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Turning sewage sludge and medical waste into
energy: sustainable process synthesis via
surrogate-based superstructure optimizationt

Jianzhao Zhou,? Jingzheng Ren {2 **® and Chang He®

Waste-to-energy (WtE) conversion offers a promising solution for sustainable waste management, but
identifying economically viable and environmentally sustainable pathways remains a significant challenge.
To address this issue, this study presents an optimal process design for simultaneously converting medical
waste and sewage sludge into energy based on a novel superstructure optimization framework. The super-
structure integrates waste plasma gasification, CO, capture, and fuel production, with economic profit and
carbon emissions of each unit quantified through high-fidelity process simulations. To reduce the compu-
tational complexity, high dimensional model representation (HDMR)-based surrogate models are developed
utilizing simulation data. With a compact surrogate model, efficient mixed-integer nonlinear programming is
employed to identify the optimal pathway toward maximizing profit. The results reveal that producing hydro-
gen is the most economically favorable option, yielding a profit of 228.68 $ per h and carbon emissions of
3.82 t CO, equivalent (CO,-eq) per h in the case study. Sensitivity analysis shows that increasing the ratio of
medical waste enhances economic benefits but also raises carbon emissions. Additionally, the critical role of
carbon tax in selecting low-carbon pathways while balancing economic viability is demonstrated. Compared
to traditional waste treatment and energy production methods, the identified optimal processes demonstrate
superior performance in carbon reduction, with emissions of 1.35 kg CO,-eq per kg mixed waste under
carbon tax conditions. This research highlights the effectiveness of HDMR surrogating in superstructure
optimization and offers valuable insights for sustainable WtE conversion.

1. This study presents a high dimensional model representation-based superstructure optimization for identifying econ-
omically viable and environmentally sustainable waste-to-energy pathways, exemplified for co-valorization of medical waste

and sewage sludge.

2. The optimization can be achieved efficiently based on the proposed framework. Detailed analysis reveals that producing
hydrogen from mixed waste is the most economically and environmentally favorable option, with emissions of 1.35 kg
CO,-eq per kg mixed waste under carbon tax conditions.

3. In future work, the presented superstructure optimization framework may facilitate process design and synthesis for sus-
tainable monetization of different wastes.

1 Introduction

With population growth and societal advancement, the global
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energy demand is surging. By 2040, energy consumption is
projected to reach 860 EJ, a 48% increase from 579 EJ in 2012."
The current energy landscape remains heavily reliant on fossil
fuels, contributing significantly to approximately 87% of
greenhouse gas (GHG) emissions.> On a global scale, addres-
sing GHG emissions is widely recognized as one of the most
critical challenges for achieving sustainable development.®* In
response to this challenge,”® a key strategy is to facilitate a

Green Chem., 2025, 27,1777-1788 | 1777


http://rsc.li/greenchem
http://orcid.org/0000-0002-9690-5183
https://doi.org/10.1039/d4gc04628e
https://doi.org/10.1039/d4gc04628e
https://doi.org/10.1039/d4gc04628e
http://crossmark.crossref.org/dialog/?doi=10.1039/d4gc04628e&domain=pdf&date_stamp=2025-01-28
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc04628e
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC027006

Open Access Article. Published on 02 January 2025. Downloaded on 11/7/2025 3:44:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

secure transition toward net-zero emissions in energy systems,
as outlined in the World Energy Outlook 2022.° Smart energy
technologies, defined as tailored energy solutions that meet
specific regional needs, have garnered significant attention.®
Notably, converting solid waste into energy has emerged as a
widely accepted solution, given the substantial volume and
high calorific value of waste. According to a UN Environment
Programme report, municipal waste reached 2.1 billion tonnes in
2023, and is estimated to increase to 3.8 billion tonnes by 2050.”
Recently, researchers have focused on advancing waste-to-energy
(WLE) systems, offering an environmentally beneficial approach
for waste reduction and energy production. Thermochemical con-
version processes such as incineration, pyrolysis, and gasification
are considered effective and efficient methods for primary WtE
conversion.® These technologies decompose organic matter in
waste into smaller molecules, which can be further processed
through downstream upgrading to produce final energy pro-
ducts.” Chu et al.'® proposed a process for medical waste (MW)
treatment by integrating incineration with combined heat and
power (CHP) generation, achieving a net electricity efficiency of
22.4%. Gasification, due to its low pollutant emissions,'" has
been extensively studied for valorizing various wastes, such as
MW, sewage sludge (SS)"* and biomass waste.* Through gasifi-
cation, H, can be separated from syngas, with the carbon emis-
sions of biomass waste-to-H, processes typically ranging from
6-11 kg CO, equivalent (CO,-eq) per kg H,."> This emission is
generally lower than that of the widely used steam methane
reforming.”® Additionally, by further upgrading syngas derived
from gasification, processes have been designed and assessed for
converting waste into high-value energy carriers such as metha-
nol,"® dimethyl ether (DME),"” and Fischer-Tropsch (FT) fuels."®

With the increasing volume of waste, the co-valorization of
different types of waste has gained significant attention. The
co-treatment strategy not only ensures a sufficient feedstock
supply to meet the operational capacity of desired processes,"®
but it also has the potential to generate synergistic effects. For
example, biomass has a relatively low heating value of around
16-20.5 MJ kg™ *,'*2° which is lower than that of fossil fuels
and limits its use in thermochemical applications. To enhance
the feedstock’s heating value, mixing waste plastic with
biomass is an appealing option, as plastics have a considerable
heating value of 43-45 MJ kg™'.>! Previous studies have demon-
strated that co-gasification is a promising thermal technique for
processing mixed waste streams.>” Given its substantial poten-
tial, it is crucial to explore technically and economically viable
pathways to comprehensively manage this mixed waste.

