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ABSTRACT: The transition of the chemical industry to net-zero
CO, emissions presents several significant challenges, due to the
presence of carbon as material feedstock, the capital-intensive
nature of plants, the interdependence of multiple processes within
industrial clusters, and the availability of low-carbon electricity,
hydrogen, and CO, transport and storage. To obtain an effective
plan for reducing emissions, a comprehensive modeling approach
that accounts for the dynamics of clusters and their interactions .
with the broader energy system is needed. In light of the I" I
aforementioned considerations, the present study develops and Green
applies a mixed-integer linear programming (MILP) model with a 2 ogen
one-year hourly resolution to optimize technology selection and
operation in two existing ammonia-ethylene clusters. The findings
show that significant emission reduction is possible with close-to-market technologies that bridge electrification, green hydrogen, and
carbon capture and storage, yet reaching zero emission is not possible. Moreover, the optimal CO, reduction strategies are highly
cluster-specific and contingent upon the availability of a critical infrastructure. For instance, emissions can increase by up to 118% in
the absence of a CO, transport and storage infrastructure, because separated CO, from reformer syngas cannot be stored or further
utilized. While process integration can improve cost-effective CO, mitigation, reducing costs by 9—%11% and emissions by 29%—
54%, it also limits operational flexibility. The developed framework offers a valuable tool for identifying cluster designs and robust
CO, emission reduction strategies.

Results
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2. Infrastructure requirements:

CO, emissions reduction in chemical clusters -I d
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Method
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emission reductions. Furthermore, while numerous opportu-
nities exist for emission mitigation in the chemical industry,”
they involve a significant increase in low-carbon electricity
demand and require a robust CO, transport and storage
infrastructure. Despite governmental ambitions to ensure
sufficient renewable electricity generation, grid capacity, and a
CO, transport infrastructure in the near future, these plans
might be overly ambitious. Consequently, certain industrial
decarbonization strategies might prove infeasible or even
counterproductive, potentially leading to increased emissions.
Hence, selecting the most appropriate decarbonization tech-
nologies in the chemical industry is a complex effort that requires
a comprehensive modeling approach, which must include a
detailed representation of the chemical cluster, its downstream
processes, and the interaction with the surrounding energy and
material system (e.g., cost and availability of renewable
electricity and CO, transport and storage infrastructure, electric
grid connection capacity, space available for new installations).

While substantial literature exists on modeling and optimizing
industrial clusters, these studies primarily focus on enhancing
synergies, renewable electricity uptake, and energy efliciency
(see, e.g., the work of Hackl and Harvey5 and Theo et al.).
However, deep decarbonization in the chemical industry
requires more than just improved energy efliciency through
process integration. Various studies have qualitatively explored
the opportunities and challenges of deep “decarbonization” in
chemical clusters.”'® The resulting key challenges include (1)
addressing technological incompatibilities among different
emission reduction pathways, (2) maintaining optimized
integrated systems during the replacement of existing
installations, and (3) managing the complexities of multiple
decision-makers without a unified long-term vision. These
challenges, rooted in uncertainties and unknowns, highlight the
need for quantitative assessments to provide deeper insights into
optimal strategies for achieving a deep CO, reduction in
chemical clusters.

Most quantitative studies on the optimal selection of CO,
reduction technologies in industrial clusters focus on a single
decarbonization route. For example, Gunawan et al.'" developed
a generalized expression for carbon capture (CC) and storage
costs, optimizing a shared CO, infrastructure for a 22-facility
cluster. Kiing et al.'* are developing an open-source toolkit to
identify net-zero pathways in industrial clusters, primarily
focusing on CC. Namazifard et al."* are using a MILP model
to design a minimum-cost hydrogen infrastructure for industrial
decarbonization at a detailed spatiotemporal resolution. Ibrahim
and Al-Mohannadi'* have designed an optimal hydrogen supply
chain considering CC for a new hydrogen production cluster
(rather than for an existing chemical cluster). Research on
electrifying the chemical industry focuses on integrating
processes with variable renewable electricity and the resulting
dynamic operation. For example, Giannikopoulos et al."”
explore combining a wind farm and battery system for thermal
electrification of a chemical process network using multi-
objective MILP optimization. Wajeh et al.'® optimized the
design and flexible operation of an electrified biodiesel
production process through nonlinear optimization.

While these models offer detailed technotemporal and spatial
resolutions, they do not explore the potential of combining
different decarbonization routes and different clusters, which is
crucial for deep emission reduction. Additionally, they do not
include downstream processes in their analyses. Conversely,
Samadi et al.,'” Fleiter et al.,'® Berghout et al,'® and Yafez et
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al.*” incorporated multiple decarbonization routes, with Samadi
et al,,"” Berghout et al,'® and Yafiez et al.? also considering
downstream processes. However, these studies build upon
(time-independent) simulations rather than optimization, thus
limiting the capacity to identify synergies between different
industry types and their operation.

In summary, there is a lack of studies that use time- and space-
resolved mathematical optimization to integrate multiple
decarbonization technologies in chemical clusters while
accounting for the variability in resource availability such as
fluctuating electricity prices, grid capacity limits, CO, transport
and storage costs, and downstream energy and material demand.
This study addresses the gap using an MILP model to optimize
technology selection and (flexible) operation to reduce
emissions in real ammonia—ethylene chemical clusters under
fluctuating boundary conditions. By simultaneously considering
two key chemical industry types and their multiple alternative
processes—electrification, carbon capture, and green hydro-
gen—this study quantifies the challenges and benefits of
integrated industrial clusters in reducing emissions. We do this
by employing a one-year hourly resolution for two existing
Dutch chemical clusters.

