similar product generation patterns reported with the experi-
mental data. The most important usage of the process simu-
lation is to acquire results of newly proposed processes based
on the data of the existing processes, and if the process simu-
lation cannot provide specific parametric guidance aimed at
targeted performance indicators, the significance of process
simulation will be remarkably weakened.

Table 4 lists the optimized conditions for the targeted per-
formance indicators. The targeted performance indicators
include the aspects of the product quality and the process per-
formance. In terms of product quality, the targeted indicators
include fraction designated species (H,, CO,, CO, CH,, pollu-
tants, etc.), LHV, and HHV. Also, researchers focused on the
product yield of various phases, carbon conversion efficiency,
cold gas efficiency, and energy/exergy efficiency in the aspects
of process performance. In the kinetic, TE and ML models, the
influence of global control parameters based on the specific
feed-in are investigated, such as temperature, pressure, equiva-
lence ratio (ER), steam ratio (SR), agent composition, blending
ratio, and residue time. The optimization can be targeted for
the maximum of single indicators or the poly-optimization of
a group of indicators. The carbon conversion efficiency (CCE)
is used to evaluate the degree of carbon content in the feed-
stock to be converted into products. Besides, most studies
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tend to use the cold gasification efficiency (CGE, which equals
the ratio between the product and the feedstock) to reflect the
energy utilization efficiency of the process. In the absence of a
distinction in the aspects of an allothermal or autothermal
reactor, the figure of CGE may not represent the true situation
of the energy efficiency. If certain extra heat requirement is
supplied, the difference between CGE and #., can be signifi-
cant. Zaman et al.'*® reported the thermodynamic perform-
ance of the steam biomass gasification process, and the CGE,
Nex,syngasy AN 7ex roral WeTE 87.1%, 76.12%, and 77%, respect-
ively. These results remarkably emphasized the consideration
of extra heat supply when assessing the thermodynamic per-
formance of a thermochemical process. Besides performance
optimization, some researchers provided parametric guidance
for adjusting the H,/CO ratio to satisfy the requirement for
further chemical synthesis applications. Vikram et al'®’
reported the optimized range of temperature and CO, to
biomass ratio (CBR) in wood residue gasification under atmos-
pheric pressure. For the synthesis of dimethyl ether (DME)
(H,/CO = 1), methyl formate (H,/CO = 2), and synthetic natural
gas (SNG) (H,/CO = 3), the recommended temperature and
CBR were >800 °C and 0.15-0.3, 750-800 °C and 0.375-0.45,
and 650 °C and 0.525-0.565, respectively. Yu et al'*® also
reported the optimal condition for adjustable H,/CO syngas
production based on dry/steam reforming of corncob pyrolysis
gas. In the case of H,/CO = 2, the condition was CO,/C of 0.5,
H,0/C of 2, and the reforming temperature of 770 °C, and for
H,/CO = 3, it changed into CO,/C of 0, H,O/C of 2, and the
reforming temperature of 770 °C.

The CFD model can investigate the detailed improvement
of the operational conditions and process performance under
the given global control parameters. Thus, researchers tend to
apply the CFD model rather than the other models in the
investigation of the combustion process. Fig. S6-S91 show the
recently reported concentrations of the operational conditions
in various reactors. The combustion process in the moving
grate combustor is a hot topic in CFD simulation. Given that
combustion is a process for the complete oxidation of combus-
tible species, the targeted indicators are commonly the pollu-
tant fraction and the burnout rate, which strongly relies on the
local field distribution. Also, the temperature distribution is of
great concern, given that it is directly related to the operation
safety issues, such as corrosion, coking and blasting. The
optimization of in-bed combustion is usually related to the
coordination of the grate speed, primary air (PA) distribution
and temperature, and employing the optimized conditions,
both the char burnout ratio and the pollutant generation can
be improved. Hoang et al.">° and Tang et al."® both reported
that a decrease in the grate speed helped improve the complete
combustion in the MSW grate incinerator. Su et al.'®" pro-
posed a refined-staged PA distribution method in a 130 t h™*
biomass-fired grate boiler to adjust the air supply to the real
combustion demand, which promoted the char burnout ratio
from 76.5% to 95.5% and decreased the NO, emission from
172 mg m~> to 156 mg m > compared with a reasonable PA
distribution. Yan et al.'®* studied the effects of primary air pre-
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Table 4 Thermochemical performance of various types of waste and biomass based on optimized conditions

Feedstock Scene Approach  Optimized conditions Optimized performance Ref.
MSW Gasification TE Temperature, SR, and steam temperature: ~ LHV: 10.84 MJ Nm ™, H, fraction: 64.13 129
698.7 °C, 0.897, and 120.7 °C, respectively ~ vol%, CGE 92.4%
MSW Gasification ML Temperature, ER, residence time, and Gas yield: 72.5 wt%, tar yield: 8.3 wt%, 130
loading weight: 900 °C, 0.2, 30 min, and char 19 wt%, LHV 11.2 MJ Nm™, H, frac-
6 g, respectively tion: 42.1 vol%
MSW Gasification TE ER, SR and 0,% in the agent: 0.04, 0.28, CCE: 86.52%, CGE: 57.64%, H, fraction: 131
84.31%, respectively 50.66 vol%, CO fraction: 44.67 vol%
Sewage sludge Gasification TE- Temperature, pressure, ER, SR, and Sum of H, and CO fraction: 54.63% 132
kinetic residence time: 950 °C, 0.2, 1, 2 min,
respectively
Sewage sludge Gasification TE Temperature, moisture content, pressure, Gas yield: 30.32 mol kg™ ", CCE: 100%, 133
and oxidation coefficient: 450 °C, 87 wt%, LHV: 17.1 MJ] Nm™>, composition: 43.56%
25 MPa, and 0, respectively CH,, 11.41% H,, 39.11% CO,
Sewage sludge Gasification TE Temperature, ER, SR: (1) 926.85 °C, 0.2, CGE, energy efficiency, and composition: 134
plasma and 0; (2) 926.85 °C, 0, and 0.1, (1) 83.94%, 56.82%, 8.22% CO, 20.26%
respectively CO,, 44.57% H,, and 27.57% Na; (2)
105.82%, 63.60%, 10.59% CO, 21.81%
CO,, 65.74% H,, and 1.96% N,,
respectively
Poultry litter Gasification TE Temperature, pressure, and biomass to air ~ LHV: 6.36 MJ Nm™?, H, fraction: 24 vol%, 135
ratio: 765 °C, 1 bar, and 0.59, respectively net heat: 442.37 kW
Poultry litter Gasification TE Temperature, ER, and moisture content: LHV: 5.71 MJ Nm ™, H, fraction: 21.80 136
830 °C, 0.2, and 16.36%, respectively vol%, CGE: 57.68%
Corn stock Gasification TE ER 0.25 LHV: 6.8 M] Nm™, CCE 99%, CGE 92%, 137
H, fraction: 20 vol%
Date palm waste Gasification ML Temperature: 738.39 °C LHV: 11.10 MJ Nm™, composition: 34.03% 138
leave CO, 4.07% CH,, 49.03% H,, 11.30% CO,
Medical waste Gasification TE Temperature, SR, and steam temperature: LHV: 7.50 MJ Nm >, CGE 89.95%, H, frac- 139
1560 °C, 0.1, and 0.99 °C, respectively tion: 43.88 vol%
PP, PVC, HDPE, Gasification TE Temperature, ER, and pressure LHV and CGE 140
PS, PET PP: 850 °C, 0.15, and 1 bar PP: 6.4 MJ Nm ™ and 39%
PVC: 850 °C, 0.15, and 1 bar PVC: 5.12 MJ Nm ™ and 29%
HDPE: 850 °C, 0.15, and 1 bar HDPE: 6.2 MJ Nm™ and 39%
PS: 850 °C, 0.15, and 1 bar PS: 5.56 MJ] Nm ™ and 33%
PET: 850 °C, 0.1, and 1 bar, respectively PET: 6.46 M] Nm ™ and 33%, respectively
Sawdust Gasification Kinetic Temperature, ER, SR, and agent LHV: 6.48 MJ Nm™ 141
composition: 1000 °C, 0.28, 1, and 40% Gasyield: 1.54 Nm® kg™"
O,-air/steam, respectively Tar yield: 6.01 ¢ Nm™
H, fraction: 20.46 vol%
CGE: 94.1%
Waste tire Gasification ML Agent composition: (1) SR = 0.3 (1) H, fraction = 50 vol% 142
(2) SR=0.1 (2) LHV = 15.8 MJ Nm™>
(3) Steam/air = 0.6 (3) Energy conversion efficiency: 57%, gas
yield = 6.2 Nm® kg™*
Rice straw & MSW  Gasification Kinetic Temperature, SR, and biomass blending Gasyield: 2.672 Nm?® kg™, CO, fraction: 143
ratio: 1099.95 °C, 0.79, and 10.02%, 8.05 vol%, tar yield: 17.06 g Nm >
respectively
Tree bark & RSW  Gasification TE ER and biomass blending ratio: 0.45 and Temperature: 799 °C, CGE 57.17% 144
20%, respectively
Pine & HDPE Gasification TE Temperature, SR, and plastic/biomass: LHV: 10.46 M] m™>, composition: 27.15% 145
921 °C, 1.186, and 74.99%, respectively CO, 0.4% CHy, 65.40% H,, 4.05% CO,
Shiitake substrate  Gasification Kinetic Temperature, ER, PE blending ratio, and (1) HHV = 21.96 MJ kg™* 146
& PE agent composition: (1) 750 °C, 0.1, 80%,
and pure steam
(2) 950 °C, 0.1, 80%, and pure CO, (2) H,/CO =1.58
(3) 950 °C, 0.3, 0%, and pure CO, (3) CCE = 54.55%
(4) 950 °C, 0.2, 0%, and pure CO,, (4) CGE = 48.93%
respectively
Casuarinawood & Gasification TE ER, plastic blending ratio, SR, and steam HEE: 33.44%, GEE: 68.48%, LHV: 10.99 M] 147
plastics temperature: 0.185, 30%, 0.75, and 150, Nm™
respectively
Casuarina wood &  Gasification TE ER, plastic blending ratio, moisture LHV: 8.65 MJ Nm ™, CGE: 71.04% 148
plastic waste content, and O, content in the agent:
0.2495, 30%, 8%, and 50%, respectively
Biomass Gasification ML Temperature and SR: 800.3 °C and 0.8, LHV: 12.13 MJ Nm™*, CGE: 87.1%, syngas 126

respectively
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Feedstock Scene Approach  Optimized conditions Optimized performance Ref.
Biomass waste Gasification CFD ER: 0.25 LHV: 5.57 MJ m~®, CGE: 67.50%, compo- 149
sition: 22.00% CO, 3.99% CHy, 12.50% H,,
7.95% CO,, 0.82% C,,H,
Gas yield: 2.01 m® kg™*
Rice husk Pyrolysis Kinetic Temperature and residence time: (1) Bio-oil, char, and gas yield (wt%): (1) 150
588 °C and 0.25 s 36.72%, 41.88%, and 21.16%
(2) 450 °C and 43.66 s (2) 30.93%, 38.36%, and 27.10%
(3) 798.8 °C and 15.47 s, respectively (3) 0.77%, 26.07%, and 73.25%,
respectively
Pine sawdust Pyrolysis TE Temperature and pressure: 550 °C and 1 Bio-oil, char, and gas yield (wt%) 65.80%, 151
atm, respectively 8.65%, and 25.55%, respectively
Olive pomace Pyrolysis Kinetic Temperature and residence time: (1) Bio-oil, char, and gas yield (wt%): (1) 152
650 °C and 0.1 s 23.72%, 66.96%, and 9.32%
(2) 675 °C and 15 s, respectively (2) 0.74%, 58.09%, and 41.17%,
respectively
Empty fruit Pyrolysis Kinetic Particle size, temperature, and residence Bio-oil, char, and gas yield (wt%): (1) 153
bunch time 0.3 mm, 500 °C, and 1 s, respectively ~ 52.05%, 25.49%, and 22.46%, respectively
Wood residue Pyrolysis TE Particle size and temperature: 1 cm and Bio-oil, char, and gas yield (kg kg™): (1) 154
480 °C, respectively 0.38 kg kg™, 0.22 kg kg™', and 0.4 kg kg™,
respectively
Pine needles Pyrolysis ML Temperature, heating rate, and inert flow  Bio-oil, char, and gas yield (wt%): (1) 155
rate: 552.06 °C, 50 °C min~*, 164.40 mL 51.72%, 17.73%, and 30.55%, respectively,
min~", respectively bio-oil HHV: 22.52 MJ kg™, biochar HHV:
27.51 MJ kg™, gas HHV: 10.69 MJ kg™,
gas composition: 31.58 vol% CO, 45.10
vol% CO,, 9.49 vol% H,, and 13.73 vol%
CH,
Pine wood Pyrolysis Kinetic Temperature and residence time: 415 °C Bio-oil, char, and gas yield (wt%) (1) 156
sawdust and 1 s, respectively 53.9%, 25.4%, and 20.6%, respectively
Argan pulp, argan  Pyrolysis Kinetic Temperature and temperature holding Bio-oil, char, and gas yield (wt%): (1) 157
fruit layer, argan time: 471.86 °C, 475.42 °C, and 487.58 °C  25.45%, 37.99%, and 36.56%; (2) 23.40%,
nut shell and 0 s, respectively 36.33%, and 40.27%; (3) 19.19%, 38.97%,
and 41.85%, respectively
Flax straw Pyrolysis Kinetic Temperature and heating rate: (1) slow Bio-oil, char, gas yield (wt%), energy 158

pyrolysis: 500 °C and 30 °C min™"; (2) fast
pyrolysis: 500 °C and 1 s to setting temp-

erature, respectively.

heating in a 500 t d™' MSW incinerator and reported that a
higher PA temperature increased the boiler thermal efficiency,
but it also brought the risks of intensified thermal NO, for-
mation and grate damage. Considering the pros and cons, the
optimal PA temperature was 453 K. The injection of secondary
air (SA) is beneficial for the complete combustion inside the
furnace. Regarding the inlet parameters of SA, Zheng et al.'®
reported the optimal temperature, velocity, and inlet angle of
SA in a waste incinerator, and their influence on NO, gene-
ration and thermal efficiency followed the order of angle > vel-
ocity > temperature, and angle > temperature > velocity,
respectively. Zeng et al.'®* further comprehensively considered
the interacting effect of grate speed, PA temperature and SA
arrangement. In the case of the PA temperature of 463 K and
483 K, the SA volume ratio of the front and rear arches was
1.59:1 and the SA direction of the front arch was 40° and 60°,
with the same SA direction of the rear arch of 0°, respectively.
Deep air-staged technology with an increase in the over-fired
air (OFA) ratio is economical and efficient technology to
further reduce the NO, emission. Yang et al'®® studied the
effects of the ratio of PA/SA/OA in an MSW grate incinerator,
and the results showed that the air supply optimization sup-
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efficiency, and exergy efficiency: (1)
39.76%, 35.51%, 25.61%, 95.68%, and
94.90%; (2) 43.57%, 33.56%, 22.95%,
98.22%, and 97.90%, respectively.

pressed the initial generation of NO, and promoted the NO,
removal efficiency of the selective non-catalytic reduction
(SNCR) process from 38.85% to 62.81% with the NO, emission
of less than 100 mg m™> (PA/SA/OA = 65%/25%/10%).