WLE processes can be synthesized by assembling various oper-
ational units. Traditionally, most of these processes are designed
incrementally using hierarchical decomposition methods.”®
Through comparative analysis, these processes can be initially
screened. For example, Li et al>* compared three pathways for
producing energy (hydrogen/methanol) from MW. Their findings
indicated that hydrogen production was the most economically
viable, with a dynamic payback period of 3.83 years and a higher
net present value of 13783.57 k$. A more effective approach,
however, involves considering a comprehensive set of network
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design options within a unified framework and then identifying
the optimal solution based on specific evaluation criteria. This
approach, known as superstructure-based optimization, facilitates
accurate and informed decision making.*® Significant efforts have
been made to apply superstructure optimization in WtE process
synthesis. For instance, Galanopoulos et al.*® developed a super-
structure framework with seven process stages, formulating the
optimal pathway selection as a mixed-integer nonlinear program-
ming (MINLP) problem. By solving this problem, they identified
the most cost-effective pathway for an algae biorefinery, achieving
a biodiesel production cost of 4.02 $ per liter. In another study,
Ma et al® used biomass waste as the feedstock to construct a
superstructure optimization for poultry litter valorization, maxi-
mizing the return on investment for alternative processes.
Similarly, a gasification-based biomass valorization superstructure
was developed, achieving a maximum net profit of 0.124 $ per kg
biomass and minimum net emissions of 0.58 kg CO,-eq per kg
biomass.>* However, most of these studies have focused on single
waste streams, and a few WtE superstructures involve comprehen-
sive pathways that integrate carbon capture and utilization (CCU),
a promising approach to large-scale carbon reduction.””

To address the abovementioned challenges associated with
sustainable mixed WtE conversion, this study employs super-
structure optimization to identify the optimal pathway for co-
valorization of MW and SS. By incorporating CCU units, we
aim to synthesize a carbon-reduction oriented process. MW,
rich in high-calorific plastic, and SS, with lower calorific values
(11-20 MJ kg™ " (ref. 28)), are selected due to their complemen-
tary energy profiles and the urgent need for treatment (MW
contains toxic components, while SS is generated daily in
wastewater treatment). Both waste streams are rapidly increas-
ing due to population growth, urbanization, and rising living
standards.?**° By leveraging their calorific complementarities,
a comprehensive technology superstructure is developed for
converting MW and SS into energy. High-fidelity model for
each unit is constructed in Aspen Plus, followed by rigorous
techno-economic analysis and life cycle assessment. Surrogate
models based on high-dimensional model representation
(HDMR) are then constructed to estimate output composition,
economic performance, and environmental impact. The
optimization is then formulated as a MINLP problem to deter-
mine the optimal pathway. Finally, a detailed analysis was con-
ducted for the optimal solutions under different scenarios to
gain insights into the co-valorization of MW and SS. Major
novelties of this work are summarized as follows:

(1) The design of an innovative and comprehensive super-
structure that incorporates CCU technologies for the sustain-
able conversion of mixed waste into multiple energy products
including H,, methanol, DME and FT fuel.

(2) The development of detailed, rigorous models for each
operation unit, along with compact surrogate models to enable
efficient evaluation of process performance.

(3) The application of MINLP to identify optimal pathways
for co-valorization under diverse scenarios, providing valuable
insights into the most economically viable and environmen-
tally sustainable solutions

This journal is © The Royal Society of Chemistry 2025
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2 Superstructure description

A superstructure for converting mixed waste (MW and SS) into
energy has been developed by initial technical and economic
evaluation, as illustrated in Fig. 1. The properties of SS (a
mixture of primary and secondary sludge) and MW (surgical
masks) used in this study are detailed in Table S1 (see the
ESI$).*"?* The conversion process involves six major steps:
plasma gasification step (PG), syngas upgrading step (SU),
syngas cleaning step (SC), fuel production step (FP), tail gas
treatment step (TT) and flue gas treatment step (FT). Plasma
gasification is employed as the primary treatment technology,
recognized as the best method for the disposal of toxic MW.*?
In the first step, the waste is converted into syngas through
plasma gasification. Five different technological configurations
are employed in this step, each corresponding to a different
equivalent ratio (ER), a key factor influencing plasma gasifica-
tion performance.*® Increasing the ER can inhibit hydrogen
generation to some extent,>* but the resulting oxidation exo-
therm can reduce the heat input needed for the plasma gasifi-
cation process. The unit options (PG1), (PG2), (PG3), (PG4),
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and (PG5) represent plasma gasification with ER values of 0.1,
0.2, 0.3, 0.4, and 0.5, respectively. The ER range in this study is
based on prior research.*® In the second step, the syngas can
be upgraded via the water-gas shift (WGS) reaction (CO + H,O
— H, + CO,) to increase the H, fraction, or the reverse water-
gas shift (RWGS) reaction (H, + CO, — CO + H,0) to decrease
the CO, fraction. Option (SU1) employs the RWGS reaction
using an Fe-Mo/Al,O; catalyst.>® Options (SU2) and (SU3) rep-
resent the WGS conducted at a relatively low temperature with
a CuO/ZnO/ALO; catalyst®® and at a high temperature with
iron-based commercial catalysts.>” Option (SU4) includes two-
stage WGS reactors with a cobalt-molybdenum (Co/Mo) cata-
lyst, which has been reported to effectively increase the H,
fraction in syngas.>* The upgraded syngas is then cleaned to
remove undesirable components (such as water and CO,)
while retaining essential components (such as H,) needed for
the subsequent step. The upgraded syngas undergoes cleaning
to remove undesirable components, such as water and CO,,
while preserving essential components like H, required for
subsequent processes. Given the significant amounts of water
and CO, in the syngas, additional separation steps are necess-