This study addresses the existing knowledge gap by providing
novel methodological and application contributions. From a
methodological point of view, we analyze the transition of
ammonia—ethylene clusters, including their process intercon-
nections and connection to the national infrastructures, using
time- and space-discretized mixed integer linear programming;
moreover, we develop constraints to simulate ramp-up/down
and transient operation of chemical processes with design days.
From an application perspective:

(i) We optimize cost-optimal emission abatement strategies
for ammonia—ethylene chemical clusters at two locations,
including electrification (e.g., electric cracking and
reforming), green hydrogen, and carbon capture and
storage, which allows evaluating new technologies from a
system perspective (e.g., how to reuse cracker gas with
electric crackers).

(i) We assess the role of cluster integration and boundary
conditions, such as fluctuating electricity prices, grid
capacity limits, and the availability and costs of CO,
transport and storage infrastructure.

(iii) We evaluate the impact of flexibility in alternative
technologies with detailed linear technology performance
models.

To do so in a computationally efficient manner, ie., where
problems can be resolved on regular computers with commercial
solvers, we further discuss how complexity can be handled and
reduced, for example, employing a combination of design days
and full hourly resolution and by extending ramping constraints
to the resulting time framework.

This work is organized as follows: the second section
describes the research framework, the chemical clusters
considered, and the technology cost and performance data.
The third section explains the optimization framework, the
technology constraints, and the application of time series
aggregation in combination with ramping constraints. Then, the
results are presented, followed by a discussion and conclusions
and recommendations.
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Figure 1. Block diagram illustrating the methodological steps employed in this study.

Table 1. Annual Production Capacities of Ammonia and Ethylene and the Downstream Energy and Product Demand for the

Chemelot and Zeeland Cluster”

ammonia ethylene CO, utilization
node production [kt/y] production [kt/y] [kt/y]
Chemelot 1184 1310 383
Zeeland 1819 1825 901

downstream steam
consumption [T]/y]

downstream fuel gas
consumption [T]/y]

218

downstream electricity
consumption [T]/y]
2724
2940

877
17242

“Please note that the energy required to produce ammonia and olefins is excluded from this table.

High-voltage 0

electricity grid
€O, pipeline

Chemelot

(a) Netherlands

(b) Chemelot

(c) Zeeland

Figure 2. (a) Map of The Netherlands, indicating the geographical locations of the Chemelot and Zeeland clusters, as well as the CO, transport routes,
compression station, and storage site. The intercluster distance is 158 km, and the distance from Chemelot to the harbor is 230 km. (b, c) Satellite
images of the Chemelot clusters (panel (b)) and the Zeeland clusters (panel (c)), with industrial areas highlighted in purple. Chemelot covers 8.0 km*

and Zeeland covers 5.1 km?.

Bl EMISSION REDUCTION IN CHEMICAL CLUSTERS

Figure 1 outlines the methodological steps and scenarios used to
evaluate emission reduction in integrated industrial clusters. The
study begins by scoping the work, selecting existing Dutch
chemical clusters as case studies, and identifying alternative
emission reduction technologies. Cost, performance, and
spatially and temporally resolved cluster data (e.g,, energy and
feedstock prices) are then collected as inputs for formulating an
MILP model, detailed in the following chapter. The results
analyze the optimal cluster design and operation under varying
emission price scenarios, while assessing the impact of critical
infrastructure development and process integration. Finally, the
flexibility potential of electrified processes is assessed.
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The chemical clusters studied in this work, Chemelot and
Zeeland, are two of the four main chemical clusters found in The
Netherlands; both produce ammonia and ethylene as their main
products, but at different annual volumes and with varying
downstream processes. Table 1 shows the associated annual
production capacities of ammonia and ethylene along with the
downstream consumption of CO,, steam, electricity, and fuel
gas. The total energy consumption associated with the
production of ammonia and ethylene, excluding downstream
processes, is estimated at 71.6 PJ/year for Chemelot and 111.4
PJ/year for Zeeland.”' ™ Because of the differences in
production scale, the ammonia-to-ethylene ratio, and the nature
of downstream processes, distinct challenges characterize the
endeavor of reducing emissions at the two sites.

https://doi.org/10.1021/acs.iecr.4c03817
Ind. Eng. Chem. Res. 2025, 64, 4479—4497
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Furthermore, the different geographical locations of the
Chemelot and Zeeland clusters, which are shown in Figure 2a,
result in different accesses to critical infrastructures. This
disparity is reflected in their electricity prices, grid connection
capacities, and CO, transport costs and capacities. Additionally,
Figures 2b and 2c illustrate variations in the available area and
plant distribution, which can influence the cluster expansion and
the intracluster infrastructure and integration. The model we
develop here incorporates the features of the clusters’ critical
infrastructure, annual production volumes, and downstream
energy demands as exogenous input parameters. Notably, both
clusters are also subject to a CO, emission price,”* and energy
and feedstock can be purchased at fixed prices. By varying these
parameters, we can assess their impact on the optimal emission
reduction strategies.