The application of flue gas recirculation (FGR) can suppress
thermal NO, emission and partially improve the boiler
thermal efficiency. Yang et al.'°® reported that with an increase
in the FGR ratio from 13% to 20%, the boiler efficiency
increased gradually from 80.16% to 83.78%, and about 16% of
the initial NO, emission was reduced. With the coupled appli-
cation of OFA, FGR, and SNCR, the total NO, removal
efficiency reached 76.48%. Co-disposal of different categories
of biomass and waste is often seen. Thus, Zhou et al.*®”
pared the co-combustion behavior of low and high ash
biomass in a moving grate incinerator, and reported that low
ash fuel blending enhanced the stability of high ash fuel grate-
firing. The optimal blending ratios of anaerobic food digestate,
sludge with 40% moisture, and sludge with 60% moisture with
MSW were reported to be 15%,"°® 13% '°° and 7%,"'”° respect-
ively. Fluidized bed reactors can be used in the combustion
process. In this case, Huang et al.'”' evaluated the effects of
the SA angle and ER on the tri-combustion of coal, biomass

com-
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and oil sludge in a 130 t h™" circulating fluidized bed boiler,
and the results showed that the mole fraction of NO, had a
positive correlation with ER, while that of SO, was negative.
Also, the outlet NO, mole fraction decreased from 4.17 x 107>
to 3.99 x 10~° with an increase in the SA angle from 15° to 30°.
Liu et al.'”® not only discovered a similar positive correlation
between ER and outlet NO, concentration in a 130 t h™*
biomass circulating fluidized bed, but also reported the nega-
tive correlation between ER and outlet KCl concentration, and
the optimal PA/SA for minimum NO generation was 4 : 6. Deep
air-staged technology can be also applied in a bubbling flui-
dized bed (BFB). Karlstrom et al.'”® reported that with PA/SA/
OA = 50%/25%/25%, the total NO + HCN + NH; concentration
decreased from 1169 ppm to 76 ppm.

Regarding the application of the CFD model in the gasifica-
tion process, similar results were reported for the effects of
gasifying agent composition, blending ratio, pressure, and
temperature on the reactor-level performance when applying
the TE model. Wan et al."”* investigated the effects of ER and
SR on the syngas composition and thermochemical perform-
ance in a pilot-scale circulating fluidized bed. An increase in
SR elevated the H, yield, but had the opposite effect on the
concentration of C,H,, CH,, CO and CO,, and the value of
LHV. Also, an increase in ER above 0.3 would dramatically
reduce CGE. Yang et al.'”® located the optimal SR = 0.5 of a
100 kW dual fluidized bed (DFB) gasifier, and reported that
the yields of H, and CO, and the ratio of H,/CO first increased,
and then decreased with an increase in SR. Erdogan et al.*’
compared the performance of a laboratory-scale updraft
plasma gasifier with ER = 0.1-0.4, and found that optimum
conditions for the PG of medical waste were obtained for ER =
0.4, which yielded 54.7% H,, 17.1% CO, 11.8% CH, and 2.5%
H,S in the syngas with CCR of 29.1% and CGE of 28.5%. Wang
et al."’® reported that the optimal conditions for sawdust gasi-
fication in a two-stage entrained flow gasifier was S/B = 0.1 and
ER = 0.16, given that a higher ER contributed to the conversion
of char, but it decreased the effective constituent of gas
produced.

The CFD model shows the highest sensitivity to a change in
the particle parameters and the structural design. A larger par-
ticle diameter can prolong the residue time, together with
limited reaction and heat transfer rates, while a smaller par-
ticle diameter leads to sufficient contact between the reactants,
with the potential risks of coagulation, restricted fluidization
of the bed, and incomplete conversion.'””"*%® Therefore, it is
essential to locate the optimal particle diameter with the con-
sideration of the reactor geometry and operating parameters.
Wang et al.®® proposed a multiple thermally thick particle
model and revealed that the temperature difference inside the
particle could be significantly reduced by decreasing the par-
ticle size from the centimeter- to millimeter-level, which was
beneficial for the in-bed reaction rates. The structural design
optimization includes two aspects. The first aspect is the geo-
metry of the reactor, such as the furnace arch structure in the
moving grate incinerator,'®" coating thickness and heat
arrangement in a rotary kiln incinerator,'®*'%* and the throat
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size in a fixed bed gasifier."®* The second aspect is the use of
auxiliary devices. In a conical spouted bed pyrolizer, Sun
et al.'® reported that the use of a fountain confiner could sig-
nificantly extend the biomass residence time, and Yu et al."®®
found that the use of a draft tube enhanced the stability of the
bed within a wider range of operating gas velocities. Moreover,
in a fluidized bed gasifier, Bello et al."® reported that the use
of an air distributor could enhance the particle recirculation.
Raza et al.'®® further compared the performance when using
static and rotating air distributor plates, and the results
revealed that using rotating air distributor plates reduced 88%
of the pressure fluctuations within the fluidized bed.

In summary, the primary thermochemical process is the
basis of W/BLE systems. With the given goal and boundary, the
simulation results of the thermochemical process provide
input data for the following subsystems. Therefore, it is of
great significance to choose appropriate models according to
the background and assumptions of the studied W/BtE system.
Given that the CFD model often requires high computing
power and solving time, most studies adapt the other three
models for the quick TEE assessment of integrated W/BtE
systems.

4.2 Production of power, heat, and cooling

The main topics when discussing W/BtP systems are as
follows: 1. the performance variation with and without CCS
subsystem; 2. the improvement by the application of advanced
thermochemical technology, such as chemical looping gasifi-
cation/combustion (CLG/CLC), fuel cells (FC), and calcium
looping (CaL); 3. the performance improvement due to
cascade heat utilization (CHU) and product cogeneration,
which includes combined heat and power (CHP) production
systems and combined cooling, heat, and power (CCHP)
systems; and 4. assistance from solar energy and the strategy
of energy storage.

Fig. 9 shows the configurations of W/BtP systems.
According to the number of the application of the heat utiliz-
ation sub-systems, the whole system can be defined as X-stage
W/BtP, -CHP, and -CCHP system. Commonly, combustion and
gasification are the first steps to produce power. In the com-
bustion (COMB)- and CLC-based route, waste or biomass is
complete oxidized in the combustor to generate high-tempera-
ture flue gas. In the pyrolysis-(PY) gasification-(GSF), and CLG-
based route, combustible syngas is produced and sent to a gas
turbine or fuel cell for primary power production, and the
outlet gas of fuel cell can be further combusted and sent to a
gas turbine to be fully utilized. The CHU process occurs in the
downstream section of the thermochemical section. The
common power cycles include the Rankine cycle (RC), organic
Rankine cycle (ORC), and supercritical CO, cycle (sCO,). The
heat production, which refers to the generation of steam and
hot water, can be realized by cooling the flue gas in a heat
exchanger (HE) or the condensation of an agent in the power
cycle. Technically, the multi-effect distillation (MED) of sea
water also involves a temperature raising process, which can
be also seen as a type of heat production. The cooling pro-
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Fig. 9 Application of various technical routes in WtP systems. (a) Cascade heat utilization (CHU) subsystem; (b) carbon capture and storage (CCS)
subsystem; (c) compressed air energy storage (CAES) subsystem. Reprinted with the permission.’®® Copyright 2021, the American Chemical Society.
(d) Thermochemical energy storage (TCES) subsystem. Reprinted with the permission.’®® Copyright 2023, Elsevier Ltd. (e) Solar-assisted heating

scheme. Reprinted with the permission.'®* Copyright 2023, the American

duction is also satisfied by the production of chilled water in
the absorption refrigeration (AR) subsystem. In some cases, a
natural gas regasification (NGR) subsystem is integrated to use
the waste heat to convert the natural gas from the liquid state
to gas state.

4.2.1 Systematic variation due to carbon capture and
storage. Carbon capture during the production of power can
be divided into three ways, as follows: pre-combustion capture,
post-combustion capture, and oxy-fuel capture. Pre-combus-
tion capture technology is applied with the steam reforming of
the syngas to remove CO, and obtain a high H,-content
product gas. Post-combustion capture technology is the most
widely applied, given that it captures the CO, in the flue gas at
the end of the production process and can be added to the
existing facilities. Oxy-fuel capture technology provides a high-
purity oxidant in the combustion process to avoid the dilution
of N, and maintains a high CO, content in the flue gas, and
the flue gas can be directly compressed to realize carbon
capture.

In the case of COMB-RC-based systems, post-combustion
capture is the most convenient option, but a decrease in the

2868 | Green Chem., 2025, 27, 2846-2899
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tier-I GWP also induces an extra energy penalty ((7en,without ccs
— Henwith ccs)/Mlenwithout ccs)- Conventional post-combustion
capture mainly applies solvents based on physical absorption
(DEPG, low-temperature MeOH, etc.) and chemical-absorption
(MEA, MDEA, etc.). The CO, capture rate (CCR) is a decisive
indicator for the CCS subsystem, given that the more CO, cap-
tured, the more energy is consumed. Bore et al.*®? investigated
the influence of CCR on the performance of a COMB-RC-CCS
(MEA)-based WtP system, and found that the energy penalty
was 13.17%, 14.85% and 16.56%, with the CCR of 85%, 90%,
and 95%, respectively. The optimal CCR was suggested to be
90%, with the carbon captured cost (CCC) of 57.67 € per
tonco,, carbon avoided cost (CAC) of 187.80 € per tonco,, and
tier-I GWP emission of 0.19 kgco,eq kW™ h™'. Zhang et al.'*
also discovered that in a GSF-SOFC-GT-HE-CCS(MEA)-based
BtCHP system with CCR of 100%, the energy penalty can be
almost twice that with the CCR of 90%, together with a higher
tier-III GWP. Moreover, the energy penalty in #en cup (~50%)
was much larger than #en p (~25%), indicating that the for the
application of solvent-based post-combustion capture, the low-
cost supply of heat consumption during the solvent regener-
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ation process was the key. Similarly, Saharudin et al'*
pointed out that in a COMB-RC-CCS(MEA)-based WtP system
with the CCR of 90%, the ratio between heat and power con-
sumption was approximately 2.75. Although the application of
post-combustion capture is beneficial to GWP reduction (from
0.06-0.12 kgco,eq KW' h™" to —1.27-1.41 kgco,eq kW™ h77,
with carbon credit created by biogenic CO, emission capture),
it was reported that the other LCA indicators and LCOE
increased from 13% to 217% and 360% to 410%, respectively.
Averagely, in the CCS subsystem, per ton of CO, captured,
there is an extra tier-Ill GWP of 175-183 kgco,q and CCC of
50-53 $. CaL can be applied as another choice for post-com-
bustion capture. Ortiz et al.'°® reported the performance of the
application of CaL in a COMB-RC-CCS-based WtP system.
Using MSW as the fuel in the calciner, they reported the CCC
of 111.87 € per kgco,, LCOE of 207.48 € per MW per h, and
tier-I GWP of 0.31 kgco,eq KW' h™". If oxy-combustion is
further applied in the calciner, the energy penalty would
decrease from 25.85% to 21.70%, and the tier-I GWP also
dropped to 0.15 kgco,eq kW™ h™", while the CCC and LCOE
increased to 177.75 € per kgco, and 308.53 € per MW per h,
respectively. Recovering waste heat in the calciner played a
vital role in maintaining the ., of the WtP system.

GSF-based systems have more flexible options, and thus
Zang et al.'®® compared the performance of a GSF-GT-RC-
based BtP system with pre-(used Selexol) and post-combustion
(using MEA) capture, and the results showed that the post-
combustion capture had a lower tier-Ill GWP (~0.43 kgco, eq
kW™ h™' to ~0.35 kgco,eq/kW ™ h™', without carbon credit
created by biomass cultivation) due to its higher CCR.
However, post-combustion capture lacks an advantage in
terms of LCA indicators and energy penalty. Technically, the
low CCR of conventional pre-combustion capture is due to the
limited chemical equilibrium of the reforming reaction, and
in this case the application of CaL technology can promote
both the H, yield and CCR (~90% to ~98%)."®” Han et al.**®
reported that with the similar CCR of ~91%, the SEG-GT-RC-
based BtP system (e, of 42.42% and 7. of 38.87%) had better
performance than the GSF-CCS-GT-RC-MEA-based system (7en,
of 37.18% and 7 of 33.99%).

Oxy-combustion (OCOMB) is the most conventional oxy-fuel
capture method, including the direct oxy-combustion of the
feedstock itself and the indirect oxy-combustion of the syngas
from oxy/steam-gasification (OGSF/SGSF). Ling et al'®® pro-
posed an OCOMB-sCO,-CCS-based BtP system, which directly
captured and compressed ~99% of CO, from the outlet with
the consumption of ~10% net energy output, and the tier-I
GWP, CAC and CCC were ~0.58 kgco,eq KW' h™*, 24.05 $ per
tonco,, and 18.78 $ per tongo,, respectively. Xiang et al.>* pro-
posed an OGASF-OCOMB-RC-CCS-based BtP system, which
exhibited the #e, of 35.41%, 5o of 31.21%, and CCR of
~96.7%. The direct CO, capture and compression subsystem
could operate at a high 7., and 7. of over 95%. Furthermore,
with the application of flue gas circulation, the 5., of the
OGASF-internal combustion engine (ICE)-CCS-based BtP
system showed an improvement up to 10%.?°" The application

This journal is © The Royal Society of Chemistry 2025

View Article Online

Tutorial Review

of CL can provide the same effect as OCOMB. Sagline et al.>*>
compared the OGSF-CLC-GT-RC-CCS-based and CLC-RC-CCS-
based BtP systems with the conventional OGSF-GT-RC-based
and COMB-RC-based BtP systems. The results revealed that
both systems applying CLC exhibited the 5., of ~44% and #e
of ~32.0%, and they achieved a CCR of over 99% with the
energy penalty of ~5%. The 7., and 7. followed the order of
OGSF-CLC-GT-RC-based > CLC-RC-CCS-based > OGSF-GT-RC-
based > COMB-RC-based, indicating the advantages of CL in
high-efficiency operation and low-cost CO, capture.

Emenike et al.>*® compared the performance of the appli-
cation of three capture technologies in a BtP system. The
OGSF-CCS-GT-RC-based system had the highest 7., lowest
LCOE, and modest tier-Il1 GWP (~35%, ~0.17 £ per kW per h,
and ~0.14 kgco, eq KW' h™") compared to the COMB-RC-CCS-
based (~26%, ~0.18 £ per kW per h, and ~0.17 kgco, eq KW ™"
h™") and OCOMB-RC-CCS-based systems (~29%, 0.20 £ per kW
per h, and ~0.09 kgco,eq kKW' h™"), respectively. The energy
penalty for the application of oxy-combustion, post-combus-
tion, and pre-combustion was ~20%, ~28%, and 13%, respect-
ively. However, the energy penalty results can vary depending
on the technical assumptions and the calculation references.
Zheng et al.*®* reported that the ranking of carbon capture
technologies in energy penalty was post-combustion (8-14%),
oxy-fuel combustion (8-12%), pre-combustion (6-10%), and
CLC (<3%). Overall, post-combustion capture has the greatest
adaptability, but it also causes a high energy penalty and econ-
omic cost. Pre-combustion capture has comprehensive advan-
tages in energy and economic aspects, but its application scen-
arios are restricted, and its modest CCR needs to be further
improved by process innovations. Oxy-fuel combustion capture
is attractive owing to its high CCR and convenient carbon
capture subsystem design, especially in the advanced concept
of CLC. However, its feasibility still needs to be proven in
large-scale commercial facilities considering the high con-
struction costs and potential safe operation issues.>*>*%°

Several assumptions have a significant effect on the results
between different studies. Statistically, in the case of W/BtP
systems without CCS, their tier-I GWP is about 1-1.5 kgco, eq
kw™' h™', with a CCR above 90%, which can be reduced to
under 0.15 kgco, ¢q kW™ h™'. Regarding the tier-IIl GWP, the
consideration of biogenic CO, and biomass cultivation can
cause a significant difference. Firstly, some studies considered
the CO, stored during biomass cultivation as a type of negative
emission, generating —0.8 to —1.5 kgco,eq kKW' h71.1702%7
Moreover, given that the biogenic CO, emission can be
excluded from the calculation owing to its carbon neutrality,
the negative GWP varies due to the biogenic carbon fraction in
different waste. Liu et al.> measured the biogenic carbon frac-
tion of printed paper, textiles, plastics and synthetic textiles,
rubber and leather and reported the biogenic carbon fraction
of ~96.80%, ~67.52%, ~6.20%, and ~92.55%, respectively.
Regarding MSW, the reported biogenic CO, fraction is in the
range of ~40% to 80%.2°®>'° Thus, the basic assumptions of
biogenic CO, storage and emission should be uniform before
a comparison is performed. In the case of post-combustion
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capture using MEA and pre-combustion capture using Selexol,
the tier-IIl GWP was reported to be approximately 0.5 and
0.6 kgco,eq KW' h™" for power production, respectively.'****°
The tier-IIl GWP of oxy-fuel combustion is about 0.1 kgco,eq
kw~" h™* for power production.>”*!* In the case of economic
performance, the difference in plant size, feedstock cost, and
other aspects can cause a great effect. Mohamed et al*'?
reported that with an increase in the plant size of a
CLG-CCS-GT-RC-based BtP system from 50 to 800 MW, the
LCOE could have a reduction of ~45%. Biomass is always seen
as the merchant, and thus the buyer needs to pay for biomass
acquisition. Meanwhile, the treatment of MSW is profitable
due to the subsidy, tipping fee, and grate fee. In this case, it is
better to compare different technologies quantitatively under
the same framework. Yan et al.®”’ calculated the LCOE of
COMB-RC-CCS-based, GSF-CCS-GT-RC-based, and
OGSF-SOFC-RC-CCS-based BtP systems, which was 0.06 $ per
kW per h, 0.05 $ per kW per h and 0.05 $ per kW per h with
the biomass price of 44.52 $ per tonpiomass, respectively. Xu
et al’'® investigated a COMB-ORC-MED-HE-AR-NGR-based
BtCCHP system, with the biomass price and carbon tax of 49 $
per toNpiomass and 24 $ per toncp, and the cost of biomass
purchasing and CO, emission was responsible for 31.06% and
15.67% of the total cost, respectively.