Feedstocks Plasma Syngas Syngas Fuel Tail gas Flue gas
gasification upgrading cleaning production treatment treatment
— PGl M — SU1 SC1 | FP1 — TT1
FP2
PG2 —H T2
- |— LN
St2 s FP3 H |> FT1
B PG3 > N TT3 —>
FP4 L
—
— SU3 SC3
PG4 B B - T4
FP6
— PGS — — Su4 SC4 — P L — TI5

< <Abbreviation>

¢ m m o m o momomomomomomeomeomomeomeomeomeomomow

Fig. 1 Superstructure of converting MW and SS into energy.
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PG1: Plasma gasification with ER=0.1; PG2: Plasma gasification with ER=0.2; PG3: Plasma gasification with ER=0.3; PG4: Plasma gasification with
ER=0.4; PGS: Plasma gasification with ER=0.5; SU1: Reverse water gas shift reaction; SU2: Low-temperature water gas shift reaction; SU3: High-
temperature water gas shift reaction; SU4: High-temperature and low-temperature water gas shift reaction; SC1: Flash with high-pressure feed and CO,
capture; SC2: Flash with high-pressure feed, CO, capture and mixing H2; SC3: Flash with ambient-pressure feed and CO, capture; SC4: Flash with
ambient-pressure feed, CO, capture and mixing H,; FP1: H, production by PSA; FP2: Methanol synthesis at 220 °C, 50.7 bar; FP3: Methanol synthesis
at 240 °C, 76 bar; FP4: Single-step DME synthesis; FP5: Two-step DME synthesis without CO, feed; FP6: Two-step DME synthesis with CO, feed;
FP7: Fischer-Tropsch (FT) fuel synthesis; TT1: Combined heat and power generation with R601 as working fluid in ORC; TT2: Combined heat and
power generation with R601a as working fluid in ORC; TT3: Combined heat and power generation with R123 as working fluid in ORC; TT4: Combined
heat and power generation with R245ca as working fluid in ORC; TTS: Combined heat and power generation with R113 as working fluid in ORC; FT1:
discharge flue gas without CO, capture; FT2: discharge flue gas with CO, capture.
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ary to meet the requirements of the downstream units***® and
to minimize unnecessary processing loads on downstream
units. Depending on the pressure of the syngas from the pre-
ceding step, both atmospheric and high-pressure cleaning
options are considered, represented as options (SC1) and
(SC3). For producing energy like methanol, DME and FT fuel,
external hydrogen supplementation may also be required as a
feedstock to facilitate the synthesis reaction."®* Thus, options
(SC2) and (SC4) introduce H, on the basis of (SC1) and (SC3),
preparing the syngas for use as the feedstock in DME, FT fuel
and methanol synthesis.

In the energy production stage, four types of energy outputs
are considered: hydrogen, methanol, DME and FT fuel. These
energy products have been extensively studied in WtE
research.’® While power generation through syngas combus-
tion is technically possible, it is excluded as a primary energy
product in the superstructure. This decision is based on the
fact that waste gasification for power generation has been
shown to be both energetically and economically less favour-
able when compared to hydrogen production.*! Furthermore,
direct incineration of waste, although a current method for
waste treatment, presents significant environmental concerns,
including the high emission of hazardous substances. Instead,
the superstructure is focused on the conversion of waste into
energy products with large-scale, long-term storage
capabilities*>** and they are more suitable for integration into
flexible energy systems and contribute to a sustainable energy
transition. Option (FP1) involves the separation of hydrogen
from the syngas using pressure swing adsorption (PSA) techno-
logy. Options (FP2) and (FP3) are methanol synthesis techno-
logies, with (FP2) and (FP3) representing two optimal reactor
configurations reported for methanol synthesis using Cu/ZnO
catalysts® and Cu/ZnO/Al,O; catalysts,*” respectively. DME
synthesis is addressed by options (FP4), (FP5), and (FP6),
each representing conditions previously identified as favour-
able for DME production. Option (FP4) is the single-step DME
synthesis technology,*® while (FP5) and (FP6) represent two-
step synthesis processes, with CO, in the feedstock for option
(FP5) and without CO, in the feedstock for option (FP6)."
Furthermore, FT synthesis, one of the most widely adopted
and technologically mature method for producing liquid fuels
from syngas,*® is included in the superstructure as option
(FP7). To enhance the overall energy conversion efficiency, the
energy in the tail gas is recovered using a CHP generation unit,
incorporating both combustion gas turbine and ORC for
power generation. For the ORC working fluid, five organic
compounds (R601, R601a, R123, R245ca, and R113) with high
energy efficiencies are considered.*®*° Options (TT1) to (TT5)
represent the tail gas treatment units employing ORC with
these working fluids. After tail gas treatment, the flue gases
still contain a significant amount of CO,. Options (FT1) and
(FT2) present two flue gas treatment methods: direct emission
and recycling to CO, absorption unit using MEA (in step 3) fol-
lowed by direct emission. The model development for main
operation units is detailed in S1 (see the ESIt) while the key
operating parameters for different units are summarized in
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Table S4 (see the ESIT). Rigorous models for each unit are then
developed in the Aspen Plus simulator based on kinetic and
thermodynamic equilibrium.>*