Emission Reduction Routes. At a cluster level, we consider
three emission reduction routes: (1) amine-based carbon
capture from flue gases, (2) electrification of heat provision
(e.g, via electric crackers, reformers, and boilers), and (3)
hydrogen production with electrolyzers. Moreover, these are
complemented by electricity and material storage. The choice of
these technology options among the several possibilities is
consistent with a short/medium-term perspective; in other
words, these technologies are either commercially available (e.g,,
electrolyzers, carbon capture) or close to full-scale deployment
(electric crackers and reformers). The resulting optimal
reduction configurations are compared to the baseline ethylene
and ammonia production processes. Figure 3 provides an

( Cluster Level )
CO, buffer | / \
storage COZ T&S
A CO, capture [ R
Syngas
(Import\ |processmg— D_G Co, —
Conyentional . CO, Downstream
reforming z conditioning
®- |+ = == — = =i === = demand
AN,
Co, >
| - NH, co,
‘ Somaas H, synthesis| NH,
CH yngas -»
4 processing| I L»O?%
N
Electric SMR :
i i I
Electricity g I — Ammonia
e} . storage o
o]
Electrolyzer E @ 2l
Naphtha Batte Hg/dro en (((
storage torage
Co,
, i b Steam
Ethylene A
storage
A CO, capture CH, I_(;acker gas
- -
Conventional
cracking 4 Steam
/_\ e-Boiler Electricity
g
5 3]
/ Bl leJ Steam
© Boiler = Cracker gas
\_ Electric cracking ) (exported)

Figure 3. Overview of the processes and technologies available at the
cluster level for Chemelot and Zeeland. Syngas processing includes the
water gas shift (WGS) reaction and the CO, separation. The left side of
the figure displays energy carriers and feedstocks supplied by the
surrounding infrastructure, while the right side shows downstream
demands and options for CO, and cracker gas export. CO, is included
to enable low-CO, ammonia and ethylene production processes while
meeting downstream demand.
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overview of the available production processes and technologies
at the cluster level, which is valid for both Chemelot and
Zeeland; the figure also shows the interactions with the
downstream processes and the surrounding infrastructure. In
the following, we discuss the main aspects of the different
technologies; for a detailed description of the technology cost
and performance parameters, the reader is referred to the
Supporting Information (SI).

Baseline Production. Ethylene and other light olefins are
traditionally produced by steam cracking of hydrocarbon
feedstocks, typically naphtha in Europe and Asia, and ethane
in North America and the Middle East.”® In this work, we use a
naphtha cracking plant as the baseline process for ethylene
production (having Dutch clusters as an exemplary application).
This plant comprises three main sections: pyrolysis, compres-
sion, and product separation. In the pyrolysis section, hydro-
carbons are broken down in the cracker furnace, yielding light
olefins, aromatics, hydrogen, and methane. This gaseous mixture
is then purified, cooled, and compressed by using a steam-driven
compressor before being separated through distillation,
refrigeration, and extraction. The furnace heat is typically
generated by burning cracker gas, a byproduct consisting of
methane and ~11% hydrogen, which reduces the need for
additional energy beyond the naphtha feedstock. We assume
that the cracker gas can be used as a fuel or feedstock only in
those processes where hydrogen is allowed. To balance the
plant’s heat requirements, additional steam can be generated
using a gas-fired or electric boiler, with the gas boiler fueled by
either pure methane or cracker gas.

Conventional ammonia production involves two energy-
intensive reforming steps and one WGS step to generate
hydrogen from fossil-based feedstock. Traditionally, pure
methane serves as the primary fuel and feedstock; however, in
this study, we explore the feasibility of utilizing cracker gas as an
alternative. The process starts with desulfurization and
prereforming, after which the steam-feedstock mixture (ratio
2.7) enters the steam methane reforming (SMR) step, where
fuel combustion provides the necessary heat for the endothermic
reaction. In the following autothermal reforming (ATR) step,
the feedstock reacts with compressed air, increasing the
hydrogen yield and supplying the nitrogen needed for ammonia
synthesis. The resulting syngas is then cooled, water is extracted,
and a two-step adiabatic WGS maximizes hydrogen production.
After the WGS, ~99% of the CO, is removed from the syngas via
methyldiethanolamine (MDEA) absorption, producing a pure
CO, stream, which is then compressed to 150 bar for utilization
or storage. Any remaining CO and CO, are converted to
methane in a methanation reactor. A cryogenic purification unit
adjusts the hydrogen-to-nitrogen ratio in the reactor effluent to
the stoichiometric requirement for the Haber Bosch (HB)
process, where ammonia is synthesized under high temperature
and pressure (150 bar). The waste stream, containing impurities
(methane and argon) along with excess nitrogen and hydrogen,
is recycled as fuel for the primary reformer and the ATR air
compressor gas turbine.

The conventional ammonia production process maximizes
heat integration by utilizing exhaust heat from air compression
in the primary reformer’s furnace and recovering heat from the
ATR exit. Additionally, the exothermic WGS and HB reactions
generate heat, producing high-pressure superheated steam,
which is used for electricity generation, for the reforming
reaction, and to supply heat in the CO, reboiler. As near/
medium-term future ammonia production is still expected to

https://doi.org/10.1021/acs.iecr.4c03817
Ind. Eng. Chem. Res. 2025, 64, 4479—4497
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rely on the HB process, we separate the reforming and ammonia
synthesis sections, accounting for their respective energy
consumption and production, and evaluate more sustainable
alternatives for the syngas production step.

Ammonia and ethylene are key platform chemicals for various
downstream products. Since the production processes for these
downstream chemicals are expected to remain unchanged in the
near future, they are not explicitly modeled in this analysis.
However, their energy and material consumption are included as
the downstream demand. A detailed list of these downstream
processes and their energy consumption is provided in the
Supporting Information (SI).