4.2.2 Multi-stage cascade heat utilization for P, CHP &
CCHP production. The theoretical principle of multi-stage
CHU is the matching of the heat source temperature with the
application temperature window of the subsystem. In the case
of the RC and sCO, cycle, it has been reported that a heat
source temperature of approximately 300 °C and 450 °C rea-
lized a high efficiency operation, respectively.”** In the case of
a heat source with a temperature below 300 °C, the ORC cycle
is a good choice, given that it can adapt to the temperature of
the heat source in a wide range from 40 °C to over 300 °C.*"®
Besides, the HE can also be used to generate hot water or
low-level steam for district heat supply.?'® Finally, the appli-
cation of AR and MED can further recover the heat from
<100 °C heat source to produce chilled water and fresh water,
respectively.>'”>!8

The choice of the sub-systems can cause a variation in the
performance of the entire system. In the case of the thermo-
chemical process, the GSF-GT-RC-based BtP system had a
slightly advantageous thermodynamic efficiency (~3-10%)
than the COMB-RC-based BtP system in a specific case.?’> The
Nen and 7., were ~35% for the GSF-GT-RC-based and ~30% for
the COMB-RC-based systems. As the gasifying agent of
GSF-GT-RC-based systems, Cvetinovi¢ et al.'** suggested that
steam was a better choice than air in terms of thermodynamic
and economic performance. When choosing PY as the thermo-
chemical process, higher 7., and 7. are often reported than
applying GSF and COMB because of the cogeneration of oil
and char. Liu et al.>*® proposed a PY-SOFC-GT-ORC-based WtP
system for the cogeneration of power, oil and char, exhibiting
the #7en and 7ex of 70.11% and 69.65%, respectively. However,
its #en,p and #exp Were ~23%. Considering that some of the
pyrolysis product is utilized in the same system, the contri-
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bution of electric output to the systematic output is promoted.
Lampropoulos et al.**° used char as the feedstock of the sec-
ondary GSF in a PY-GSF-SOFC-RC-based BtCHP system, report-
ing that the electrical output contributed ~60% of the systema-
tic output. Li et al.**" also found similar conclusions in a PY +
GSF-GT-RC system for the same cogeneration, with sludge and
medical waste as the feedstock for PY and GSF, respectively.
The #en,py Nleny Nex,py AN 1jex Were 55.02%, 66.31%, 40.96% and
66.30%, respectively. Although the input of sludge only con-
tributed ~8% of the total energy and exergy, the output of char
and oil accounted for ~20% of energy and ~33% of exergy,
respectively. When applying PY in the first step, the high 7,
and 7.x do not mean that PY is the most advantageous thermo-
chemical technology, given that it exhibits a relatively low 7¢p p
and 7 p With the pyrolysis products not being completely uti-
lized inside the system boundary. Thus, the following utiliz-
ation of the pyrolysis products is worth more attention, given
that Su et al.>®** noticed that the cogeneration of power and
char reduced ~50% of the DPP than the single generation of
power with the biochar selling price of ~200 $ per tonp;ochar-
Given that the chemical and physical properties of the biochar
products remarkably vary depending on the realistic oper-
ational conditions, to reflect the real elementary composition
of biochar, prediction models of biochar yield and compo-
sition at different formation temperatures have been
developed.”***** With the application of these models, the
output of product and heat during the further utilization of
biochar can be specified. In terms of the power cycle, Kong
et al.”® also claimed that the application of FC could improve
the systematic performance than GT, especially integrated with
oxy-combustion capture. Exergoeconomic results showed that
the with a closed r; of ~20%, the f; of SOFC (~98%)>*%?262%7
was remarkably higher than that of GT (~20%).°>**® Biancini
et al?*® found that in the GSF-COMB-RC/ORC/sCO,-HE/AR
WtCCP/CHP system, RC and sCO, were prior to the power
generation and CHP/CCP, respectively. Also, ORC showed flexi-
bility for varying MSW compositions and temperature levels.
Zare et al.>*° reported that the use of a closed Brayton cycle GT
(with He as the agent) yielded a higher net power output by
13.5% instead of an open Brayton cycle GT (with air as the
agent). This indicates that researchers need to select the sub-
systems based on the feedstock characteristics, cogeneration
types, and energy level of heat to be utilized.

The construction of a multi-stage CHU subsystem can
improve the systematic thermodynamic performance. Table 5
lists the performance of W/BtCHP and W/BtCCHP systems.
Compared to the fundamental 7, p, With the application of
CHP and CCHP, #jen cp and #en ccup showed an improvement
of approximately 10-30% and 15-50%, respectively. However,
the improvement in #ex cap and 7exccup is NOt significant as
that for #encup and #enccup. The 1% increase in #e, only
results in an average of about 0.15% increase in 5. due the
production of heat, and this figure for the production of
cooling further decreased to 0.035%. This is because the pro-
duction of heat and cooling mostly recovers the low-tempera-
ture waste heat from flue gas after power production, where
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the recovery energy rate can be large but actually recovers
limited exergy due to the low energy grade. For the improve-
ment of the systematic thermodynamic performance, CHP and
CCHP can be a good way to realize high-efficiency waste heat
recovery, but the most practical way is to improve the 7., of the
power production process. Also, these studies reported a lower
tier-I GWP of CHP and CCHP compared to that of power gene-
ration in the same system. It should be noted that without the
application of CCS, neither CCHP nor CHP can reduce the
total tier-I GWP of the system, but the decrease in tier-I unit
GWEP reflects the fact that more energy can be produced with
the same total GWP. In essence, W/BtCHP and W/BtCCHP are
not direct carbon reduction technologies, but they indirectly
realize the same goal by improving #.,. Fu et al.**' compared
the TEE performance of 9 GSF-SOFC-GT-X BtP/CHP/CCHP
systems, where X represents the possible combinations of
ORC, AR, and HE from 1-stage to 3-stage. According to the
results, the highest 7., (86.87%) and 7. (50.80%) were found
for the GSF-SOFC-GT-AR-HE-based BtCCHP system and
GSF-SOFC-GT-ORC-based BtP system, but the 7. of the former
system was only 45.32% (second lowest) and the 7., of the
latter system was 54.77% (the lowest). This indicated that for the
multi-optimization of energy and exergy utilization, the key was
to match the energy trade of the heat source to production.
Generally, the results showed that with complexity of the
increase in heat utilization, the investment cost, operation cost,
and the tier-IlI systematic GWP also increased. Also, from
the perspective of energy, the application of CHP and CCHP
reported a lower LCOP than single power generation (0.102 $ per
kW per h for electricity, 0.025$ for chilled water, 0.042 $ per kW
per h for hot water, and 0.096 for all products), but from the per-
spective of exergy, the conclusion was completely opposite (0.102
$ per kW per h for electricity, 0.453 $ per kW per h for chilled
water, 0.11 $ per kW per h for hot water, and 0.119 for all pro-
ducts). Thus, the benefit brought by W/BtP/CHP/CCHP was
better using LPOW/B instead of LCOP/CHP/CCHP to avoid mis-
understanding, or reporting the LC for each product separately.
As mentioned above, reducing the exergy loss in the power
generation process is the key. Reactors with highly irreversible
chemical reactions, heat exchangers with significant tempera-
ture differences, columns with significant pressure differences,
and turbines with intensive non-isentropic flow are the main
exergy destruction contributors. Consequently, the combustor,
gasifier, and pyrolyzer are the main exergy destruction contri-
butors. Given that gasification and pyrolysis are milder than
combustion, some studies reported a higher 7, for the gasifier
and pyrolizer than the combustor (~70-80% >'9*%223¢ to
~55-65% >**?16:248) RC is an electrochemical “combustor” of
syngas, and a solid oxide fuel cell (SOFC) is the most popular
one in the medium and large power sectors.>*® The ey sorc
can reach above 90%,>***7>%° and for the complete combus-
tion of the syngas, the SOFC is always integrated with GT or

ICE, with the of around
009, 226:236,239,247

Nex,SOFC-GT and Nex,SOFC-ICE
HE between the high temperature flue gas
and the agent of the power cycle is also a great source of exergy
destruction due to the large temperature difference between
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the hot stream and cold stream. Normally, the systematic
exergy destruction ratio of HE is ~10-20%.>'**3>?%° When dis-
cussing GT, it always includes a subsystem from air and fuel
compression to combustion and power generation. The
reported 7e, gr 1S ~80%-85%."°%>°'>3 Given that the product
is high CO, content flue gas when applying CaL pre-combus-
tion and oxy-combustion capture, the CCS subsystem is much
simpler that of post-combustion capture. Thus, the systematic
exergy destruction ratio of CCS in the oxy-combustion system
can be as low as ~5%."°®?** Alternatively, for post-combustion
capture, the systematic exergy destruction ratio of CCS can
be above 50% due to the temperature difference during
heat exchange and pressure difference during gas-liquid
Separation.198’244’255’256

Exergoeconomic analysis results show that in the W/BtP/
CHP/CCHP system, the main reactors (gasifier, combustor,
and SOFC), turbines for power generation and compressors for
fuel transportation, and heat exchangers with significant
temperature difference (cooler, condenser, steam generator,
and high-temperature recuperator) are the main exergo-cost
contributors,’*12%228:232:233.257 A congensus has been reached
that for the combustion chambers of gaseous fuel, heat
exchangers, turbines, and compressors as the main con-
tributors, the f.; is below 0.5, which means that for these
equipment, the focus should be exergy improve-
ment, > 12%:228,232233,257 1 the case of the gasifier, most
studies reported that the f.; was above 0.5, and even up to
~0.88, indicating that it is necessary to reduce the investment
cost by the promotion of applications, maturation of the man-
ufacturing process, and increased competition in the market
for similar products.®®'?*228233 The results of FC are the most
questionable, with f.; ranging from nearly 0.1 to 0.9809
reported, due to the lack of conducted studies as a reference,
and thus it can only be suggested that further improving #ex of
the FC is as vital as reducing its unit cost.'?>?3*233:257
Exergoenvironmental analysis indicated the same exergo-
impact contributors as the exergoeconomic analysis, but the
results are diverse. Yang et al.>*® proposed a solar-assisted
GSF-ICE-ORC-AR-based BtCCHP system and reported that the
Jo,e of the main components was beyond 70%, and thus its
environmental impact associated with the manufacturing,
transportation, installation, operation, maintenance, retire-
ment, and disposal processes must be reduced. Ren et al.>*°
and Casas-Ledén et al.®>®® further pointed out that for most
components, basically the Bp ; was the main contributor, but
for the components that generated (such as gasifier, combus-
tor for solid and gas fuel, and pyrolizer) or eventually emitted
the pollutants (such as HRSG), Bp could play a dominant role,
causing the f;; to reach above 0.5. Regarding these issues,
extra effort should be paid to reduce the generation or emis-
sion of pollutants through the optimization of the reaction
parameters and flue gas treatment.

Advanced exergy analysis clarifies the source and character-
istics of the exergy loss. Fu et al.>®' investigated the effects of
the gasifying agent on a GSF-OCMOB-RC-based BtP system,
and reported that the gasifier, combustion chamber, and
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HRSG were the main exergy destruction contributors, and the
proportion of unavoidable exergy was larger than avoidable
exergy. Khoshgoftar Manesh et al® reported the advanced
exergy distribution of a GSF-GT-RC-based BtP system, showing
that for most components, Ex]}> Exg, and Ex}> Exy.
Regarding the distribution of the sub-categories of advanced
exergy, certain disagreements were found in the distribution of
Exp and Expy'. Hashemian et al>** proposed a solar-
assisted COMB-RC-AR-MED-based BtP system with external
proton exchange membrane electrolysis cell (PEMEC) to
produce H,. They showed that for the COMB, RC and MED
sub-systems, Ex%', was mostly Ex);", and for the AR system,
Ex¥', was mostly ExeDXkaV The Ex. of the RC, AR and MED sub-
systems was mostly cause by external factors, and the Ex;"
and Ex);"™ had similar shares in COMB sub-system. Xiao
et al.>®® investigated the performance of a CCHP system using
syngas as the fuel, and the system was based on the
SOFC-GT-RC-ORC (with a steam ejector refrigerator, SER)-HE
route. The results showed that for the SOFC and combustor,
Ex}), had a small share of ~3% of the component exergy
destruction, and basically was Ex);"". In the case of turbines,
HRSG and fuel/air compressors, Ex);"" was still larger than
ExZ%". Endogenous factors were responsible for the main part
of Eng‘k in the SOFC, combustor, and turbines, while in HRSG,
it was exogenous factors. Regarding the factors in RC and
ORC, Exp;" and Expy" were closed. However, Ayub et al.>*!
also proposed a GSF-SOFC-RC-CCS-based BtP system, and
reported that except for torrefaction, almost all its components
had a dominant Exj;" with a negative Ex{’;", which needed
further explanation. More studies on the advanced exergy ana-
lysis of W/BtE systems need to be conducted for a more in-
depth and comprehensive understanding of the reason for
exergy destruction, especially in the negative figure as poten-
tial results.

4.3.3 Assistance from solar energy and energy storage.
Solar energy, a readily available source of renewable energy,
has been a vital option as the energy input of distributed
energy systems together with waste and biomass. The primary
solar harnessing approaches include photovoltaic or photo-
thermal devices, where the latter remains a more pragmatic
choice.?®® Solar heat is basically utilized in the heating of the
working mediums in the power cycles, and the preheating of
the feedstock and gasifying agent.