3 Problem statement

The goal is to identify the optimal pathway for converting SS
and MW into energy, with a focus on both economic and
environmental performance, measured by net profit per unit
time*® and total carbon emissions.'® The net profit per hour is
selected as the objective function in this study for the follow-
ing reasons. Firstly, it enables a streamlined evaluation by
requiring surrogate models only for unit costs and product
capacity. The final net profit is then derived through simple
linear operations on the outputs of these surrogate models,
which significantly enhances the computational efficiency of
the superstructure optimization process. Secondly, by annual-
izing capital costs and incorporating the interest rate, this
metric accounts for the temporal impact of both capital and
operating costs, providing a robust evaluation within the
optimization framework.>? In contrast, metrics like net present
value (NPV) would necessitate the development of additional
surrogate models (for operating costs, capital costs, and
product capacity) and involve nonlinear operations, such as
division, which would decrease optimization efficiency.
Thirdly, the carbon tax is integrated into the profit calculation,
directly linking environmental performance (carbon emis-
sions) to economic outcomes. Higher emissions lead to
increased tax liabilities, thus reducing the overall net profit.
Lastly, this metric aligns with the time scale of operational
decisions, offering immediate feedback, which makes it par-
ticularly suitable for optimization tasks.”® The key assump-
tions, parameters, and decision variables involved in this
optimization problem are outlined as follows.

Assumptions:

(1) The cost and emissions associated with waste collection
and transportation are not included.

(2) Income tax is ignored in the calculation of profits.

(3) There is no loss of heat and material during transfer
among units.

(4) The process operating conditions are not varied by the
processing capacity of each unit.

(5) The relationships between inputs and outputs of each
unit are represented by surrogate models.

Parameters:

(1) The prices of utility including steam, cooling water and
electricity and consumable materials including hydrogen, pro-
cessed water, MEA and catalyst.

(2) The emission factors of utility including steam, cooling
water and electricity and consumable materials including
hydrogen, processed water, MEA and catalyst.

(3) The selling prices of hydrogen, methanol, DME and FT
fuel.

(4) Cost for wastewater treatment.

This journal is © The Royal Society of Chemistry 2025
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(5) The base capital, capacity and scaling factor of each pro-
cessing unit.

(6) The lifespan and annual operating time of the plant.

(7) Coefficients for calculating the equipment installation
cost, indirect capital, land cost, working capital and operating
cost.

(8) The processing capacities of SS and MW.

(9) The carbon tax.

(10) Parameters in surrogate models.

Variables:

(1) Binary variables for the selection of technologies at each
step.

(2) The processing capacity of each unit.

(3) The hourly cost and hourly carbon emission of each
unit.

(4) The capacities of products.

(5) Hourly profit (HP) and hourly emission (HE) of the
whole superstructure.

4 Model formulation

In the optimization model, the HP of the superstructure is cal-
culated by estimating hourly the selling income of products
(HI), the hourly cost of the superstructure (HC) and carbon tax
(CT), as shown in eqn (1) and (2)

HP =HI — HC — CT x HE

=Y P.xF Y HC,— ) CTxHE, (1)
e u u

HC, = (ACC, + OPE,)/awh (2)

where the subscripts e and u represent the energy e-th type
and the u-th unit, respectively. P, and F, represent the price
and producing flow rate of e-th energy. ACC, and OPE, indi-
cate the annual capital cost and annual operating cost of the
u-th unit. awh denotes the annual working hours, which is
determined as 8000 h.>

ACC, is calculated by the total capital cost of the u-th unit
(TCC,) with consideration of the interest rate (ir) and plant’s
lifespan (yr), as shown in eqn (3).>? ir and yr are assumed to be
8%°> and 20 years,>® respectively. Notably, these economic
parameters, including annual working hours, ir, and yr, play a
crucial role in the economic analysis, and were carefully
selected. The 8% interest rate reflects the typical rates for long-
term industrial projects in our context, while the 8000 annual
working hours and 20-year plant lifespan are based on indus-
try standards for similar WtE facilities, which have been widely
adopted in previous studies.>*>>