Carbon Capture from Flue Gas. Naphtha cracking and SMR
are endothermic processes that generate CO, through fuel
combustion for the provision of reaction energy. We consider
capturing these CO, emissions from the resulting flue gas using a
state-of-the-art CC process utilizing monoethanolamine (MEA)
solvent for both the cracker furnace and the SMR.*® The fuel
used for combustion can be natural gas or a combination of
natural gas and cracker gas, yielding a maximum hydrogen share
of 11%. Consequently, the CO, molar fraction in the flue gas
ranges between 6.2% and 9.5%.

In ethylene production, all direct emissions come from heat
production. In ammonia production, ~30% of emissions come
from the reformer flue gas, while the remaining 70% arises from
CO, in the syngas. The latter only needs compression before
CO, utilization or storage. Thus, flue gas CC in ammonia
production requires a capture plant smaller than that in the case
of ethylene, reducing specific costs and energy consumption.
However, the total CO, production per tonne product is higher
for ammonia than for ethylene, which affects the feasibility of the
CC route, as it depends on the availability of sufficient CO,
transport and storage infrastructure.

Electrification of Heat Production. Another approach for
reducing direct emissions from heat production in chemical
processes is to replace fuel-fired furnaces and boilers with
electric ones. In the electric naphtha cracking plant, the
conventional furnace is replaced by an electric furnace, and
steam compressors are substituted with electric compressors,
while the rest of the plant remains substantially unchanged.”” In
electric ammonia production, syngas is produced using electric
steam methane reforming (eSMR) that replaces conventional
SMR, while the ATR is removed from the process. Therefore, for
ammonia synthesis, nitrogen must be produced separately by an
air separation unit (ASU).

While electrifying low-temperature heat is often discussed in
the context of industrial decarbonization, electrifying high-
temperature heat presents additional challenges. However,
ongoing research is exploring technologies such as electric
resistance heating for cracking and reforming to address these
challenges.28_30 Configurations using electric resistance heating
offer several advantages, including improved thermal efliciency,
greater flexibility, scalability, and typically smaller size.””
Consequently, these configurations demonstrate superior
energetic performance and can lead to reduced investment costs.

Although electrification eliminates direct process emissions,
its effectiveness depends on the carbon intensity of the
electricity used and the lifecycle emissions of the products.
For ammonia production, it is crucial that separated process-
related CO, is not emitted. In ethylene production, byproducts,
particularly the increased cracker gas yield, should not be
combusted elsewhere to produce electricity or heat. Therefore,
we assign the combustion corresponding to the CO, emission to
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the export of cracker gas. Furthermore, it should be noted that
lifecycle emissions of products for both industries could be
eliminated by switching to alternative biobased or synthetic
feedstocks.

Hydrogen Production with Electrolyzers. While the
adoption of CC or electrification can reduce up to 99% of
direct process emissions in the ammonia industry, it does not
eliminate the need for carbon feedstocks or the production of
CO,. Additionally, energy is required to separate the CO,, and
substantial infrastructure is needed for its transport and storage.
Electrolyzers present a promising alternative by producing
carbon-free hydrogen through water electrolysis without
generating CO,. However, they require significantly more low-
carbon electricity, over five times more per tonne of ammonia,
compared to eSMR.

Similar to hydrogen production via eSMR, the electrolyzer
route requires an ASU to produce nitrogen for the ammonia
synthesis. In this work, we consider an alkaline electrolysis cell
(AEC) as an electrolysis technology due to its relatively low
capital expenditures (CAPEX) and higher maturity, compared
to other electrolyzer technologies. Although other types may
have slightly better energy and dynamic performance, these
differences are negligible within our analysis’s temporal
resolution and scope.

Dynamic Operation and Storage. The dependency of
electrification routes on low-carbon electricity, combined with
the variability of renewable sources, presents challenges for
integrating these processes following a classical 24/7 operational
approach. While conventional chemical processes typically
operate at full load due to significant capital investment and
process complexity, volatile electricity prices, high shares of
renewable electricity, and grid congestion risks may call for
dynamically operated industrial processes (despite the higher
initial capital investment).

While the dynamic operation of electric cracking and SMR
has not been proven commercially, research indicates that
electrified reactors offer signiﬁcantly greater flexibility compared
to conventional reactors.””* For example, recent work by From
et al.”® demonstrated that a pilot-scale eSMR reactor can
transition from an idle state at 645 °C to full-load operating
conditions at 900 °C with a rate of 120 °C/h. The analysis of the
operation envelope (OE) shows a minimum operating temper-
ature of 750 °C, achievable within 1 h from idle, and a power
load range (representing the OE) of 60% of the capacity. The
ramping time (RT) from idle to maximum capacity is 2.5 h.
Therefore, in this work, we assume similar dynamics for the
electric naphtha cracker reactor, adopting the same OE and RT.
This was also confirmed by Armijo and Philibert,”" who
additionally found an RT of 5 h and an OE between 40% and
100% for the ASU and HB plant.

The dynamic operation parameters for all technologies are
summarized in Table 2, categorized as slow, medium, and fast.
As slow conventional technologies lack dynamic operation data,
we assume a conservative OE of 5%—10% and an RT four times
slower than the electric alternative. Slow technologies are
assumed to operate continuously without the ability to shut
down or start up. Medium-dynamic technologies can tempora-
rily shut down production but maintain their reactors at a warm
idle state, consuming a fraction of the plant’s maximum load at
reference capacity, referred to as the warm standby power
(WSP). Fast technologies operate without limitations.