Regarding the solar heating medium route, Khan et a
found that for a COMB-RC-based WtP system with the over-
heating of primary steam by solar energy, although the
improvement in #e, from 26.74% to 37.08% brought the extra
penalty of 11.76% in the total cost rate, the proposal of solar
assistance was still economically feasible. Parvez et al.>®° also
reported that for a GSF-GT-RC-SER-AR BtCCHP system, with
the extra solar heat source for primary steam generation in
HRSG, a considerable increase in direct normal irradiance
resulted in slight gain of ~4% in 7. and 7.y, eventually reach-
ing 62.10% and 27.71%, respectively. Moreover, about 59.18%
of the exergy destruction occurred in the photothermal
devices. Different passive and active efficiency enhancement
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configurations in a COMB-RC-based WtP system with a solar-
preheated boiler feed were discussed by Behzadi et al.**” They
found that recovering the waste heat of flue gas and substitut-
ing the turbine extraction lines with solar collectors contribu-
ted to a considerable decrease in the GWP and LCOE, and the
application of heat storage tank could promote the heat effec-
tiveness by sacrificing the economic profit. In the case of the
solar heating feedstock and agency way, Liu et al.>**> proposed
a GSF-SOFC-ICE-AR-HE BtCCHP system, and the assistance of
solar comprehensively promoted its systematic performance. It
reduced the tier-1 GWPp and GWP¢cyp from 0.22 tonco, oy Per
G]J to 0.12 tonco,.eq per GJ and 0.14 tonco,,eq per GJ to 0.09
tonge,eq per GJ, and promoted e and 7., from 34.50% to
36.60% and 54.08% to 57.50%, respectively. A similar improve-
ment in 7, of 3.17% and 7., of 2.11% was also observed in the
CLG-GT-HE-based BtCHP system due to the solar assistance in
heating the gasifying agent.”®® Mu et al."® compared the sep-
arate effect of two solar utilization ways in a CLG-GT-RC-based
BtP system, and the results indicated that the use of solar
energy for heating the gasifying agent was better. However,
they also claimed that the coupling of solar energy was not
positive in improving the systematic 7.x due to the lower 7, of
the solar collector subsystem, but it was much more meaning-
ful in achieving comprehensive utilization of multiple energy
sources and reducing greenhouse gas emissions. The utiliz-
ation of solar energy could also satisfy the heat requirement of
the post-combustion capture subsystem, which could avoid the
interstage steam extraction from the steam turbine, without
reducing the systematic power generation.**®

The categories of photothermal devices are directly related
to the thermodynamics performance. Biboum et al.**® com-
pared the application of a parabolic trough collector, linear
Fresnel reflector, and solar tower in a solar-assisted COMB-RC
BtP system, in which solar energy was used to generate part of
the primary steam and reheat the inter-stage steam. The
results showed that the application of a linear Fresnel reflector
had the lowest LCOE of 0.14$ per kW per h compared to the
other options (>0.2 $ per kW per h), while the application of a
solar tower had the best exergo-economic and environmental
performance. Consistent with the study by Qi et al.,>®* the cost
rate and the environmental impact rate of the photothermal
devices were mainly due to the life cycle of the equipment
itself. Also, the photothermal devices had the profound
endogenous optimization potential in exergy saving, which
was also reported by Hashemian et al.?®®> and Xiao et al.*®® in
other solar-assisted CCHP systems.

The common energy storage systems include the com-
pressed air energy storage (CAES) system and thermochemical
energy storage (TCES) system. Cao et al'®® proposed a
GSF-GT-RC-AR-based BtCCHP system with CAES, and as LNG
was introduced into the CAES to liquefy the compressed air,
the CAES was promoted to liquid air energy storage (LAES).
The proposal of LAES showed an improvement of 5.6% in
Nelectricy aNd an increase in 7. by 6.5% could be realized by
choosing a suitable liquid air storage pressure. The overall 7y
and 7, of the LAES system around the year was ~70% and
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~90%, respectively. Razmi et al.>’° reported that the round trip
efficiency (RTE) of CAES in a GSF-GT-RC-based BtCHP system
was about 34% to 43% with different operational parameters.
Hai et al®”* further integrated an ORC subsystem to recover
the waste heat in a hot air stream, and the generated power
was transmitted to a PEMEC for hydrogen production, report-
ing an optimized #¢, of 39.22%.

The common CAES stores air for energy production, while
Xue et al.*’?> proposed a COMB(MSW)&GT(biogas)-RC-based
WP system with CAES system, which used stored air to meet
the requirement of air during combustion and replaced the
original compressor of GT, reporting an RTE of 69.55% and
increase in 7., by 6.5%. Conventional TCES systems mainly
utilize the hydration and dehydration process of CaO/Ca(OH),
to realize the storage and utilization of energy. Uchino
et al>”>*’* investigated the performance when a TCES system
was integrated with the COMB-ORC BtP system, reporting that
utilizing the waste energy in the hot water or low temperature
steam in the TCES could improve the 7., and the fluctuation
of biomass energy could be basically absorbed through the
energy storage process, with an LC of storage of 0.92-2.37 $
per kW per h. Yasui et al.'®" further pointed out that integrat-
ing RC with TCES was more cost-effective than integrating
ORC, given that its higher power generation efficiency ensured
a higher power generation amount of unit stored heat, and
then the levelized cost of storage could be reduced to
0.20-0.80 $ per kW per h. The stored energy efficiency and the
RTE were 58.2% and 13.7%, respectively.

Utilizing part of electricity and thermal output in the waste
or biomass to energy system for H, production can be seen as
an energy storage way, which is reported in many CHP and
CCHP systems."*>?”>?7® However, the production of hydrogen
brings extra exergy destruction and economic cost, and it was
estimated that in a solar and geothermal-assisted
GSF-GT-AR-HE BtCCHP system with PEMEC, the unit exergy
cost of hydrogen fuel was almost 4-times higher than that of
electricity (18.72 $ per GJ to 4.29 $ per GJ).>”” Ding et al*’®
also reported a similar conclusion for a biomass-methane-
solar driven CCHP system with alkaline electrolysis cell (AEC).
The RTE of hydrogen storage was reported to be around
45.5%, which consisted of PEMEC, PEMFC, H, storage tank,
battery, and charging station.>”® Therefore, the design of the
hydrogen production unit should be carefully considered
according to the local consumption demands and the financial
feasibility assessment.

4.3 Oriented production of commercial fuel

The production of commercial gaseous fuel from waste or
biomass is attracting increasing attention. The section focuses on
the comprehensive performance of waste or biomass to fuel (W/
BtF) systems (Table 6). Fig. 10 shows the common technical
routes of waste or biomass to H, (W/BtH), NH; (W/BtA), SNG (W/
BtSNG), methanol (W/BtMeOH), and DME (W/BtDME) systems.
4.3.1 Hydrogen production. The main routes for H, pro-
duction can be divided according to the following two aspects.
Considering the initial thermochemical process, it includes
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GSF-based, PY-based, CLC-based, and CLG-based routes.
Considering intermediate reaction, it includes water gas shift
(WGS)-based, sorption-enhanced water gas shift (SEWGS)-
based, and sorption-enhanced gasification (SEG)-based routes.
In most cases, a fuel separation and purification (FSP) subsys-
tem is necessary, where the pressure swing adsorption (PSA)
facility is the most common one.

The GSF-WGS-based route is the most fundamental H, pro-
duction route. Regarding the choice of gasification agent,
Hosseingholilou et al.>*° reported that steam was the preferred
choice, and the BtH system based on the GSF-WGS-PSA route
yielded the highest 7., of 48% and the lowest LCOH at 1.77 €
per kgy, compared to air (28% and 3.88 € per kgy ) and CO,
(46% and 3.83 € per kgy) as the agent. Given that the
maximum CO conversion efficiency was around 90-95% and
the H, separation efficiency in FSP was around 80-90%. The
residual gas still could be further utilized for heat or power
production to recover the remaining exergy in the residual gas
utilization (RGU) subsystem. Afzal et al.>* investigated the per-
formance of a WtH system based on the same route, reporting
that the when MPW (mixed plastic waste) was the feedstock,
the minimum selling price (MSP) was 0.70 $ per kgy;, and tier-
III GWP was 10.80 kgco, ¢q kg, . Compared to H, production
based on SNG reforming, the MPW-based H, production
needed more process fuel, and thus the systematic perform-
ance can be promoted by the introduction of renewable energy
and technological refinements in gasification. If using MSW as
the throughput, it gains an MSP of 0.55 § per kgy, and tier-III
GWP of 15.6 kgco, eq kgHz_l, and the tier-IIIl GWP is reduced to
2.6 kgco,,eq kgu, ' with the carbon credit created by avoiding
landfill. Recovering the exergy in the residual gas can play a
significant role. Ma et al.*®" reported that 7., of RC as the RGU
subsystem reached about ~30%. Liimmen et al.>®*> proposed
that the generated heat from residual gas combustion can be
used for regenerating the tar reformer catalyst and providing
process heat.

For low-carbon H, production, the capture of CO, is always
integrated in the acid gas removal (AGR) subsystems in the
WGS-based route, and the results vary in a wide range. The
research group of Wang et al.>****® conducted several studies
on the food waste, sludge, and medical waste to H, system
based on the GSF-WGS-AGR-GSP route, and the 7., fluctuated
in the range of 31.44% to 70.84% due to the difference in feed-
stock characteristics and the AGR subsystem operation. In the
case of the WtH system based on the same route, Ren et al.>®”
reported that 7., and 5., were 39.34% and 46.39%, respect-
ively. However, it is inconsistent that the promotion in GWP
worsens the thermal and economic performance due to the
extra energy consumption. With a high CCR, the tier-I GWP
can be very small. Sun et al.®” reported that the 7., and tier-I
GWP of an MSW to hydrogen system based on the
GSF-WGS-AGR-PSA-RGU-based route were 46.70% and
0.91 Kgco,eq Kgu, ', respectively. Zhou et al.>** reported that
the e, and tier-III GWP of a WtH system based on a similar
route were ~57% and 5.18 kgco, eq kgHZ_l, respectively, and the
indirect carbon emission due to the extra energy consumption

This journal is © The Royal Society of Chemistry 2025
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of AGR was about a half of the captured CO,. The effects of the
CCR level were investigated by Ma et al.>*° In the BtH system
based on the GSF-WGS-AGR-PSA-RGU-based route, the inte-
gration of an AGR subsystem (Rectisol) decreased the systema-
tic #en from 37.88% to 32.38%, and with the CCR of 0-95%,
the changes in LCOH and tier-Ill GWP were in the range of
3.98 to 4.76 ¥ per kgy, and 5.39 t0 3.93 kgco, eq 1<gH2_1, respect-
ively. Furthermore, it should be also noted that the promotion
in the GWP indicator does not represent the same situation as
other LCA environmental indicators, given that the removal of
CO, in the CCS subsystem reduced the GWP by 42-67%, but
increased all the environmental impacts by 9-117%, which
was attributed to the chemical and energy consumption.”*
According to the results from the above-mentioned studies,
the exergy loss is mainly contributed by the GSF, AGR, and
RGU subsystems. Process heat recovery can promote the
thermal efficiency, especially when the heat consumption of
AGR can be self-sustained, but Ayub et al°' reported that a
heat exchanger with a significant temperature difference can
be responsible for remarkable exergy loss and exergy cost.
Also, the low CO conversion efficiency and H, separation
efficiency can cause significant loss in the PSA subsystem due
to the product loss in the residual gas.

Regarding the variation in economic performance, the feed-
stock purchasing price or treatment subsidy, and the carbon
tax or credit have a remarkable effect. If the carbon tax is
based on tier-I GWP, the economic fluctuation can be low,
given that most of the CO, is captured. If it is based on tier-III
GWP, Wu et al.®®' pointed out that the cost of biomass
accounted for at least 30% of the TPC in a BtH system based
on the GSF-WGS-AGR-PSA-RGU route, and a high carbon tax
enhanced the advantages of BtH systems. Lan and Yao**® also
claimed that if the carbon tax was close to the CCS cost and
the feedstock cost was low, the H, production from waste
plastic could be more competitive. The above-mentioned two
studies reported that an ideal minimum MSP is about 1 $ per
kg,

In the WtH system, the waste treatment subsidy is a vital
part of its income. Typically, for a system inputting high-moist-
ure waste, the low H, yield does great harm to its systematic
performance. Shi et al.*>** pointed out that for a WtH system,
its LCOH was 6.66 $ per kgy and its H, yield was 35.24 kgy,
per tony,see, and consequently a subsidy for waste treatment of
115.65 $ per ton,se Was necessary to ensure economic profit.
Some hazardous waste can be a good feedstock choice owing
to their foreseeable H, yield and high treatment subsidy.
Regarding a WtH system using medical waste as feedstock, its
H, yield was reported to be about 160 kg, per tonyase, and
the waste treatment tipping fee contributed about 47% of its
total income.'*®

The optimization of the upstream thermochemical process
can be influential. For the pretreatment of the feedstock, Zhao
et al®®® reported that in the WtH system based on
GSF-WGS-PSA-RGU route, the torrefaction of food waste before
gasification increased the quality and yield of the syngas,
which promoted 7 and 7., from 57.2% to 59.6% and 56.8%

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Technical routes of W/BtH, W/BtA, W/BtSNG, W/BtMeOH, and W/BtDME systems.

to 58.9%, respectively. However, the MSP increased from 2.48
$ per kgy, to 2.90 $ per kg . Regarding the reforming of com-
ponents not active in WGS subsystems, Li et al.>** evaluated
the application of methane tri-reforming in a BtH system
based on the GSF-WGS-AGR-PSA-RGU route, reporting that #e,
increased from 37.88% to 44.35%, and the tier-Ill GWP
decreased from 5.39 to 4.36 kgco, 1<gH2_1, but the DPP
increased from 4.5 to 4.72 years. If the gasification model con-
siders the generation of tar, Shamsi et al.>*® noted that the
reforming of tar in the syngas could promote the H, yield. In
the thermal supply of the gasification process, Ren et al.*®’
investigated the application of direct melting, and autothermal
gasification in a WtH system based on the GSF-WGS-AGR-PSA
route. The results showed that for autothermal reforming,
although adding extra biochar resulted in a higher H, yield
and thermal performance, utilizing self-generated syngas was
a more economical option than adding extra biochar because
of the remarkable decrease in the feedstock cost and the
investment of ASU and AGR. Consequently, self-sustained
autothermal gasification with direct melting was suggested to
have the most promising potential with 7., of 40.11%, 7, of

This journal is © The Royal Society of Chemistry 2025

47.23%, and LCOH of 18.53 ¥ per kgy, compared to self-sus-
tained autothermal gasification without direct melting
(41.21%, 48.59%, and 17.33 ¥ per kgy ), and external energy
sustained autothermal gasification with direct melting
(48.32%, 55.71%, and 19.97 ¥ per kgy ). Wu et al.>*" also dis-
cussed the performance of a BtH system under fully self-sus-
tained, partially self-sustained, and external supply electricity
consumption conditions with the combustion of PSA residual
gas or internal syngas. The results indicated that the case of
fully self-sustained had the best tier-IIl environmental per-
formance, and compared to the other two cases, its MSP was
advantageous only with a carbon tax of over 70 $ per tongo,. The
application of DFB separates the combustion and the gasifica-
tion process in two reactors. Poluzzi et al.”® evaluated the effect
of the application of BFB and DFB in the BtH system based on
the GSF-WGS-CCS-PSA-RGU-CCS route. The results showed that
applying DFB resulted in a higher H, yield by 1.3%, but lacked
advantages in the equivalent fuel efficiency (50.15% to 55.36%)
and LCOH (4.51 € per tony, to 4.33 € per tony ).