TCC, usually includes direct capital cost, indirect capital
cost, working capital cost and land cost. The detailed calcu-
lation of total capital cost can refer to previous studies.’® OPE,
includes variable operating costs (VOC,) and the fixed operat-
ing cost (FOC,) of the u-th unit, which is assumed to be 5.1%
of the total capital cost,”” as indicated in eqn (4). The VOC, is
calculated by the net input (negative value indicates unit

This journal is © The Royal Society of Chemistry 2025
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output) of consumable materials (F,.m) and utilities (F, ) of
unit « and their prices (P, and P), as shown in eqn (5)."®
Similarly, the carbon emissions of unit u are estimated by
F,em and F, ;. and their emission factors (ef.,, and ef,) are
based on the cradle-to-gate life cycle assessment, as shown in
eqn (6).'® The prices and emission coefficient of consumable
materials and utilities are listed in Table S5 (see the ESIf).

ACC, = TCC, x (ir x (ir + 1)) /((ir +1)" — 1) (3)

OPE, = VOC, + FOC, (4)

VOC, :ZFu‘cm ><Pcm+ZFu‘ut X Pyt (5)
cm ut

HE, = ZFuxm x efem + ZFu,ut x efy (6)
cm ut

High-fidelity process simulations based on Aspen Plus
allow for the calculation of HC and HE. However, due to the
complexity of detailed process models, which can result in pro-
hibitively high computational costs or even infeasible solu-
tions during superstructure optimization, surrogate modeling
strategies have been widely adopted in such optimization
tasks.’®>® Among these techniques, HDMR is employed to
capture input-output relationships of high-dimensional
systems. HDMR is a mathematically proven and efficient
method that reduces computational effort by shifting from
exponential scaling to polynomial complexity.®® In this study,
a truncated HDMR approach, as shown in eqn (7) is adopted.
The parameters in the formulation can be obtained by
regression using data from rigorous simulations. This tech-
nique is well-suited for capturing nonlinear systems in chemi-
cal process modelling®®* and effectively models the relation-
ships between outlet composition, cost, emissions, and inlet
composition for each unit in the process.

N K N N K K
y= C+ZZA,'JC x xk +Z Z ZZBW“" x x5 x x (7)
i=1 k=1 i=1 j=it1 k=1 n=1
where C is a constant term, A;; and B, are the first and
second order coefficients, K is the highest degree of input vari-
ables which is determined as two considering computational
efficiency and surrogating performance, subscripts i and j
denote the input parameters, and y is the function value.
The surrogate-based superstructure optimization problem
can be formulated as follows.
Objective function:
The profit is calculated based on the revenue, units’ cost as
well as carbon tax by using eqn (8).

HP = Zt:bu X PEy, X FEqg— » Z: by, x HCq,
S

- Z st,t x CT x HEg;
s t

Since the energy is produced in step 4 (fuel production
step), PE, . and FE, , represent the price and flow rate of energy
derived from technology ¢. Binary variable b, indicates the
selection of technology ¢ in step s. by, equals 1 if the techno-

(8)
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logy ¢ is selected and equals 0 if not. HC,, and HE;, are the
hourly cost and hourly emission of technology ¢ in step s.

Constraints:

In each step, only one unit can be selected and thus eqn (9)
is incorporated. In addition, according to the superstructure
constraints (as shown in Fig. 1), the technology selection for
the syngas cleaning step (step 3) is affected by the technology
selection for the syngas upgrading step (step 2), which in turn
affects the technology selection for the fuel production step
(step 4), as constrained by eqn (10) and (11).

> by = (9)

by1 =bhsz1+ b3, (10)

b31 4 b33 = ban (11)

Since in the fuel production step, technology 2 and techno-
logy 3 are employed to produce methanol while technology 4,
5 and 6 are for DME production, thus:

b472 = b4_’3 (12)

b4,4 =bs5 = bug (13)

With HDMR, the surrogate models for estimating each
unit’s HC, HE and output mass flow rate of each species can
be predicted based on the mass flow rate of each species input
to this unit. The mass flow rate of species i input to the
technology ¢ in step s is represented by f;,; and the number of
species considered in the technology is represented by N.
Thus, the flow rate of the produced fuel, the hourly cost, hour
emission and the outlet mass flow rate of species ip which will
be directed to the next step can be calculated by eqn (14)-(17),
respectively.

(14)

(15)

(16)

N N 2 2
k n
220D Buennigin Xfiei ¥ fii

i=1 j=i+1 k=1 n=1
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2

N
% %
Sorip =C+ E EAstt,ip,i,k X foi

i=1 k=1

) (17)

N N 2
k
+ Z Z ZZBS‘HPU,M X foei X fiei

i=1 j=i+1 k=1 n=1

The outlet mass flow rate of species ip in step s equals to
the mass flow rate of species ip in step s + 1, as shown in eqn
(18).

slill,ip = Zb&t stlft,ip (18)
t

Notably, in the calculation, all mass flow rates have been
normalized by specifying the feasible ranges. A base case is
designed for analysis and the used parameters are presented
in Table S6 (see ESIt). The processing capacity is assumed to
be 2000 kg h™' (the available amount of MW is usually
limited). With maximizing HP, a MINLP model can be devel-
oped and then solved using the ANTIGONE solver®® equipped
in PC with an AMD Ryzen 9 6900HX with a Radeon Graphics
processor and 16 GB RAM.