Dynamic operation requires larger installed plant capacities to
meet the same annual demand. For the electric plants and the
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Table 2. Dynamic Operation Parameters of the Considered
Technologies

dynamics OE RT WSP

type [%] [h] [%]
conventional steam cracker slow S 10 -
conventional steam cracker with slow N 10 —

CC

electric steam cracker medium 60 2.5 S
conventional reformer slow 10 10 -
conventional reformer with CC slow 10 10 -
electric reformer medium 60 2.5 S
alkaline electrolyzer medium 80 <1 S
Haber Bosch process medium 70 S 0
gas-fired boiler fast 100 <1 -
electric boiler fast 100 <1 —
air separation unit medium 70 S 0

electrolyzer, we assume a maximum capacity of twice that of
their currently installed capacity, which is different for both
clusters. Conventional and CC technologies are constrained to
their current installed capacities, as dynamic operation is neither
technically feasible nor economically viable for these tech-
nologies.

To accommodate for the dynamic operation of key reactors
under the assumption of inflexible and constant downstream
processes and demand, five types of material and energy storage
technologies have been incorporated into this study: ethylene
tank, ammonia tank, CO, buffer tank, hydrogen tank, and a Li-
ion electricity battery. A detailed description of the types of
storage and the associated costs and performance data can be
found in the SI.

Existing chemical clusters, especially in semiurban environ-
ments like in The Netherlands, have limited land available for
new technologies. Of course, the exact amount of extra land
available is uncertain and dependent on the specific character-
istics of the sites. As this information is not publicly available, we
assume that each of the five storage technologies can occupy up

to 2% of the total area of the clusters, amounting to an additional
10% of land compared to the original size. For Chemelot, this
equates to 160000 m?, while for Zeeland 101400 m”. The
maximum capacity for battery storage is calculated based on the
energy density of Tesla’s Megapack.”® For tank storage, we
assume that a maximum of 50% of the available additional area
can used for storage, with the remaining 50% required as buffer
and piping space. Assuming a tank height of 4 m, we calculate the
maximum storage capacity based on the densities at storage
conditions. As for batteries, since the maximum charge and
discharge capacities are more dependent on the grid connection
rather than on the battery size, we use a size-independent
capacity equivalent to that of a large-scale DC cable, such as a
700 MW offshore wind connection.>> For storage tanks, we
assume charging and discharging capacities equal to the
maximum expected production of the clusters, which is twice
that of a typical full-scale plant.

Cluster Input Data. Critical Infrastructure and Feedstock
Prices. Apart from technology performance, our model requires
time- and space-discretized information. While weather data are
rather straightforward, as they have been provided by the
national weather institutions for several past years (in our case,
KNMI), electricity prices and CO, intensity profiles are
particularly challenging: they depend—to name a few—on the
future electricity system, demand, and grid configuration.
Therefore, we adopted data as predicted for 2030 by a
comprehensive hourly resolved electricity system model
developed by the Dutch Organization for Applied Scientific
Research (TNO).** Notably, the model incorporates nodal
pricing to reflect grid congestion and uses as input the prediction
of the IP2024 Klimaat Ambities for 2030™ and the 2020
TYNDP Global Ambitions™ scenarios. Figure 4 illustrates the
resulting electricity price profiles and distributions for Chemelot
and Zeeland as well as the grid emissions profile. We can observe
that electricity prices in Zeeland are generally lower than in
Chemelot due to reduced grid congestion, with prices reaching
zero ~20% of the time.
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Figure 4. Hourly electricity prices and grid emissions (top figure) and their respective cumulative distributions (bottom two figures) for Zeeland and

Chemelot.
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Table 3. Costs and Capacities of Critical Infrastructure for the Two Chemical Clusters, Including the CO, Transport and Storage
Costs and Capacities, Grid Capacities, Feedstock Prices, and CO, Emission Prices”

industry area  CO, storage cost CO, transport grid connection methane price naphtha price CO, emission price

node [km?] [€/tCO,] capacity [t/h] capacity [MW] [€/MWh] [e/t [€/t]
Chemelot 8.00 627 115 (115-285) 2000 (650—2000) 100 732 150.31 (150.31-250)
Zeeland 5.07 546 171 (171-285) 3000 (650—3000) 100 732 150.31 (150.31-250)

“The values in brackets indicate the range of parameters studied.

Table 4. Performance and Cost Parameters of the Conventional Processes and the Respective Alternative CC and Electrification

Routes”