The choice of initial thermochemical process has a great
impact. Gasification can convert the carbon content into

Green Chem., 2025, 27, 2846-2899 | 2877
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syngas at the maximum level, while in the case of pyrolysis,
carbon is converted to the multigeneration products of char,
oil, and gas. If the pyrolysis multi-product in not fully utilized
in H, production, the H, yield would decrease. Demol et al.>®’
proposed a BtH system based on the autothermal GSF/PY-
partial oxidation (POX)-GSP-RGU route. Oxygen was used as
the gasification agent for self-sustained heating, and the
oxidant for the POX of tar. The results showed that because of
the extra production of char in the PY-based system, the GSF-
based system showed higher H, yields (26 to 18 kgy, per tony;,.
mass) and higher heat efficiency due to the production of hot
water (60% to 49%), but a slightly lower 7, (77.8% to 80.4%)
than the PY-based route, given that the eventual utilization of
char was not considered. In the PY-based system, the multi-
products can be utilized by the combination of several chemi-
cal processes for the maximum H, production. Nouwe Edou
et al.**® proposed H, production systems with CCS based on
the biomass gasification scheme, pyrolysis with bio-oil gasifi-
cation scheme, and pyrolysis with bio-oil reforming scheme.
In all the gasification subsystems, the char was combusted for
heat supply. The results showed that the H, yield of the two
PY-based systems (~92 kgy, per ton) was much higher than
that of the GSF-based system (~30 kg, per tonyiomass), which
could be attributed to the increased contribution of hydrogen
atoms in the reactant steam to eventual hydrogen gas product
in the PY-based system. When considering the selling of cap-
tured CO, with the price of 120 $ per ton, the system based on
fluidized bed gasification had the lowest MSP of 3.4 § per kgy,
compared to that based on pyrolysis with bio-oil gasification
scheme (4.83 $ per kgy ) and pyrolysis with bio-oil reforming
scheme (7.30 $ per kgy,). Situmorang et al.>*° proposed an PY-
based BtH system. The hydrogen was produced from the
WGS-PSA-RGU-based route fed by pyrogas and bio-oil and the
CLC-based route fed by char. They claimed that the proposed
system could increase the H, production efficiency from
biomass by more than 50% than the direct CLC-based system.
When the BtH system involved the utilization of multi-feed-
stocks, the application of GSF and PY could be based on the
feedstock characteristics. Li et al.*>*® proposed that the gasifica-
tion of herbaceous biomass can provide heat to drive the fast
pyrolysis of woody biomass, and the integration not only
ensured the stability of the primary product, but also solved
the problems of tar production and low efficiency caused by
the high lignin content in woody biomass.

SEWGS and SEG are enhanced versions of the conventional
GSF-WGS-based H, production, with the addition of a CO,
sorbent. Most commonly, CaO is considered the optimal CO,
sorbent due to its low cost and wide abundance, and conse-
quently CaL is also the most promising form of SEWGS and
SEG. Technically, based on in situ CO, capture, the reaction
equilibrium of GSF and WGS is driven toward to the gene-
ration of H,, which leads to a higher H, yield and purity.**!
However, given that the regeneration temperature of the
common sorbents (MEA, MDEA, DPEG, methanol, etc.) in the
AGR subsystem is much lower than that of Ca-based sorbents,
more high-level energy is required in the SEWGS-based system.
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Therefore, unlike the thermal duty of the reboiler in the AGR
subsystem, which can be satisfied by steam, the calcination of
CaCO; usually needs fuel to be combusted or electrical
heating, and the added fuel can be an external source or
internal by-products (such as char, syngas, and residual gas).
Chu et al.**® proposed a PY-GSF-SEWGS-based WtH system, in
which the pyrogas was combusted with external CH, to satisfy
the heat requirements, and the char was gasified with the
recirculated CO,-rich flue gas. The proposed system exhibited
a better performance in terms of H, yield, #e, and 5., with
values of 30.6 kgy, per ton,ge, 31.83%, and 35.96% and the
enhancement of 14.4 kgy, per toNyase, 14.87%, and 11.27%
compared to a similar system based on WGS without CCS.
However, this was at the cost of an increase in CH, consump-
tion from 64.57 to 114.78 Kgcu, per toNyase. Zhang et al.>*
reported that the 7, #en, and tier-I GWP of a BtH system
based on the GSF-SEWGS route with an external heat supply to
the calcinatory was 45.20%, 62.10%, and 5.16 Kgco, eq kgHz_l,
respectively. Some studies discussed the integration of solar
energy. Khosravi et al.*** proposed a WtH system based on the
SEG-PSA route, in which solar energy was introduced into the
calciner through a heliostat field and solid storage, and the
heat from SEG was recovered for power production. They
reported the 7 of 70.70% and 7., of 70.74% (8.55% contribu-
ted by power production). The introduction of solar energy
substituted ~29% of the total energy input. Zhang et al>®
investigated the integration of a solar-driven thermochemical
heat storage (THS) subsystem into a PY-GSF-SEWGS-based
B&CoaltH system. The THS subsystem was operating based on
the reversible hydration/dehydration reactions of CaO. The
results showed that the integration of THS enhanced the car-
bonation reactivity of CaO, and comprehensively improved the
Texs NMen, and H, yield by 5.0%, 5.1%, and 17.4%, respectively.
The discussion on the energy self-sustaining situation
of WGS-based and SEWGS-based systems is arguable.
Santos et al’'® compared WtH systems based on the
GSF-WGS-PSA-RGU and SEG-PSA-RGU routes, reporting that
both systems realize energy self-sustenance and the SEG-based
system could promote the H, yield (fen,m,sec = 48.7% and
Nenyt,,sF = 47.7%), with the cost of larger electricity require-
ments (qenytotal,SEG = 49.3% and Henstotal GSF = 53.7%), respect-
ively. The tier-I GWP decreased significantly from 21.7 to
1.4 Kgco,eq kgu,”* with the application of SEG. With the gate
fee of 0-40 € per tonygw and carbon tax of 0-39.6 € per tonco,,
the LCOH was 2.1-3.2 € per kgy, and 4.5-5.1 € per kgy for the
GSF-based system without CCS and SEG-based system when
40% of the CO, emission was considered biogenic, respect-
ively. The CAC was 114.9 € per tonco,. Dziva et al.*’° also com-
pared BtH systems based on the GSF-WGS-PSA-RGU and
GSF-SEWGS-PSA-RGU routes, claiming that the GSF-based
system needed an extra energy supply, while the SEWGS-based
system was energy self-sufficient. The application of SEWGS
promoted the #en,, and fenyeotal from 50.71% to 51.86% and
48.47% to 51.96%, respectively. Furthermore, Dziva et al.>”’
pointed out that the integration of SEG and SEWGS promoted
Nen from 48.8% to 58.7% with an increase of 12% in H, yield
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compared to the single SEG-based system, but the cost
brought by the extra fuel to the calciner was not reported.
Tang et al®®® reported that both the GSF-SEWGS-PSA-RGU-
based and GSF-WGS-AGR-PSA-RGU-based WtH systems
needed an external energy supply. The results showed that the
application of SEWGS in situ integrated the steam reforming
and CO, capture processes and reduced the exergy loss of
these two processes, which contributed to slight advantages in
Nex (~57.5% to ~54.0%). Given that the temperature for the cal-
cination of the sorbent was much higher than the re-boiling of
the DEPG sorbent, the recovery of the high-level energy from
the SEWGS section was much more vital. Also, it showed a
comprehensive advantageous environmental performance in
all midpoint and endpoint LCA indicators compared to the
conventional route, which could be mainly attributed to the
higher H, yield (117 kg, per tonyagee to 113 kg, Per tonyagte)-
Although the application of SEWGS resulted in a larger TPC,
considering the improvement in total H, production, it still
had preferable LCOH (~6.08 $ per kgy, to ~6.20 § per kgy ).
Overall, the SEG-based and SEWGS-based systems show
remarkable application potential, typically when a cleaner
energy source is available.

CL provides an innovative route to produce high-purity H,
from SR without complex separation and purification, with an
oxygen carrier (OC) acting as a heat and oxidant carrier at the
same time. Firstly, CL can be an alternative to GSF and PY as
the primary thermochemical process. Chen et al.*® proposed
a solar-assisted BtH system based on CLC, in which the heat
in the high-temperature CO,-rich flue gas and H,-rich stream
was recovered for power generation. The 7., and 7., was in the
range of 41.0%-52.1% and 41.1%-49.1% with a change in
solar energy availability, respectively. The supplemental input
of solar exergy avoided the splitting of exergy from FR, and the
exergy from FR was directly sent to SR, which increased the H,
yield. The LCOH of the proposed system was 1.70 $ per kgy .

CLG can be an alternative to GSF with the application of a
DFB. Qi et al®® proposed a WtH system based on the
CLG-WGS-PSA route, reporting the 5., of 57.66%, tier-I GWP of
9.55 kgco,eq kgu, ', and LCOH of 2.94 $ per kgy,. They
claimed that the CLG-based 7., was higher than the GSF-based
Nen, given that the existence of OC accelerated the heat transfer
process from AR to SR. CaL can be also integrated with CL,
which is called sorption enhanced chemical looping gasifica-
tion (SECLG). Liu et al.*** compared BtH systems based on the
SEG-PSA and SECLG-PSA routes with waste heat recovery for
power production, and under the optimized carbonator temp-
erature (T.,) for autothermal operation, the SECLG-based
system (77ex of 45.3% and 7e, of 64.6%, Teor = 740 °C) had a
better performance than the SEG-based system (yex of 39.0%
and 7e, of 55.7%, Tear = 720 °C). They noted that the appli-
cation of SECLG can lower the tar content and improve the H,
concentration in the syngas, with the challenge of the extra
cost and unsynchronized lifetime of OC and sorbent.
Moreover, if oxyfuel combustion is further applied in the calci-
ner, the higher calcination temperature would further harm
the thermal performance.
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Secondly, the gas product can be complete oxidized in the
FR, and the production of H, is completely conducted in the
SR. Rai et al.*'* proposed a GSF-CLC-based WtH system with
direct CCS and HRSG. A printed circuit board (PCB) was gasi-
fied to produce syngas and OC, and a part of the syngas was
sent to the CLC subsystem. They reported the #enpcp Of
32.72% and LCOHpcg of 3.68 $ per kgy,, and if the waste
polypropylene (PP) was co-disposed in the FR, both the
flen,pcB & pp aNd LCOHpcg g pp improved to 49.89% and 2.91 $
per kgy,, respectively. The co-disposal of e-waste and MSW
can lead to a positive synergism for the effective production
of value-added products. Mallick et al.>'® investigated the per-
formance of a GSF-CLC-based WtH system with electrical
switch waste (ESW) and computer keyboard plastic waste
(CKPW). Under 100% H, production, they reported the
Hex,usw Of 49.26%, Ten psw Of 64.92%, tier-1 GWP of 38.1 kgao,,
eq MW~ h™', and LCOHggw of 2.25 $ per kgy,. In the case of
CKPW with higher LHV, the #exrsws #en,rsws and LCOHggw
increased to 68.44%, 72.35%, and 1.30 § per kgy,, respect-
ively. Also, it was strongly suggested to utilize the chemical
energy content in H, than to use the sensible heat for power
production to reduce the exergy loss. Wu et al.*'**'® proposed
a GSF-CLC-based BtH system with CCS (MEA) and HRU sub-
systems, reporting the 7., of 66.6%, CCR of 92.8%, tier-III
GWP of 5.65 kgco,eq kgu, ', and LCOH of 3.05 $ per kg,
with air as the gasifying agent. When substituting air with O,,
the #en, CCR, and LCOH improved to 72.2%, 9.15%, 2.82 $
per kgy, respectively, with a worse tier-IlI GWP to
11.53 kgco,.eq kgu, " due to the increased energy consump-
tion of ASU. If considering the carbon credit created by the
captured CO,, the O, case achieved more efficient in situ gas
product separation, resulting in a greater tier-IIlI GWP of
—17.00 Kgco,eq kgu, ™' than the air case (—15.13 Kgco,eq
kgw,”'). Xu et al®® compared the performance of WtH
systems based on the GSF-WGS-AGR-GSP and GSF-CLC
routes. The results showed that although the GSF-CLC-based
system had a lower H, yield due to the successive oxidation of
oxygen carriers in SR and AR, it still had a better performance
in 7ex (54.31% to 31.44%), tier-1 GWP, and LCOH (1.93 $ per
kgy, to 2.45 $ per kgy ), given that the capturing of CO, in
the GSF-CLC-based system did not require an extra separation
process.

4.3.2 Ammonia production. The W/BtA process is an
extension of the W/BtH process, given that the H, product
of the W/BtH system is further utilized for the synthesis of
NH;, most commonly with N, from the internal source. The
Haber-Bosch reaction (N, + 3H, < 2NHj3;) is the best known
NH; synthesis process. For the conventional BtA system
based on the GSF-WGS-AGR-fuel synthesis (FS) route with
ASU, Xu et al.*'® reported the 7¢, of 53.5%, and the energy
consumption of NH; (ECny,) of 36.33 GJ per tonyy,. Then,
the BtA system was retrofitted to achieve the classified utiliz-
ation of materials and simple and efficient capture of CO,
in the aspects of removing the WGS, replacing the HRSG
Rankine cycle with the Allam cycle, and replacing the AGR
with the PSA. As a result, by sacrificing the NH; yield per
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unit biomass (by about 55%) and #. (by about 4%), the
ECnp, was reduced by 7.61%. Acikalin et al’" investigated
the introduction of solar energy into a similar system for
gasification agent heating, with the internal heat recovery
for power and heat generation, reporting the 5., and 7, of
36.70% and 44.6%, respectively. The results indicated that
the integration of a multigeneration system with renewable
energy can provide both satisfactory thermal and environ-
mental performances. The application of CaL technology
can streamline syngas conditioning and increase the cost-
effectiveness. Dziva et al.*'® proposed a BtA system based on
the SEG-PSA-FS route with ASU and RC as waste recovery
subsystems, reporting that the #en N,y en,totaly ECnp,, tier-1I1
GWP, and LCOA were 44.52%, 52.14%, 38.11 GJ per tonymy,,
0.73 Kgco,eq kgnu, ', and 0.69 $ per kg, respectively.
Compared to the conventional GSF technology and the
direct introduction of air without N, separation, the pro-
posed system has comprehensively favorable performances.
If considering the carbon credit created by biogenic CO,
capture, the proposed system had a negative tier-III GWP of
—2.79 Kkgco,eq Kgnm, '. Moreover, its LCOA (0.42 $ per
kgny,) showed remarkable advantages under a carbon tax of
96 $ per tonco, compared with that based on large-scale
biomass gasification (about 0.6 $ per kgny,) and large-scale
coal gasification or methane reforming (about 0.5 $ per
kgnm,)-

The application of CL can produce H,- and N,-rich
streams in the SR and AR without energy penalty, respect-
ively, and consequently high-purity H, and N, can be
acquired after simple gas-liquid separation for the synthesis
of NH;. Sun et al>'® proposed a CLC-FS-RGU-based BtA
system, reporting the #egnn, Of 44.36% and ey iotal OFf
46.09%. The exergoeconomic results showed that the CLC
subsystem contributed about 70% of the exergy destruction,
and the production cost for NH; was 35.56 $ per GJ, which
was 1/4 of the cost for the electricity. Moreover, it was
pointed out that the refrigerator in the AS subsystem and
the compressors for the gaseous agent had great exergo-cost
reduction potential. In the case of the main reactors (such
as FR, SR, AR, and combustor) and heat exchangers with
great temperature difference, reducing the exergy loss is
inevitable. For a similar system, Miyahira et al.**° reported
that recirculating part of CO,-rich flue gas into FR as a gas
enhancer led to higher NH; yields but lower power pro-
duction (38.09% Of #ennu, aNd #enpower Of 0.65%) than
introducing extra steam (37.35% of nennu, and #en, power Of
2.91%), respectively. The results further showed that the BtA
system based on the GSF-CLC-FS-RGU route had both lower
Nen,NH, aNd Hen power, Which were 37.25% and 0.49%, respect-
ively. Tang et al>*' proposed an autothermal BtA system
based on the GSF-SECLC-FS route with waste heat recovery,
reporting that under CCR of 96.4%, the NH; yield and
LCOA were 0.28 kgnu, Kgbiomass = and 0.49 $ per kgwm,,
respectively. For the comparison of CL-based and GSF-based
BtA systems, Wen et al.**> pointed out that the 5 and 7ey
of the CL-based system were 3% higher than that of GSF-
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based system, with an increase by about 4% in the NH;
yield.