5 Results and discussion

In this study, superstructure optimization based on HDMR
surrogates was performed to identify the optimal pathways for
co-valorization of SS and MW. The reliability of the surrogate
model was first validated, with the prediction of HC for metha-
nol and DME synthesis units in the energy synthesis step
serving as the test cases. The rationale behind the selection is:
(1) The methanol and DME synthesis units are based on
complex process (including reaction and separation units)
models. (2) The HC estimation involves relatively complex cal-
culations. Therefore, the accuracy of the HDMR surrogate
models was confirmed through their performance in these
complex scenarios. Fig. S9 and S10 (see the ESIf) show the
results of HC predictions of two methanol synthesis techno-
logies and three DME synthesis technologies based on the
HDMR surrogate model, respectively. The R*> value exceeded
0.93 for methanol synthesis and approached 0.9 for DME syn-
thesis, indicating that the surrogate model performs well even
for complex tasks. Thus, it is reasonable to use the HDMR
model as a global surrogate of detailed process models devel-
oped in Aspen Plus for optimization in this work, ensuring
reliability. Despite the satisfactory performance of the HDMR
surrogate, it should be noted that a global surrogate model
can sometimes be coarse, which may impact the accuracy of
the optimization results, especially for more complex systems.
In those cases, a more refined surrogate approach could be
beneficial for greater accuracy. By using surrogate models, the
formulated MINLP problem was solved. Our results show that
for such a superstructure optimization problem based on the
HDMR surrogate model, the optimal solution can be deter-
mined within 250 seconds of CPU execution time. With the
optimal pathway, further analysis can be performed.

This journal is © The Royal Society of Chemistry 2025
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5.1 Optimal WtE strategies

Through superstructure optimization, the optimal pathway
identified for the base case yields a maximum profit of
$228.68 per hour, as illustrated in Fig. 2(a). It is important to
note that the optimal results are based on the HDMR surrogate
models and may not align perfectly with the detailed process
model developed in Aspen Plus. To validate the results, we
developed detailed flowsheets for the optimal pathway and ran
simulations in Aspen. The results showed an acceptable rela-
tive error of 3.16% (228.68 $ per h vs. 221.45 $ per h). However,
surrogate models may introduce biases, leading to instances
where the initial solution does not converge in simulation. In
such cases, fine-tuning of the Aspen model may be required to
resolve these issues, as discussed in our previous work.®* The
superstructure optimization results indicate that hydrogen pro-
duction from waste is the most economically favourable option
with the highest HP. The mixed waste is first converted into
syngas in a plasma gasifier with a medium ER (0.2). The
syngas is then upgraded via a high-temperature WGS reaction
to increase the H, content. Following the removal of water and
CO, capture using MEA, the H, is separated as the final
product. The remaining tail gas is combusted for heat and
power generation, with R601 serving as the working fluid in

(a)
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the ORC for converting waste heat to electricity. Without
accounting for a carbon tax, the flue gas from combustion is
recommended for direct emission.

This pathway’s cost and carbon emission performance are
further analyzed. As shown in Fig. 2(b), the HC of the process
is 1346.92 $ per h. The plasma gasification unit, due to its
high energy consumption,'® is the largest cost contributor at
around 36% of the total cost. This is followed by the fuel pro-
duction unit, syngas cleaning unit, tail gas treatment unit, and
syngas upgrading unit. The high cost of hydrogen separation
(fuel production) is largely driven by the significant power
required for compression, accounting for 24% of the total cost.
Fig. 2(a) displays the energy demand of each operational unit.
Since the WGS reaction is exothermic, the heat generated can
be utilized to produce steam,** which, along with the tail gas
treatment for CHP, generates net energy that offsets some cost
inputs, resulting in relatively lower costs for these units.
Additionally, these net energy outputs result in negative
carbon emissions for these units. As shown in Fig. 2(c), the
plasma gasification and hydrogen separation units, due to
their high energy consumption, are responsible for significant
indirect emissions, leading to 1.53 t h™" and 1.01 t h™" CO,-eq
emissions, respectively. The largest source of carbon emissions
is the flue gas derived post-combustion in tail gas treatment,

|

|

1
v
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|
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Fig. 2 Superstructure optimization results of the base case: (a) the optimal pathway; (b) the breakdown of hourly cost; and (c) the carbon emission

of each unit.
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contributing 1.57 t h™'. Without the consideration of the
carbon tax, the total carbon emissions of the selected process
amount to 3.82 t h™" (i.e., 1.91 kg CO,-eq per kg waste), with
the aim of maximizing profit.

In addition to the economic and environmental assess-
ments, the energetics of the optimal pathway was also investi-
gated. The energy efficiency results are shown in Table S7.f
The largest energy losses are observed in the plasma gasifica-
tion and syngas cleaning units, with values of 7.37 MW and
6.95 MW, respectively. These losses can be attributed to the
high energy demands of plasma excitation and the solvent
regeneration required for amine-based CO, capture. In terms
of efficiency, the tail gas treatment unit has the lowest energy
efficiency, at only 0.50, primarily due to the significant
amount of energy wasted as low-grade heat in the power gene-
ration cycle.*® Overall, the energy efficiency of the system
reaches 0.40, indicating satisfactory technical performance for
the optimal pathway.