input ratio,

emission factor, K,

m

process inputs B outputs output ratio, @,, [t/input] source
conventional steam cracker  {naphtha, steam, (1, 0.082, {ethylene, cracker gas} [0.303, 0.781] 0.327 27
electricity} 0.083]
conventional steam cracker  {naphtha, steam, (1, 0.402, {ethylene, cracker gas, CO,} [0.303, 0.781, 0.295] 0.033 27
with CC electricity} 0.107]
electric steam cracker {naphtha, electricity} [1,1.942] {ethylene, cracker gas, steam}  [0.303, 2.649, 0.050] - 27
conventional reformer {gas,bsteam} [1,0.087] {hydrogen, CO,, electricity, [0.761, 0.112, 0.024, 0.067 45
nitrogen} 0.154]
conventional reformer with {gas,b steam} [1, 0.087] {hydrogen, CO,, electricity, [0.761, 0.112, 0.007, 0.007 45
CcC nitrogen} 0.215]
eSMR {gas,belectricity} [1,0272] {hydrogen, CO,} [0.927, 0.201] 0.003 46
AEC {electricity} [1] {hydrogen, heat low T, [0.629, 0.163, 0.149] - 47
oxygen}
HB process {hydrogen, nitrogen, [1,0.139, {ammonia, steam} [0.168,0.114] - 47
electricity} 0.056]
ASU {electricity} [1] {nitrogen, oxygen} [4.000, 1.227] — 47
gas-fired boiler {gasb} [1] {steam} [0.920] 0.203 27
electric boiler {electricity} [1] {steam} [0.990] - 27
Chemelot  Zeeland size-based CAPEX, 4, size-independent CAPEX, maintenance lifetime
process unit Simax Simax [KEUR,,,/unit] {n IMEUR,, ] costs (y) [%] [yr] source
conventional steam t naphtha/h 521 815 2083 543 4.0 25 27
cracker
conventional steam t naphtha/h 521 815 2728 558 4.0 25 26,27
cracker with CC
electric steam cracker t naphtha/h 1042 1630 2083 543 4.0 25 27
conventional reformer MW, 1269 1949 574 170 3.8 25 48
conventional reformer MW, 1269 1949 671 185 3.8 25 26, 48
with CC
eSMR ngas 1736 2667 5258 127 39 25 46
AEC MW, 2558 3930 684 - 2.0 19 47
HB process MWy, 1609 2472 439 108 3.8 25 48
ASU MW, 56 86 4224 25 4.2 25 49
gas-fired boiler MWy, 550 1100 106 - 4.0 25 27
electric boiler MW, 550 1100 154 - 1.0 25 27

“All CAPEX values represent the total plant costs and are adjusted to 2022 by using the chemical engineering plant cost index (CEPCI). *The gas
for the reformer process, the eSMR, and the gas-fired boiler can be a mixture of methane and cracker gas.

We set the anticipated grid capacities from the clusters’ energy
strategies as the upper limit for electricity imports.””** As for
other relevant feedstock and energy imports, we use an average
2022 naphtha price of 732 €/tonne” and a projected methane
price of 100 €/tonne* for both clusters. Additionally, we
account for the transport and storage costs of CO, to the Dutch
Porthos oftshore storage project, which connects the clusters to
the Rotterdam harbor®' and subsequent offshore storage. For
Chemelot, we increase the costs by 15% to account for onshore
pipeline routes, while assuming a direct offshore CO, pipeline
from Zeeland to the storage site. Given that the Porthos storage
project has an expected capacity of 2.5 million tonnes per year,
we assume a 1 million tonne per year onshore pipeline for
Chemelot and a 1.5 million tonne per year offshore pipeline for
Zeeland. While this assumption is optimistic—implying
exclusive access to the storage capacity for these two

clusters—we assess the impact of varying access to CO,
transport and storage. Additionally, we use a CO, emission
price of €150.31, the minimum price for 2030 as set by the Dutch
Emissions Authority (NEA).”* Considering the possibility of a
higher ET'S price, we also include a scenario with a CO, emission
price of €250, which is a more realistic level to incentivize deeper
decarbonization. Table 3 summarizes the cluster-specific data.
Downstream Processes. The annual production volumes of
ammonia, ethylene, and other chemicals produced in both
clusters are based on the capacities reported in Eerens and
Dam,** Batool and Wetzels,”' Oliveira and Dril.>® The
downstream processes are represented in the model by their
CO, and energy demands. Table S1 in the SI includes a more-
detailed list of products and energy consumptions from
downstream processes for both clusters, while Table 1 shows
the resulting production capacities and downstream energy and
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Table S. Cost and Performance Parameters of Energy and Material Storage Technologies

density [unit/ Chemelot storage

charge discharge electricity
efficiency, 7  efficiency, n° consumption
unit [%] [%] [MWh/t]
ethylene t ethylene 100 100 -
tank
ammonia t ammonia 100 100 -
tank
CO, buffer tCO, 100 100 0.045
tank
hydrogen MWh 100 100 -
tank
Li-ion MWh 98 97 -
battery
unit CAPEX 4, [k€,,,/unit]
ethylene tank t ethylene 26.2
ammonia tank t ammonia 8.7
CO, buffer tank t CO, 1.0
hydrogen tank MWh 322
Li-ion battery MWh 228.5

“The storage density of the battery is in MWh/m?.

storage

Zeeland storage maximum charge/

m’] capacity [unit capacity [unit]  discharge rate [unit/h]
0.566 181312 114906 250
0.681 218000 138158 250
1.156 369824 234376 650
0.417 133565 24324 1500
0.040¢ 6414 4065 700

maintenance costs () [%] lifetime [y] source
2.0 25 27
3.0 25 47,50
6.0 25 50, S1
1.1 25 52
1.5 20 53

material demands. Given that downstream processes in the
fertilizer and high-value chemicals industry typically maintain a
constant operational level, these volumes are treated as
exogenous fixed hourly demands.

B PROBLEM FORMULATION

Modeling Framework. The optimization framework
adopted in this research builds upon a well-established, open
access MILP modeling framework outlined in the work of
Wiegner et al.*” Its flexible temporal, spatial, and technological
resolution enables it to address a variety of optimization
problems in the realm of energy and chemical technologies.
Here, we employ a one-year hourly resolution for the two
clusters.