In the presence of OC, CL is applied as an oxidation
process. Similarly, the concept of chemical looping ammonia
generation (CLAG) was proposed, with the development of
nitrogen carriers (NC). For the typical alumina-based NC, the
endothermic N-sorption reaction can be described as Al,O0; +
3C + N, « 2AIN + 3CO, and the exothermic N-desorption reac-
tion is the hydrolysis process of AIN, which is 2AIN + 3H,0 <
Al,O; + 2NH;. Yan et al®*® proposed a solar-assisted GSF-
based BtA system. The syngas was divided into two flows. The
first flow was sent to SOFC for power and high-purity N, pro-
duction, and the second flow was combusted to supply heat to
CLAG. In the CLAG, biochar and the high-purity N, from SOFC
were used as throughout, and the gaseous product of
N-sorption reaction was sent to the waste heat recovery subsys-
tem (consisted of ORC, ARS, and HE), together with the hot
flue gas from syngas combustion for CCHP. The systematic 7.y
of 41.31% and 7., of 61.53% were reported, while the pro-
duction of NH; only contributed 2.90% and 8.35% of the
output exergy and energy, respectively. Weng et al.>** also pro-
posed a GSF-based BtA system, in which a chemical looping
air separation (CLAS) subsystem produced N, for CLAP and O,
for syngas combustion. The produced CO in the CLAP was
combusted for power production, and part of the generated
power drove the water electrolysis cell (WEC) to produce O, (as
the gasifying agent) and H, with external wind power. The
heat supply of CLAG was satisfied by the syngas oxy-combus-
tion and introduction of solar energy. With 3.6 t h™' of
biomass input, the system produced 93.2 kmol h™ N,, 34.1
kmol h™ NHj, and 90.6 kmol h™' H,, exhibiting the #en , &
nu, Of 43.55%. Although the application of CLAG can avoid
energy-intensive hydrogen production and realize uni-
directional synthesis at ambient pressure, it should be noted
that with only char as the ammonia synthesis feedstock, the
NH; yield decreased, and the utilization of syngas plays a vital
role in the thermal performance.

4.3.3 Synthetic natural gas (SNG) production. The metha-
nation reaction of CO and CO, (CO + 3H, < CH, + H,0, CO, +
4H, < CH,; + 2H,0) is the main source of methane pro-
duction, and a theoretical stoichiometric ratio should be satis-
fied for the ideal methane production, which is (yu, — Yco,)/
(co * Yco,) = 3. Thus, the key to methane production is the
choice of stoichiometric ratio adjustment method. In
summary, the adjustment method can be realized by the
removal of CO, using CCS, and the addition of extra H,.

The application of pre-combustion capture can optimize
the reaction conditions, while post-combustion capture can
promote the environmental performance. Akbari et al.’** pro-
posed a W/BtSNG system based on the GSF-AGR-FS route with
a waste heat recovery subsystem. Among the feedstocks of corn
stover, wheat straw, forest residues, whole forest, organic frac-
tion of municipal solid waste (OFMSW), and cow manure with
moisture content in the range of 6% to 80%, the SNG pro-
duced from OFMSW had the lowest LCOSNG of 6.28 $ per GJ
due to its lowest feedstock cost (zero) and highest SNG yield.
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The LCOSNG using the other 5 biomass feedstocks ranged
from 6.32 to 10.46 $ per GJ. Cui et al.**® proposed a W/BtSNG
system based on the GSF-MR-AGR route using O,-enriched air
as the gasifying agent and ORC as the waste heat recovery sub-
system, reporting the 7. of 60.38%, 7., of 65.69%, and
LCOSNG of 15.17 $ per GJ. Subramanian et al.**’ investigated
the performance of a WtSNG system with the application of
pre-combustion capture, reporting the 7., of 43.40%, and tier-I
GWP of 47.57 kgco,eq Per GJ. With the further integration of
post-combustion capture, the tier-I GWP decreased to
2.38 kgco,eq PEr GJ, at the cost of a decrease of 4.4% in #ep,.
They also discussed the effects of the variation in the regional
electricity emissions (687.5 kgco,eq MW™' h™' in US and
16.4 kgco,eq MW ! h™! in Norway, 2017-based values), which
caused an increase in the tier-Ill GWP from 48.65 to
92.64 kgco,eq Per GJ and 3.86 to 64.55 kgco,eq Per GJ in the
pre-combustion capture case and pre- & post-combustion
capture case, respectively. The Norway- and US-based LCOSNG
in the pre-combustion capture case was 17.5 $ per GJ and 21.8
$ per GJ, respectively, and the further integration of post-com-
bustion capture resulted in an increase of about 3 $ per GJ in
LCOSNG. The above-mentioned studies all indicated that only
with strict regulatory conditions and powerful finical incen-
tives, the economic feasibility can be competitive with fossil-
based SNG, such as high carbon tax/credit and feedstocks
subsidy.

Normally, the addition of extra H, is provided by the WEC,
and the byproducts can be further used as a combustion or
gasification agent. Generally, the WEC can operate based on
the O, demands of the primary thermochemical process or the
H, demands for the full methanation of CO and CO,. If the
supplied H, is not adequate for full methanation, the CO, in
the syngas/flue gas needs to be partially or completely
removed. Schmid et al.**® compared GSF-based BtSNG systems
integrating pre-combustion capture and SOEC as syngas
adjustment methods, and the results showed that the inte-
gration of SOEC could promote the SNG yield and system
efficiency with an increase in energy consumption. Compared
to the system with pre-combustion capture, the proposed
system with SOEC promoted the 5., from ~51% to ~61% in
the O,-sustained case and ~64% in the H,-sustained case.
Also, with an increase in the energy consumption by about 5
times and 14 times in the O,-sustained case and H,-sustained
case, the SNG yield was promoted by over 60% and 200%,
respectively. Rispoli et al.>*° also investigated the performance
of a COMB-based WtSNG system under undersupplied,
sufficient, and excess O, production in a PEMEC. The system
yielded the highest 5., of 26.40% and 7., of 36.00% with
excess O, production, and if the energy consumption was sup-
plied by a fossil source except the renewable-energy-driven
PEMEC, the tier-Il GWP and LCOSNG were 1.74 kgco,.cq
kgsng - and 5 $ per MW per h, respectively. The captured CO,
can also be directly electrolyzed with H,O to produce syngas.
Zhang et al.®*® compared the performance of a GSF-based
BtSNG system with pre-combustion capture, steam electrolysis,
and co-electrolysis of steam and CO,. In terms of 7e,, the
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ranking was steam electrolysis (~68%) > co-electrolysis (~66%)
> pre-combustion capture (~51%), while in the case of
LCOSNG, the ranking changed to co-electrolysis (26-32 $ per
GJ]) > steam electrolysis (23-30 $ per GJ) > pre-combustion
capture (10-28 $ per GJ). Wang et al.**"*** proposed two GSF-
based BtSNG systems. In both systems, the gasified syngas was
completely oxidized in the SOFC and water gas shift mem-
brane reactor (WGSMR) burner, and the produced CO, was
stored and co-electrolyzed with steam in a solar-driven SOEC.
Eventually, the electrolysis syngas was further sent to MR for
SNG production. The variation in the two proposed systems
was the choice of waste heat recovery subsystem, which was
ARS-HE for CCHP and ORC for CHP. In the case of the
BtSNG-CCHP system, the 7., and 7., were 42.2% and 69.56%,
respectively. Regarding the BtSNG-CHP system, similar 7¢ of
44.70% and 7., of 59.00% were reported, with the cost of 0.05
$ per kW per h for power production and 29.5 $ per GJ for
SNG production. The exergoeconomic results revealed that the
focus of optimization of SOFC and SOEC should be on lower-
ing their cost rate. The tier-I GWP for SNG-CCHP and
SNG-CHP was about 0.2 tonco, ¢q per GJ and 0.15 tonco, eq Per
G]J, respectively. With the assumed selling price of 18 $ per GJ
for SNG and 0.13 kW h for electricity, which was close to the
market price, both proposed systems could achieve the DPP of
around 10 years.

4.3.4 Methanol (MeOH) and dimethyl ether (DME) pro-
duction. The production of MeOH has a similar route with
that of SNG, given that they both require the adjustment of
syngas to the designated stoichiometric ratio ((yu, — yco,)/(Vco
+Yco,) = 3 for SNG production and (Y, — Yco,)/(Vco + Yco,) = 2
for MeOH production), and the synthesis is also based on the
hydrogenation of CO and CO, (CO + 2H, < CH3;0H, CO, + 3H,
< CH;0H + H,0). Thus, the pivotal issue of the W/BtMeOH
system is also the syngas adjustment method.

Regarding MeOH production, the stoichiometric ratio of
the syngas can be adjusted internally by the application of
AGR in advance of MeOH synthesis. AlNouss et al.>** reported
that when applying the GSF-AGR(Rectisol)-FS-FSP route in a
BtMeOH system, using steam instead of oxygen as the gasify-
ing agent promoted the tier-Il GWP and LPOMeOH from ~9.27
to ~2.32 Kgco,eq K&meon ' and ~0.11 to ~0.41 $ per kgweom,
respectively. Wang et al.®** evaluated the performance of a
BtMeOH system based on the same route, reporting that the
life cycle ECpaeon Was 51.02 x 10* MJ per tonyeor, tier-III
GWP was 667.53 Kkgco,eq PEr tohyeon (considering carbon
credit created by biomass growth), and LCOMeOH was 502.00
$ per tonyeon. Thus, it showed a great GWP reduction poten-
tial in the biomass collection process. Also, compared to the
conventional coal-based MeOH, the BtMeOH system decreased
the tier-Ill GWP by 59.39%, with the cost of LCOMeOH
increasing by 24.46%. Regarding a WtMeOH system based on
the same route, Shi et al.**® investigated the use of MDEA as
the AGR solvent, reporting 7. of 37.92%, tier-Ill GWP of
3.21 kgco,eq kgmeon ', and LCOMeOH of 579.62 $ per tyeom-
The results further indicated that the exergy loss of the GSF
and AGR subsystems contributed a relatively dominant pro-
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portion, and a subsidy of 20 $ per tony.se Was inevitable for a
positive NPV. Afzal et al.>* noted that for WtMeOH systems, if
the selling price of MPW was reduced to below 0.02 $ per
Kgwaste, the MPW-based MeOH achieved cost parity with fossil-
based MeOH. Biochar can be combusted for heat self-supply
or exported as a byproduct. Poluzzi et al**° found that if
biochar was combusted with part of the biomass feedstock in
the DFB, instead of being exported form BFB, the MeOH yield
was promoted by ~1%, with an increase of ~5% in LCOMeOH.
The introduction of solar energy as the heat source can substi-
tute the combustion of biochar. Nwai et al.>*° reported that for
a BtMeOH system based on the GSF-AGR(MEA)-FS-FSP-RGU
route, the 7., and LCOMeOH were improved from ~48% to
~61% and ~632 $ per tonyeon to ~392 $ per tonyeon, respect-
ively, due to the solar assistance. Sun et al.**” compared the
performance of BtMeOH systems based on the solar-assisted
and autothermal CLG-FS-FSP routes. The results showed that
the solar-assisted case provided power output, while the auto-
thermal case needed an extra energy supply. Also, compared to
the autothermal case, the MeOH yield increased by ~55% and
the total CO, emission reduced by ~63%, which contributed
to a low tier-1 GWP of 345.83 kgco, eq thmeon -

SEG or SEWGS can also be a good option for internal
syngas adjustment. Del Grosso et al.**® reported that for a
BtMeOH system based on the GSF/SEG-FS-FSP-RGU route, the
integration of SEG promoted #., from 55% to 60% but
decreased the CCE from 100% to 96% due to the lower gasifier
temperature. AlNouss et al.**° also reported that the appli-
cation of SEG led to a 3-4% increase in MeOH yield and 4-5%
reduction in tier-I GWP, with LPOMeOH decreasing by 3-5%.
Liu et al?° proposed a BtMeOH system based on the
GSF-SEWGS-FS-FSP-RGU route, in which the char was further
reacted with the CO, released from the calciner to produce
tunable syngas for FS. They reported the 7ex of ~64%, tier-III
GWP of 4.39 Kkgco,eq Kgmeon ', and MeOH yield of
702.50 Kk@meon thiomass - The Ca-based sorbent calcination
process was responsible for the largest energy consumption
and GWP emission. The use of a multistage-PSA (mPSA) sub-
system can also adjust the syngas ratio internally. Im-orb
et al.*' proposed a BtMeOH system based on the GSF-POX-
mPSA-FS-FSP route, where the three-stage PSA subsystem pro-
duced H,-rich, CO-rich, and CO,-rich stream separately. They
reported the highest 5.« and 7e, of 25.44% and 38.57%,
respectively, and the recirculation of PSA residual gas to the
gasifier could not benefit the overall performance. Li et al."*®
also proposed a WtMeOH system based on a similar route,
reporting the 7ex, fen, and LCOMeOH of 50.93%, 54.08%, and
41.09 $ per GJ, respectively. The mPSA subsystem contributed
9.68% of the total exergy destruction.

The external syngas adjustment method in the W/BtMeOH
system refers to the addition of extra H,. Renewable energy
plays a more aggressive role in the energy supply chain nowa-
days, and thus applying WEC driven by green energy can be a
good choice. Given that WEC can produce sufficient H, inde-
pendently, in the upstream the feedstock can be partially oxi-
dized for syngas production or completely combusted for
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power generation. In the case of syngas production, Safder
et al*? reported that the application of the
GSF-AGR-FS-FSP-WEF route with waste heat recovery subsys-
tem results in the 5. of 71.63%, #e,, of 78.13%, tier-Il GWP of
0.61 kgco,eq k&meon ', and LCOMeOH of 103 $ per toNyeon-
Zhang et al.*** and Wang et al.>** investigated the performance
of W/BtMeOH systems based on the same route, reporting the
Nex Of 64-69%, 7., of 67-68%, and DPP of 3-5.5 years. The
major exergy destructor was the GSF (~38%), WEC (~30%) and
FS (~20%) subsystems. Anetjirvi et al.*** further recovered the
waste exergy from the residual gas, reporting #enmeon Of
59.5%, #en,total Of 85.8%, CCE of 89.8%, and LCOMeOH of 511
€ per tonyeon. In the power generation case, the reported
economic indicators are not preferable. Sun et al.**® proposed
a WtMeOH system based on the COMB-sCO,-FS-FSP route,
reporting the 5., of 74.83 and LCOMeOH of 728.40 $ per
tonyeon. Only when the cost of WEC was reduced to 40 M$ per
250 MW and the carbon emission credit was higher than 70 $
per t, the MSW-based MeOH was more economically advan-
tageous than fossil-based MeOH. Pratschner et al.>*” further
discussed a BtMeOH system based on a similar route, with the
maximized system availability under the maximized renewable
energy share in the total energy consumption. They reported
that the annual operating hours decreased to 3000 h a~* under
the local conditions, and with an increase in the system
capacity from 50 to 1000 MW,;, the LCOMeOH improved from
785.4 to 569 € per tonyeon- A high carbon tax of 308 € per tco,
was the premise of competition with the fossil-based MeOH.

Besides steam, CO, or syngas can also be input to the WEC
as feedstock. Rajaee et al**® compared the performance of
GSF-based BtMeOH systems with a steam electrolyzer, syngas
electrolyzer, and steam-CO, co-electrolyzer in the SOEC. All
cases exhibited a similar 7, of 67-69% (77-81% with district
heating) and CCE of 91-93%, and it can be observed that the
steam electrolyzer and syngas electrolyzer cases had compar-
able LCOMeOH (529.02 $ per tonyeon and 526.49 $ per
tonyeon, respectively). The steam-CO, co-electrolyzer yielded
the highest LCOMeOH of 582.43 $ per tonyeon due to its high
TCI and electricity consumption. Overall, the investment in
WEC could account for approximately 20% to 50% of the total
TCL343—346,348

Conventionally, the reforming of methane can be a con-
venient choice, given that the reforming gas introduces extra C
and H contents, promoting the methanol production capacity.
Ostadi et al®'® proposed a BtMeOH system based on
GSF-AGR-FS, with an NG pyrolysis subsystem as the external
H, source. They discussed 5 situations of possible heat supply
to the NG pyrolyzer, including electric heating, internal heat
recovery, and combustion of H,, syngas or NG. The results
showed that for all cases, CCE, 7,, and LCOMeOH were very
close, ranging from 49-53%, 49%-56%, and 440-470 $ per
tonmeon, respectively. If considering the carbon credit created
by biogenic CO, and carbon byproducts, the case applying the
internal heat recovery had the lowest tier-IIl GWP (—141 Kgco,,
eq Der tonyeon), while the case combusting NG had the
highest one (636 kgco,eq Per tonyeon). Regarding the choice
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of external H, source, Liu et al.>*° compared a BtMeOH system
based on the GSF-SEWGS-FS-FSP-RGU route when using NG
dry reforming (DRM) or SOEC as the external H, source. They
claimed that the SOEC case showed a higher #e
(71.60-57.14%) and a lower tier-1 GWP (117.08-168.71 kgco, eq
per tonyeon), while the DRM case had a lower MSP (~470-510
$ per tonyeon) due to the increased MeOH production
capacity. Ostadi et al®° further compared the W/BtMeOH
system based on the GSF-AGR-FS-FSP route, with NG pyrolysis
or SOEC. It claimed that the CCE improved from 44.3-94.3%
after the addition of extra H,, and based on the same MeOH
production capacity, applying NG pyrolysis yielded an
LCOMeOH of 433 $ per tonyeon, which was almost half of that
of applying SOEC (853 $ per tonyeon)- Also, they proposed that
the SOEC could be applied when the electricity price is low,
and during the high-electricity-price period, the NG pyrolyzer
could be a substitution.