5.2 Sensitivity analysis of the MW to SS ratio

Superstructure optimization was performed by varying the
blending ratios of the two wastes. Fig. 3 illustrates the perform-
ance of the optimal pathways at different MW feeding ratios.
Our findings indicate that the waste-to-H, pathway remains
the most economical option regardless of the MW ratio.
Notably, at a low MW feed ratio (0.2), a low ER (0.1) is more
advantageous during plasma gasification and a combination
of high-temperature and low-temperature WGS is selected to
maximize H, production. As the MW ratio increases, the
optimal pathway aligns with that identified in the base case
(with a MW ratio of 0.5), as shown in Fig. 2(a). The configur-
ation of the primary waste conversion unit is influenced by the
feedstock composition due to the distinct properties of SS and
MW used in this study. During gasification, a high ER
enhances oxidation and releases more heat, thereby reducing
the required energy input, but it can also decrease hydrogen
production.®® MW, with its higher hydrogen content compared

1800 : 4.8
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1600 -|___JHP
S HE 14
1400 | ___.PTC
~ 1200 132
=
< 2
= 1000 | -
4 800 g
Q
T 600} {116
E il
I ro-- 10.21
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: : : 0
0.4 0.6 0.8
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Fig. 3 Economic performance of the optimal processes with different
ratios of MW in the feedstock.
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to SS, favours a low ER (H, fraction is the driving factor) when
it constitutes a small proportion of the feedstock. In this case,
it tends to minimize hydrogen oxidation during gasification
and requires a two-stage WGS in the subsequent upgrading to
maximize H, production.

The optimization results also suggest that a higher MW
ratio significantly enhances the economic viability of the
process. As shown by the bar in Fig. 3, HP increases despite a
concurrent rise in HC, and the profit-to-cost (PTC) ratio con-
tinues to improve, reaching 0.21 when MW constitutes 80% of
the feed. This economic advantage of MW can be attributed to
its high volatile matter, high hydrocarbon content, and high
calorific value, making it an effective “fuel”. However, it is
important to note that the higher carbon content in MW also
leads to an increase in carbon emissions during the conver-
sion process, with CO,-eq emissions rising from 3.5 t h™" to
4.2 t h™, as indicated by the black line in Fig. 3. While vari-
ations in elemental composition could influence the final
results, this aspect was not investigated in the presented case
study. However, the proposed superstructure optimization
framework, based on HDMR, provides a robust and flexible
approach to address such variability in the feedstock. This
optimization method can adapt to changes in the feedstock
composition by identifying the corresponding optimal
pathway according to the specific properties of the waste.

5.3 Sensitivity analysis of the energy price

Market conditions play a critical role in determining the
optimal WtE pathway. Fig. 4 illustrates how energy prices influ-
ence the optimal pathway for converting MW and SS vividly. In
the base case, with the prices of H,, methanol, DME and FT
fuel as listed in Table S6,} the waste-to-H, pathway (path-H,)
is identified as the most economically viable option. Notably,
the relatively high price of H, reflects its classification as green
hydrogen,®® which typically is more expensive.®” The sensitivity
analysis reveals that as H, prices increase, the economic
favourability of the waste-to-H, pathway remains unchanged,
with profits rising significantly from approximately 230 $ per h
to 320 $ per h, as shown by the green line. However, a 10%
drop in H, prices shifts the economic favourability to the one-
step DME synthesis from syngas (path-DME). This shift occurs
because the reduced price of hydrogen diminishes the profit-
ability of the H, production pathway, making DME production
more advantageous. Besides, the results suggest that methanol
synthesis is less favourable, leading to the exclusion of path-
ways that produce methanol as the final product (path-MeOH)
or involve a two-step DME synthesis that includes methanol as
an intermediate. When H, prices drop by an additional 20%,
profits stabilize, indicating that under the path-DME scenario,
no extra hydrogen is needed, and thus, the price of hydrogen
no longer impacts the economic viability of this pathway. For
DME and methanol, a decline in their prices relative to the
base case does not alter the optimal pathway, which remains
optimal path-H,. However, as their prices increase, the
benefits of producing these energy sources become more pro-
nounced. Specifically, a 20% increase in DME and naphtha

This journal is © The Royal Society of Chemistry 2025
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ations are highlighted by dotted circles).

(one of the main components in FT fuel) prices makes path-
DME and path-FT fuel the optimal choice, respectively, while
methanol prices would need to rise by 30% for the methanol
production pathway (path-MeOH) to become the most econ-
omically viable. These results underscore the sensitivity of
product selection and pathway design to market conditions,
particularly highlighting that a decrease in H, prices and an
increase in the price of other fuels are the key factors that
could influence the stability of the optimal pathway identified
in the base case.