Several of the cost and performance models used in this work
are based on the cracker model formulated in Tiggeloven et al,”’
which were adapted for a cluster case study. To incorporate the
spatial representation of individual industry clusters, we adopt
the energy hub methodology proposed by Geidl et al.*’
Following this methodology, we treat each industry cluster as
an energy hub that can facilitate the conversion or storage of
considered materials and energy carriers through a range of
technologies and industrial processes. Each energy hub includes
import and export limits, prices, and demands. Furthermore, the
model can facilitate interhub transportation of material and
energy carriers. The framework optimizes decision variables
simultaneously including design variables (e.g, process or
technology selection and sizing) and operational variables (e.g.,
energy/material flows and storage levels). The general
formulation of the MILP is

min f(v, w)
v,w

(1)
subject to
Av+Bw=Db

v>0eRY we {0, 1}

where f is the objective function with v and w as the continuous
and binary decision variables, respectively. The matrices A and B
denote the corresponding constraints, with b as the known term
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of the constraint, and N indicating the dimensionality of v and w.
The problem is solved using Gurobi v11.0.**

Objective Functions. Two different objective functions can
be minimized: total costs and net CO, emissions. Similar to our
previous work,”” the total cost of the optimized system is
represented by the sum of the capital and operational
expenditures of the system; the latter is divided into the import
costs of material and energy carriers, the expenses associated
with CO, transport and storage, and the CO, emission price:

C = CCAPEX + Cimport + CCozstorage + CCOZemission (2)
where the annualized technology cost is defined as
CCAPEX = 2 2 (1 + l//m)(lmsm,h + Cm)a)m
heH meM (3)

Here, M denotes the set of installed technologies and #{ the set
of industry clusters, S, ;, is the decision variable for the size of
technology m in cluster h, 4, and {, represent the size-
dependent and size-independent cost parameters, and the
annuity factor w,, is utilized to calculate the annualized capital
costs. The fixed maintenance cost of the technology is
incorporated as a fraction of the annual capital costs, denoted
by y,,. The cost parameters of all industrial processes and
storage technologies are listed in Tables 4 and S, respectively.
The import costs include the expenses associated with material
and energy carriers that cannot be produced within the system
boundaries of the model, such as electricity, methane, and
naphtha, and are consequently bought at market price. These
costs are calculated as

T
Cimpon: z z z (ln,t,hIn,t,h)

heH neN t=1

(4)

where N is the set of carriers and T is the set of timesteps, I, is
the amount of imported carrier and 1, the hourly carrier price
at hour t and cluster h. We assume constant naphtha and
methane prices for the full time horizon and all clusters, while
the electricity prices vary per cluster and time step, as described
in the previous section. We calculate the CO, transport and
storage costs as

https://doi.org/10.1021/acs.iecr.4c03817
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T
CO, st
(CO; storage _ 2 Z (UCOZJJCOZ,t,h)

heH t=1

©)

where Jco, ;5 is the amount of CO, export and stored, and vcq_,
is the costs per tonne of CO, transported to storage.

The total CO, emissions are calculated by summing the direct
technology emissions and the indirect emissions from imported
electricity, as follows:

T
E= z Z z (KmFm,nmai“,t,h + Selectricity,t,hIelectricity,t,h)

heH t=1 meM

(6)
where F, ., represents the consumption of the main input
carrier n,;, of technology m, k,, is the emission factor of the

technology, and €.jecqicity, i the hourly CO, emission factor of
the electricity grid. The expenses related to the CO, emission
price are calculated as

CC02 emission price _ OF (7)
where 0 is the CO, emission price for the system. By including
(multiple) CO, emission prices, we can further explore the
interaction between cost minimization and emissions without
resorting to a computationally heavy multiobjective optimiza-
tion approach (we note that the emission minimization points
took 40—90 h). Note that, when minimizing emissions, the total
cost C is replaced by the total CO, emissions E as the objective
function.

Constraints. Energy and Material Balance. Energy and
material balances are added for each cluster h as equality
constraints for each carrier n and each hour ¢, and are formulated
as follows:

z (Pm,n,t,h - Fm,n,t,h) + In,t,h - ]n,t,h -
meM

Dn,t,h =0

(8)

where P, ., and F,, ,,;, are the input and output of technology
m, I, and J,,;, are import and export to/from each cluster h
from/to outside the system boundaries and D,,,, is the demand.

Performance of Industrial Processes. Each industrial process
is treated as an input/output conversion technology with a
specific conversion efficiency. The material and energy
conversion efficiency of chemical processes depends on several
factors, including the plant design capacity, the specific
operation mode (on-design vs off-design), and the dynamic
operation (transient vs steady-state phase). For example, during
part-load operation, chemical processes typically have reduced
conversion efficiency and increased energy consumption per
unit of product. While similar behaviors can be modeled via
piecewise functions, this would introduce several new integer
variables adding significant additional complexity. Considering
also the lack of reliable part-load performance data for the
considered processes, we decided to model chemical processes
with a linear approximation of the conversion performance and
constant conversion efliciency across both part-load and full-
load operations. Therefore, the industrial processes feature the
same formulation of the conversion performance constraints
with variations in their dynamic operation modeling.

The general conversion constraints are based on the electric
cracker model formulation reported in Tiggeloven et al.”” and
are adapted to suit generic chemical processes. The performance
parameters of all conversion technologies and processes are
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listed in Table 4. The process production P and consumption F
are calculated as

Pm,n’,t,h = am,n/Fm,nmin,t,h (9)
and
Fm,n”,t,h = ﬂm,n"menmmn;trh (10)

where ,,, and 3, denote the conversion efficiency per unit of
input for outputs n’ € N’ C N and the ratio between inputs
n" € N” C N, respectively.