Landfill gas is usually a mixture of CH, and CO,, and
aiming at the in situ synergistic utilization of excavated waste
and landfill gas, Tang et al.>*' proposed a WtMeOH system
based on GSF-AGR-FS-FSU-RGU route, with SOEC and landfill
gas autothermal DRM as the H, source. They reported the #,
of 72-75%, tier-IlI GWP of 700-900 kgco,eq PET tONyeon, and
LCC of 300-310 $ per tonyeeon. In terms of GWP, the fugitive
emission during the excavation process reduced the advan-
tages of the proposed system to the fossil-based system, and
with the Chinese energy structure becoming greener, the tier-
III GWP was predicted to be reduced to 530-700 kgco,eq PET
tonyeon by 2035.

Numerous studies have conducted a comparison of the per-
formance of W/BtMeOH systems with the internal and external
syngas adjustment method. Butera et al.** also reported that
the integration of SOEC boosted the methanol yield in a GSF-
based BtMeOH system compared to applying WGS-AGR (en,
meon improved from 18-46% to 65-82%). Regarding the
choice of gasifying agent, using an 0,/CO,/H,0 mixture could
yield a higher #e, (54.4%-48.6%) and CCE (57.5%-47.2%)
compared to the use of an O,/H,0 mixture, but it also resulted
in increase in the SOEC area (from 3610.30 m” to 2687.00 m?)
due to the higher H, requirement. Sun et al.>>* compared the
performance when applying WGS-AGR as the internal and
additional SOEC as the external adjustment method in a
WtMeOH system. The results showed that the integration of
SOEC had a higher 7., (60.8% to 41.5%) but lower LCOMeOH
(355.89 $ per tonyeon to 406.09 $ per tonyeon), and to ensure
the advantage of economic performance compared to fossil-
based MeOH, it required a carbon tax over 350 $ per tonco,
and PV electricity cost below 0.055 $ per kW per h. Poluzzi
et al.*®* also discovered that the integration of SOEC improved
the MeOH yield by 59.63% in a BtMeOH system based on the
SEG-FS-FSP-RGU route. Also, they pointed out that the increase
in WEC capacity factor and decrease in WEC cost were the key
to the reduction in LCOMeOH, and an MeOH selling price
higher than about 500 € per tonyeon Was required for econ-
omic feasibility. Klith et al.** further discussed the effect of
electrification ratio on the performance of a BtMeOH system.
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The results showed that compared to the baseline condition
(internal AGR with partial combustion syngas for heat supply),
combing direct electrification (heat supply electrically) with
indirect electrification (additional H, for syngas adjustment)
was the best choice, which could improve the CCE and
HenMeon from ~43.50% to 94.00% and 54.70% to 60.30%,
respectively, with a decrease in LCMeOH from 730 € per
tonyeon to 706 € per tonyeon- If the electricity emission factor
decreased to 0-200 gcowq kW™ h™", the tier-Il GWP of the
biomass-based MeOH could be less than 50% of that of the
fossil-based MeOH. Zhang et al.>*® also compared the perform-
ance of a BtMeOH system with adjustment methods of
internal WGS-AGR (baseline), external H, supply by SOEC, NG
pyrolysis, or NG chemical looping reforming. The baseline
case showed a CCE of 63.11%, 7e of 38.50%, tier-II GWP of
2.88 kgco,eq kgweon ', and LCOMeOH of 2019.29 $ per
tonyeon. The optimal case in the aspects of exergy effective-
ness, environmental sustainability, and economical attractive-
ness was NG (CCE of 91.42%, 7. of 63.95%, tier-Il GWP of
1.41 Kgco,eq kgweon ', and LCOMeOH of 1610.00 $ per
tonyeon), SOEC (CCE of 85.69%, 7ex of 53.58%, tier-Il GWP of
1.07 Kgco,eq kgmeon ', and LCOMeOH of 2334.77 $ per
tonyeon), and NG chemical looping reforming (CCE of
89.93%, ex Of 55.35%, tier-II GWP of 1.13 kgco,eq K8meon
and LCOMeOH of 1402.58 $ per tonyeon), respectively. With
an increase in the plant scale from 0.1 X 10° tonpjomass PEr a to
1.7 x 10° toNpjomass Per a, the LCOMeOH of all cases had a
reduction of ~57%.

Given that MeOH is a vital precursor of DME, the pro-
duction of DME can be seen as an extension of the production
of MeOH. Besides the choice of syngas adjustment methods,
synthesizing DME from syngas can be divided into a one-stage
and two-stage process. In the two-stage synthesis process, the
WGS reaction and hydrogenation of CO and CO, firstly occur
in the MeOH synthesizer, and the produced MeOH undergoes
a shrinkage process to produce DME in the DME synthesizer.
Alternatively, in the two-stage process, all the above-mentioned
reactions occur together in the standalone DME synthesizer.

Regarding the two-stage synthesis process, Xu et al’*’
reported that with the application of internal WGS-AGR adjust-
ment and a sCO, subsystem to recover the waste heat, the pro-
posed BtDME system yielded the 7ex of 41.12%, 7., of 49.54%,
and LCODME of 286-686 $ per tonpye. The exergy loss shares
in the FS and GSF subsystem were 58% and 31%, respectively.
Zhang et al®*® proposed a BtDME system based on the
GSF-CLC-FS-FSP route, with sCO, subsystem to recover internal
heat, and part of the H, was split for NH; by-production. They
reported the 5¢, of 46.70% and 7., of 60.15%. GSF, FS&FSP,
and AR exhibited the largest exergy losses, accounting for
43.02%, 33.24%, and 4.50% of the total exergy loss, respect-
ively. With DME being sold at 686 $ per tonpyg, the BtDME
system yielded a DPP of 8 years. Sun and Tang® reported that
the 7ex, tier-I GWP, and MSP of the WtDME system with SOEC
were 57.37%, 4.38 kgco,eq kgome ', and 653.9 $ per tonpug,
respectively. Regarding the one-stage synthesis process, Im-orb
et al*%%% also investigated the performance of a BtDME
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system applying internal WGS-AGR adjustment, reporting the
Nen Of 59.5% and tier-Il GWP of 1.45 kgco,eq kgome - The
GWP was dominated by the energy consumption (mainly in
the AGR subsystem), and regarding the endpoint LCA indi-
cators, the ecosystem was more significantly influenced than
human health. The results were also favorable for economic
performance, given that a negative NPV was reported with
DME sold at 840 $ per tonpyg. For the comparison between
the one-stage and two-stage process, Kofler et al.**'** com-
pared the performance of a BtDME system with WEC as the
external H, source when applying the one-stage or two-stage
process, and the results showed that the two-stage process pro-
moted both the #., and CCE by 3-13% and 10-40%, respect-
ively, due to its higher DME yield. Economically, the one-stage
process benefited more from low biomass prices and high
process heat revenues, while the two-stage process benefited
more from low WEC prices and electric prices due to its large
hydrogen consumption. Moreover, in both processes, the intro-
duction of POX led to an increase in carbon efficiency, while
that of hydrogen quenching only had a positive impact on the
CCE of the two-stage process.

4.4 Comparison of W/BtE systems with various production
purposes

The fundamental factor in the performance of W/BtE systems
is the variation in the feedstock. Qi et al.'® comprehensively
compared the basic characteristics of MSW and biomass
through statistical analysis, reporting that the ultimate and
proximate results of the MSW had a wider distribution range
than the biomass due to the diversity of MSW compositions.
Furthermore, on average, MSW had a higher value of C, H,
and volatile content, but lower value of O and fixed carbon
content, which resulted in the promotion of light combustible
gas production, with the suppression of generation of oxygen-
containing substances, and vice versa for biomass. In the case
of the typical MSW compositions, a high carbon content is
often related to high molecular weight polymers (such as plas-
tics, waste tires and chemical fiber), but it also brings an unex-
pected Cl content.*®® The main contributor of S content is
food waste and rubber, and waste paper also has a modest S
(also Cl) content.*®* The use of biomass as the feedstock
results in a lower environmental burden not only due to its
lower S and CI contents, but also its complete biogenic carbon
content. The biogenic carbon content refers to the carbon
sequestered during biomass cultivation,*®* the emission of
which is considered carbon-neutral, and consequently the
capture of biogenic carbon creates a negative value of GWP as
carbon credit.'****> Some studies also considered the pro-
duction of biochar and the oriented activated carbon as a type
of carbon credit.**® Meanwhile, the emission of fossil carbon
is seen as a positive value of GWP. Given that the reported bio-
genic CO, fraction in MSW is in the range of 40% to 80%, WtE
systems often have a positive GWP, only when considering the
avoided carbon emission from landfill.*®” Also, the differences
in policies and regulations in the field of waste or biomass
treatment matter, and firstly located in the cost of acquiring
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feedstock. In the case of biomass, its acquisition is often seen
as a purchase process, which occupies a large share of variable
cost. Alternatively, regarding waste, its disposal brings extra
income in the forms of a subsidy or gate fee, which plays a
decisive role in some cases, especially when using sludge with
a high moisture and ash content as the feedstock. Besides,
with the differences in biogenic content, more carbon tax can
be levied for WtE systems, and if there are incentives for low-
carbon products, the carbon-related economic performance
will become more significant.>®®

Another influential factor for various W/BtE systems is the
determination of their final product.

As mentioned in chapter 3, when the final product varies,
the results of energy, exergy, and advanced exergy do not seem
to be comparable, given that the difference in the product
energy/exergy level and the assumed assessment boundary
causes an ununiformed benchmark and end point of calcu-
lation. Typically, the thorough W/BtP conversion is reported to
be less exergy effective than the that of W/BtF because the con-
version of fuel to power or heat is not discussed inside the
boundary. Alternatively, environmental and economic indi-
cators from the perspectives of the feedstock and the whole
system can be applicable. The systematic indicators include
total periodical emission, NPV, DPP, and IRR. Also, it is rec-
ommended that the environmental impact and levelized cost
or profit of per unit feedstock treatment be determined. Sun
et al.¥’ compared the comprehensive performance of WtH,
WING, and WtP systems, pointing out that WtH and WtNG
reduced the tier-I GWP by 90-95% to that of the WtP system
without CCS, with an increase in LPOMSW from 40-60 ¥ per
tonysw to 238.35 and 96.42 ¥ per tonysw, respectively. Also,
the WtP system is more sensible to the fluctuation of electricity
sales tariff and MSW subsidy price, given that these two
aspects are the main income source. If the carbon tax is only
to the levied direct emission, both WtH and WtNG show
strong economic resistibility to the boosting of carbon tax due
to the low tier-I GWP and the high added-value of the product.
Regarding the choice of NG, MeOH and DME, Sun et al®®
further reported that the IRR of the WtNG, WtMeOH and
WtDME systems with WEC was 11.37%, 9.42% and 15.60%,
respectively. All three systems had a close TPC, and the differ-
ences in IRR were mainly attributed to the higher revenue
from selling fuel in the WtDME system, and the excess oxygen
selling in the WtNG system. Besides, the tier-II GWP of
WtDME and WtNG was about 8% and 3% higher than that of
WtMeOH system, respectively. The breakeven renewable energy
on-grid tariff for WtNG and WtMeOH system was 0.04-0.05 $
per kW per h, and for WtDME system was 0.05-0.06 $ per kW
per h. Eisavi et al.**>*’° also revealed that BtNG system had
better environmental and economic performance than
BtMeOH system. Urea production can be seen as an extension
of NH; production, given that it can be synthesized using NH;
with the captured CO, from the WGS subsystem. AlNouss
et al.>® pointed out that for the BENG, BtMeOH and BtA&urea
systems, using steam as the gasifying agent was the best
option to obtain value-added products with higher profits and
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lower emissions. With the goal of the optimal syngas utiliz-
ation, they reported the tier-Il GWP of 0.72 kgco, eq KZbiomass
0.97 Kgco,eq Kbiomass '» and 1.25 kgco, eq Kgbiomass  for the
BtMeOH, BtP and BtA&urea systems, respectively. Alternatively,
in terms of economic performance, the ranking was BtMeOH >
BtA&urea > BtP, with the LPOB of 0.114 $ per kgpiomass, 0-105 $
per Kgpiomass; and 0.098 $ per kgpiomass, respectively. Overall,
compared to the conventional W/BtP system, the production of
value-added fuel proved its potential in reducing the environ-
mental impact with enhanced economic feasibility under the
premise of foreseeable restricted policies and regulations.

Regarding W/BtE systems with various production pur-
poses, the treatment of tar is an unavoidable issue. The for-
mation of tar in W/BtE systems leads to the potential risk of
catalyst deactivation and the issues of blockage and corrosion
in the downstream equipment. The tar removal strategies can
be divided into in situ and ex situ methods.’”* The in situ
method strategy aims to reduce the tar content in the gasifier
or pyrolizer outlet by reactor design refinement (e.g., Fig. S7(2.
d) and S8(4.c)t), optimization of the operation conditions (see
Table 4), and the application of an in situ catalyst (e.g., appli-
cation of SEG). The common ex situ tar removal strategy works
independently as a downstream section of the gasifier or pyro-
lizer, including physical removal, thermal cracking, and cata-
lytic cracking.’”? Physical removal of tar depends on inertial
separation in the cyclone, adsorption of porous solid solvents
in the tube, or adsorption of liquid solvents (water or oil) in
the scrubber. Regarding these methods, tar is just separated
from the main product flow, and if the tar is not further uti-
lized, it would cause considerable loss in energy efficiency and
extra consumption of power and chemicals for the auxiliary
device operation.>”® The thermal cracking method refers to the
cracking of tar within the reaction temperature above
1000 °C,*”* and this method is seldom used in W/BtF systems
given that the initial temperature for PY and GSF is usually
under the required temperature window. The catalytic cracking
method refers to the reforming of tar in the presence of a cata-
lyst and a reforming agent (such as steam, CO,, and O,) in the
temperature range of 500-900 °C.”%® Several studies have
reported the application of the catalytic cracking
method,***2°7373 and they reported the promotion of H, yield
after the catalytic cracking of tar. Generally, previous studies
tended to report the specific results of systematic TEE perform-
ance when considering the effect of the formation and the
removal of tar, but few quantitatively compared the TEE per-
formance with and without tar removal. Thus, future studies
are encouraged to report and compare the TEE performance
for the same W/BtE system with different tar removal
strategies.

5 Prospects and shortcomings
5.1 Enhancement in data source quality

The quality of data sources directly determines the accuracy
and credibility of the assessment results. The quality of the
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data sources can be enhanced in the aspects of scale-up vali-
dation and design data, and regionalized background data
databases. Regarding the design and validation of the pro-
posed W/BtE systems, recent studies mostly use existing
results of laboratory-scale experiments as references of the
thermochemical processes, and given that the scale of the pro-
posed systems is usually far beyond the laboratory scale, the
participation of results from pilot plants or even real operating
facilities is necessary. Besides, plenty of studies have investi-
gated the effect of catalysts or additives applied in the W/BtE
process, and the ones with good performance were screened.
Although the experiment results are well-presented and dis-
cussed in-depth, the quantified and detailed descriptions of
the reactions parameters are rarely reported (such as kinetic
model parameters). Thus, revealing the operation data from
plants beyond the pilot scale and the application of fine-scale
reaction models can significantly improve the data fidelity
during the scale-up simulation.