5.4 Comparative analysis

The performance of the selected WtE pathways are further
evaluated through a comparative analysis. Fig. 5 demonstrates
the impact of varying carbon tax levels on the optimal pathway
identified by superstructure optimization. The results indicate
that with the introduction of a carbon tax, the optimal
pathway remains focused on H, production. However, when
dealing with flue gas, MEA-based carbon capture technology
(FT2) becomes the preferred option to avoid significant carbon
emission costs. The optimal pathway does not change as the
carbon tax increases from 20 $ per t CO,-eq emissions to 60 $
per t CO,-eq emissions, maintaining the same minimum total
carbon emissions of 2.70 t CO,-eq emissions, which is a
29.32% reduction compared to the scenario without a carbon
tax (3.82 t CO,-eq emissions). Since the pathway remains
unchanged, product sales revenue remains constant. However,
as the carbon tax rises, the total cost increases linearly, leading
to a gradual decline in HP, from 190.68 $ per h to 82.55 $ per
h, a reduction of 56.71%. These findings illustrate the trade-

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Economic performance of the optimal WtE processes under
different carbon taxes.

off between economic performance and carbon emissions as a
function of varying carbon tax levels. As the carbon tax
increases, a more low-carbon process configuration is selected,
which includes the incorporation of carbon capture for flue
gases. However, while this transition reduces carbon emis-
sions, it also impacts economic performance due to the
additional cost of carbon capture. On the other hand, setting
the carbon tax too high can significantly diminish profitability
without achieving a proportional reduction in carbon emis-
sions, as the optimal process configuration remains fixed (the
pathway with the lowest carbon emission is determined). This
highlights the critical role of setting an appropriate carbon tax
that effectively balances both economic and environmental
objectives in optimizingWtEy pathways.
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Through superstructure optimization, the co-valorization of
SS and MW for H, production demonstrated superior econ-
omic performance. Additionally, the environmental impact of
this WtE process was compared to traditional methods. Based
on the same quantities of MW and SS treated (landfilling and
incineration) and the same capacity of H, produced (equi-
valent to direct hydrogen purchase), Fig. 6 presents the carbon
emissions associated with different modes that combine waste
treatment and hydrogen production. The carbon emission
data for MW and SS treatment were sourced from previous
studies.®®*’° When MW and SS are landfilled, the HE reaches
4.34 t h™' CO,-eq emissions, with SS landfilling contributing
nearly half of that total. The indirect carbon emissions from
the purchased hydrogen are roughly equivalent to those from
MW landfilling, both around 1.2 t h™" CO,-eq emissions.
Although incineration increases carbon emissions from MW
treatment, it significantly reduces emissions from SS treat-
ment, making incineration the method with a relatively
smaller carbon footprint.

In comparison, the WtE system that integrates waste treat-
ment and energy production (as determined by superstructure
optimization) could lead to 3.82 t h™" of high carbon emis-
sions because directly emitting flue gas is selected to achieve
the maximum HP without considering the carbon tax. This is
higher than the emissions from incineration-based waste treat-
ment but still lower than those from landfill-based methods.
However, if a carbon tax is applied, the optimal pathway would
incorporate a CO, capture unit to treat the flue gas, reducing
hourly carbon emissions to 2.70 t h™" (i.e., 1.35 kg CO,-eq per

1786 | Green Chem., 2025, 27,1777-1788

kg waste). This figure is lower than emissions from traditional
treatment methods (4.34 t h™" and 3.15 t h™"), highlighting the
environmental potential of the identified sustainable WtE
process via superstructure optimization.

6 Conclusions

In conclusion, this study successfully addresses the optimal
design and synthesis of processes for converting MW and SS
into energy. A comprehensive superstructure that integrates
waste plasma gasification, CCU, and fuel production was pro-
posed. To achieve superstructure optimization, high-fidelity
process models for estimating the outlet composition, HP and
HE of each operation unit were developed, which were sub-
sequently surrogated using the HDMR technique. By formulat-
ing the optimization problem as a MINLP model, the optimal
pathway targeting the maximum profit was determined
efficiently within 200 s of CPU time. The results reveal that
converting mixed waste into H, is the most economically
viable option, with an HP of 228.68 $ per h and an HE of 3.82 t
CO,-eq per h. The analysis highlights key factors influencing
the process, such as waste blending ratios, energy prices, and
carbon taxes. Specifically:

(1) Increasing the ratio of MW could improve economic out-
comes but leads to higher carbon emissions.

(2) The optimal waste-to-H, pathway remains robust against
variations in energy prices, unless there are significant
changes in the prices of DMF, methanol, or hydrogen.

This journal is © The Royal Society of Chemistry 2025
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(3) An appropriate carbon tax is crucial for optimizing
process performance. It can drive the selection of a low-carbon
pathway while an excessive carbon tax rate may lower econ-
omic returns without further reducing emissions.

(4) The processes identified through superstructural optim-
ization demonstrate superior carbon emission performance
compared to traditional waste treatment and energy pro-
duction methods, with emissions of 2.70 t CO,-eq per h under
the carbon tax scenario.

Overall, this study underscores the effectiveness of the
HDMR model in superstructure optimization, enabling the
identification of optimal sustainability-oriented pathways
under various scenarios. The findings thus provide valuable
insights for informed decision-making in the field of sustain-
able WtE conversion.
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