The establishment of a regionalized background database
can help refine the environmental assessment results, given
that W/BtE systems can be influenced by many local factors.
The first factor is the feedstock characteristics. Most W/BtE
systems tend to choose feedstocks with low cost, easy and
nearby collection accessibility, and sufficient supply capability.
The composition can have strong regional patterns, given that
both the category and the cultivation process are deeply influ-
enced by the local additions.’”’*”® The MSW composition is
even more sensible, given that it is directly related to the local
sociocultural, environmental and economic variables.>”9%°
Then, the W/BLE process is always accompanied with the large
consumption of energy and auxiliary chemicals. The value of
electricity emission factors is determined by the development
of the regional energy supply structure, and it can differ greatly
at the national level or even provincial level.*®' % For the
acquisition of chemicals, advanced manufacturing techno-
logies can reduce the environmental impact of chemical pro-
duction.®® This means that more developed regions can
consume energy and chemicals with lower cost and impact,
and if the background data cannot reflect the actual level in
these regions, the environmental impacts can be exaggerated.
Similarly, these reasons can be also applicable to the feedstock
collection and the waste disposal processes. To date, several
LCA databases have been fully developed and under compre-
hensive application, including ecoinvent, ELCD, GaBi, and U.
S.LCL**>3%¢ Notably, the establishment of the above-men-
tioned databases is mainly based on the data from developed
countries. In the case of developing countries, especially in
China, more effort should be devoted to establishing and
improving the databases, among which the CLCD and
Tiangong databases are the most recognized ones.

5.2 In-depth consideration of realistic conditions - from
geographical to technical

Given that recent studies conducting a system-level TEE assess-
ment tended to focus more on the mid-term and long-term
performances, the basic assumptions of W/BtE systems needs
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to be based on the realistic geographical and technical con-
ditions, and the sensitivity analysis should be conducted to
show the performance fluctuations due to the changed con-
ditions. Geographical conditions are always related to the
supply of the feedstock and the generation of renewable
energy. The feedstock supply chain has uncertainties in terms
of availability, characteristics, and acquisition cost. Biomass
harvesting is seasonal, and the quality of the biomass can be
affected by a change in the climate. If the biomass is in short
supply and the quality of the feedstock decreases, the price of
biomass will also increase, and potentially extra cost is due to
the additional purchasing of biomass or longer transportation
distance. Also, the same phenomena occur in the supply chain
of waste, especially with the implication of waste classification
policy, where the quality of waste is expected to improve (see
Fig. 11(a)),*®” and the subsidy for waste treatment will fluctu-
ate relatively.*®® Then, for the generation of renewable energy,
it strong relies on the location conditions, which decides the
proportion of renewable energy in the total energy supply.>®” If
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the energy consumption is satisfied by renewable energy, the
compatibility between the designed energy consumption and
the theoretical renewable energy generation capacity should be
carefully considered. It is meaningless to discuss the partici-
pation of renewable energy when the local conditions can not
satisfy the assumed requirements, and even if the system per-
formance is outstanding, the result cannot provide any refer-
ences for realistic operation.

Technical condition is the in-depth reflection of the geo-
graphical conditions. The geographic information system (GIS)
tool can be applied for waste®?'*%73% or biomass®?¢3®
supply chain optimization, given that spatial variability has a
significant impact (see Fig. 11(c)). The results show that trans-
portation costs will increase due to insufficient biomass avail-
ability, long transportation distances, and even backward
transportation network for W/BtE systems with a large pro-
duction capacity. In terms of the possible dynamic variation of
the feedstock characteristics, the operation adjustment in the
original system with new parameters should be investigated,
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instead of using new parameters as the initial conditions for a
newly proposed system, which is also applicable for the sensi-
tivity analysis of other parameters. Similar to the reactor level,
the operation adjustment can not only influence the eventual
product generation, but also destabilize the distribution of
various field parameters. To solve this issue, it is rec-
ommended to investigate the dynamic performance by apply-
ing multiple simulation models. Tang et al'®® provided a
potential combination, by simulating the solid-phase combus-
tion on a grate, the gas-phase combustion in a furnace, and
non-grate solid-phase combustion in a WtP system by FILC,
Fluent, and Aspen Plus, respectively (see Fig. 11(b)). The simu-
lation results provided references for both the adjustment
range of the manipulated variables and the visualized and
optimized control operation, given that it can optimize the
comprehensive systematic performance when avoiding process
safety risks in the furnace. The process in the W/BtF system is
always energy consuming, and maximizing the proportion of
renewable energy in the total consumption of the W/BtE
system is the main technical challenge. For the direct utiliz-
ation of solar energy as the heat source, the relationship
among solar heat input, other additional heat sources, and
temporary heat storage can be clarified in the scale of hours,
months, and seasons with a change in the direct normal
irradiance.*°®%%91°° For the utilization of renewable electricity,
locating the supply-demand gap and covering it with grid elec-
tricity is an inescapable issue in the continuous system
operation.??>4°149 pratschner et al.**” pointed out that with
the balance of maximizing the plant availability and the renew-
able electricity share in the total energy supply, the annual
operating hours can decrease due to the daily and seasonal
intermittency (see Fig. 11(d)). In terms of the energy-export W/
BtP system, with the foreseeable future of increasing pene-
tration of intermittent renewable electricity, the effect of grid
balancing can be significant (see Fig. 11(e)),*****® given that
thermal W/BtP systems would not be dispatched frequently,
and the application of the power storage system can increase
the annual operating hours to promoting the economic
system.”®® The integration of the CCS subsystem also faces the
challenge of balancing the internal heat requirement and the
local heating supply.*®

6 Conclusion

W/BLE technology plays an increasingly vital role in the future
energy structure and environmental management, where com-
bustion, gasification and pyrolysis are the three classical
primary thermochemical W/BtE processes. This study high-
lighted the importance of the ex ante TEE assessment based
on process simulation, and comprehensively reviewed the
basic structure, principles and calculation method. The key
findings can be concluded as follows:

« The model establishment for process simulation at the
reactor level is mainly based on the choice of modelling
approaches according to the assumed operational conditions.
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With the input of simple initial conditions, the thermo-
dynamic equilibrium model can give rapid equilibrium-state
results at low computing cost and shows great accuracy at high
reaction temperatures. When considering the non-equilibrium
predictions with finite time and volume and the needs of geo-
graphical field parameter distribution, the kinetic model is
preferable, given that it simulates the overall reaction rate with
parameters. If further integrating hydrodynamic and thermo-
dynamic governing functions groups, the kinetic model is
improved to become the CFD model, which can predict
detailed field parameters in both the steady and non-steady
state, but the difficulties are the model complexity and con-
siderable computing power. The ML model can be applied for
almost all conditions with excellent solution capacity for
complex non-linear relationships, but its non-interpretability
and high data-dependency are its main weaknesses.

+ The common techno-environmental-economic assess-
ment method mainly includes the 7Es of energy, exergy,
advanced exergy, environmental, economic, exergoenviron-
mental, and exergoeconomic analysis. The energy, exergy, and
advanced exergy analyses all facilitate the understanding of
the principle of energy conversion inside W/BtE systems, and
the comparison of the results should be based on same pro-
duction purposes and calculation benchmark. The environ-
mental analysis at different tiers can evaluate the environ-
mental impacts of daily operations and technological improve-
ment in W/BtE systems at various levels, and it is suggested to
compare the results based on the same choice of assessment
methods. The economic analysis is always based on several
simplified assumptions, and thus modification of the result by
engineering data and the comprehensive sensitivity analysis is
necessary. The exergoenvironmental and exergoeconomic
assessments identify the environmental impact mitigation pri-
ority and the cost-effectiveness of the components inside W/
BtE systems, and the selection of LCIA method and economic
assumptions are the foundation for the result comparability.

« The primary thermochemical process is the core of the
W/BtE system, and the process simulation should provide
specific parametric guidance aimed at targeted performance
indicators. According to the production purposes, W/BtE
systems can be classified into W/BtP and W/BtF systems.
Regarding the W/BtP system, the integration of a CCS subsys-
tem can promote the GWP with extra energy penalty and econ-
omic cost, and if the carbon tax or credit improves to a certain
high level, the W/BtP system can be more beneficial that the
fossil-based system. Regarding the choice of CCS, post-com-
bustion capture has the vastest adaptability with great energy
penalty and capture cost. Pre-combustion capture has compre-
hensive techno and economic advantages, but its application
scenarios and carbon capture efficiency need to be further
improved. Oxy-fuel combustion capture is attractive owing to
its high carbon capture efficiency and convenient carbon
capture subsystem design, but it lacks industrial experience in
the issues of construction cost and operation safety. The
expansion from the W/BtP system to W/BtCHP and W/BtCCHP
systems is based on the construction of multi-stage heat utiliz-
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ation subsystems. Given that the limited exergy recovery rate is
always covered by a large energy recovery rate, and the econ-
omic cost and tier-III systematic GWP will fluctuate with the
complexity of the utilized subsystems, the coproduction
process should balance the comprehensive balance carefully.
Regarding solar assistance in W/BtP systems, it includes
photovoltaic and photothermal ways, where the latter remains
a more pragmatic choice for heating the feedstock, gasifying
agent, and working mediums in the power cycles. CAES, TCES
and WES can be good choices as energy storage systems.

« W/BtF systems include W/BtH, W/BtA, W/BtSNG, W/
BtMeOH, and W/BtDME systems. In the case of the W/BtH
system, it includes GSF-based, PY-based, CLC-based, and CLG-
based routes from initial thermochemical process perspec-
tives, and WGS-based, SEWGS-based, and SEG-based routes
from intermediate reaction perspectives. The GSF-based route
can maximize the syngas yield, which benefits the promotion
of the H, yield, while the PY-based route lowers the H, yield
due to the coproduction of bio-oil and bio-char, and the CLC-
based and CLG-based routes can directly obtain a high-purity
H, stream from the SR. The WGS-based route is the most con-
ventional way, which is always integrated with pre-combustion
capture, and the application of SEWGS and SEG realizes
higher H, yields and CO, capture rates due to the fact that
in situ CO, capture pushes the reaction equilibrium of GSF
and WGS forward to the generation of H,. However, it also
brings the potential consumption of energy to a higher level.
The W/BtA system is an extension of the W/BtH system, given
that the H, product of the W/BtH system is further utilized for
NH; synthesis, most commonly with N, from the internal
source, such as ASU, AR in the CL, and cathode of the FC. The
application of CL is more advanced, given that it can produce
hydrogen- and nitrogen-rich streams in the SR and AR without
energy penalty, and consequently high-purity hydrogen and
nitrogen can be acquired after simple gas-liquid separation
for the synthesis of NHj, respectively. The newly discovered
concept of NC can also be applied in W/BtA systems with
biochar as the feedstock. The choice of adjustment method is
the key point in the W/BtSNG, W/BtMeOH, and W/BtDME
systems, which concentrates on steam reforming and CO,
removal as the internal method, and H, addition as the exter-
nal method. It was reported that with the extra consumption
of renewable energy, applying WEC as an external H, source
can promote the product yields and levelized product cost.
Compared to the W/BtP system, the W/BtF system has proven
its potential in reducing the environmental impact with
enhanced economic feasibility under the premise of foresee-
able restricted policies and regulations.

« The prospects of the process simulation-based ex ante
TEE assessment of thermochemical W/BtE systems are
focused on the enhancement in data source quality and in-
depth consideration of realistic conditions. More results from
pilot- or commercial-scale systems and refined reaction
models should participate in the validation and establishment
of the simulation model. The application of regionalized back-
ground databases can remarkably increase the accuracy of the
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results with the consideration of local factors. Besides, realistic
geographical and technical conditions should be considered
more in-depth in the assessment, such as the local feedstock
supply chain, intermittent renewable energy supply, and the
balance of grid and heat supply network. It is strongly rec-
ommended to investigate the operation adjustment in the orig-
inal system with new parameters, instead of using new para-
meters as the initial conditions for a newly proposed system,
with the application of multiple simulation models.

Overall, the ex ante TEE assessment based on process simu-
lation can realize the risk avoidance and advantage positioning
before the application of low-carbon W/BtE technologies. With
the development of advanced W/BtE technologies, the impor-
tance of assessment would also become more outstanding,
given that it bridges the gap from laboratory to potential appli-
cation scenes.

Abbreviations

AEC Alkaline electrolysis cell

AGR Acid gas removal

APC Air pollution control

API Annual production income

AR Absorption refrigeration

ASU Air separation unit

ATP After tax profit

BEC Bare erected cost

BFB Bubbling fluidized bed

CAC Carbon avoided cost

CAES Compressed air energy storage

CaL Calcium looping

CBR CO, to biomass ratio

CCC Carbon captured cost

CCE Carbon conversion efficiency

CCR CO, capture rate

CCS Carbon capture and storage

CCHP Combine cooling, heat, and power production
CEPCI  Chemical engineering plant cost index
CFD Computational fluid dynamics

CHP Combined heat and power production
CHU Cascade heat utilization

CKPW  Computer keyboard plastic waste

CL Chemical looping

CLAG Chemical looping ammonia generation
CLC Chemical looping combustion

CLG Chemical looping gasification

COMB  Combustion

DDBM  Double declining balance method
DEM Discrete element method

DFB Dual fluidized bed

DME Dimethyl ether

DO Discrete ordinates

DPP Dynamic payback period

DRM Dry reforming of methane
Engineering procurement and construction cost
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ER Equivalence ratio

ESW Electrical switch waste

FC Fuel cell

FCI Fixed capital investment

FS Fuel synthesis

FSP Fuel separation & purification
SGSF Steam gasification

SLM Straight line method

SNCR Selective non-catalytic reduction
SNG Synthetic natural gas

SOFC Solid oxide fuel cell

SR Steam ratio or steam reactor

SYDM Sum of the years digits method
TASC Total as-spent cost

TCC Total capital cost

TCES Thermochemical energy storage
GSF Gasification

HE Heat exchanger

ICE Internal combustion engine
IRR Internal rate of return

LC Levelized cost

LCA Life cycle assessment

LCC Life cycle cost

LCI Life cycle inventory analysis
LCIA Life cycle impact analysis
LHV Lower heating value

LP Levelized profit

MACRS Modified accelerated cost recovery system
MED Multi-effect distillation

MeOH  Methanol

M&S Marshall and Swift index

MSP Minimum selling price

MSW Municipal solid waste

MPW Mixed plastic waste

NC Nitrogen carrier

NETL National energy technology laboratory
NGR Natural gas regasification
NPV Net present value

OoC Oxygen carrier

OCOMB Oxy-combustion

OFA Over-fired air

OGSF Oxy-gasification

ORC Organic Rankine cycle
PA Primary air

PCB Printed circuit board

PEMEC Proton exchange membrane electrolysis cell
POX Partial oxidation

PP Polypropylene

PSA Pressure swing adsorption

PY Pyrolysis

RANS Reynolds averaged Navier-Stokes
RC Rankine cycle

RGU Residual gas utilization

SA Secondary air

sCO, Supercritical CO, cycle
SECLG  Sorption-enhanced chemical looping gasification

This journal is © The Royal Society of Chemistry 2025

View Article Online

Tutorial Review

SEG Sorption-enhanced gasification
SEWGS Sorption-enhanced water gas shift
SER Steam ejector refrigerator

TE Thermodynamic equilibrium

TEE Techno-environmental-economic
TOC Total overnight cost

TPC Total plant cost

W/BtE ~ Waste or biomass to energy

WwC Working capital

WEC Water electrolysis cell
WGS Water gas shift

WtLE Waste to energy

W/BtF  Waste or biomass to fuel
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