Moreover, the capacity of all conversion and storage
technologies is constrained by

Spt <8, <SS (11)
where S, ;, is the installed capacity of technology m at cluster A,
and S;'™ and Sp™* are the minimum and maximum capacity of
technology m, respectively.

The operation envelope OE of a process is determined by the
minimum load point and is constrained by the following:

}/m,n xm,t,hSm,h < Fm,n t,h < xm,t,hsm,h

(12)

where «x,., € {0, 1} represents the on/off status of the
technology andy,, , is the minimum feasible operating point of

‘main ‘main’

'main

the technology as a fraction of the installed capacity, S, . It is
worth noting that both «,,,, and S, are decision variables,
which introduce bilinearity into this constraint and require the
inclusion of an auxiliary big-M constraint to resolve it.

To account for the ramping behavior of processes, we
introduce the following inequality constraint:

S

'm,h

B, .. <—
Mngins t— 1,1 RT

m,

M it (13)
Here, RT denotes the time needed to ramp up or down between
the idle state and the installed capacity S,,;. This constraint
suggests that by increasing the installed capacity of a plant it can

. . N .
achieve a greater maximum load change rate RL’Th. Since the rate

of temperature change is often independent of the reactor size,
we assume that the RT term also remains constant for reactor
sizes other than the reference size.

Given the diversity of processes and conversion technologies
present in chemical clusters, we distinguish between three
categories: (1) slow technologies, (2) medium-dynamic
technologies, and (3) fast technologies. While all three
categories of technologies follow the constraints described
above, we have additional considerations per type:

e Slow technologies: Conventional production processes
typically fall into the category of slow technologies,
characterized by small OEs, slow ramping behavior, and
extended start-up and shut-down times of up to 24 h or
more. To accommodate this, we linearize eq 12 by
excluding «,,,, for these technologies (implying no
startups and shutdowns), allowing for operation within
their OE only.

Medium-dynamic technologies: Medium-dynamic tech-
nologies typically have an OE exceeding 50% and allow
for startups and shutdowns of the production, while
maintaining the process at a warm standby by consuming
electricity. Depending on the technology, the ramping
behavior may be constrained. It is worth noting that, for
these technologies, we assume that the maximum load

https://doi.org/10.1021/acs.iecr.4c03817
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Swh -
change rate + Is greater than or equal to the minimum
operating point 4,S,,, to ensure that the technology can
go from idle to the minimum operation state within 1 h.
Additionally, we introduce a constraint to account for
warm standby:

ref
Fm’,electricity,t,h 2 (1 - xm/,t,h)qsm/sm’,h

(14)
Here, ¢,  represents the WSP as a fraction of the

maximum electric power of the reference size Sfff,h of
medium-dynamic technology m" € M’ C M. Conse-
quently, the equality sign in eq 10 is replaced by an
inequality sign.

e Fast technologies: With an OE of 100% and uncon-
strained ramping behavior, fast technologies can operate
without ramping limitations in an hour. Hence, we
linearized eq 12 by excluding x,, ,, while eq 13 is dropped.

Performance of Storage Technologies. The storage
technologies incorporate storage level L, ., as an additional
decision variable in their performance model, subject to the
following constraint:

0 < Ly < Sy (15)

Here, M"” represents a subset of storage technologies within the
broader technology set M. Furthermore, the charging and
discharging behavior is expressed as

Pm”,t,h
D
0 (16)
where 75, and 5} represent the charging and discharging
efficiencies of storage technology m”. To avoid simultaneous

_ C
Lm”,t,h - Lm”,t—l,h + Fm”,t,hnm” -
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charging and discharging, a binary variable is introduced in the
maximum charging and discharging constraints:

charge max
Fm”,t,h <SS, [

(17)
and

<s ’;ilifcharge max ( 1—

Burtn < 8 i) (18)

Here, Sgieem= and Sdischarge max denote the charging and
discharging capacities, respectively, and g, ., indicates whether
the technology is charging (g,,,, = 1) or discharging (g,,",, = 0).
We assume that the charging and discharging capacities are
independent of the storage size. The performance parameters of
all storage technologies are listed in Table 5.

Problem Complexity. The complexity of the optimization
framework described above arises mainly from two variables: (1)
the binary variable representing on/off status in eq 12 and (2)
the binary variable representing charging/discharging in eqs 17
and 18. These operational variables are defined for each hour
within the full time horizon (i.e., T = 8760). Additionally, for the
variable x,,,;, auxiliary big-M constraints are required for each
technology m, each time step ¢, and each cluster & to resolve the
bilinearity in the constraint. Consequently, reducing the time
resolution of the optimization problem can significantly
decrease its complexity.

To reduce the time complexity, we identify a set of design days
d € D using the time series aggregation module (TSAM) from
Kotzur and Hoffmann.”* The TSAM is a Python package that
employs various algorithms to aggregate time-dependent input
data, such as weather, price, emission, and demand data, from
full resolution into design day (DD)s, while preserving the
hourly sequence ¢ of DDs. Subsequently, we apply an approach
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Table 6. Installed Capacities of the Cluster and Standalone Scenarios for Chemelot and Zeeland”

Chemelot Zeeland
optimal optimal
integrated independent independent integrated independent independent
capacity unit cluster ammonia synthesis ethylene synthesis cluster ammonia synthesis  ethylene synthesis
Reference CO, Emission Price
conventional steam tonne naphtha/h 159 - 496 159 - 688
cracker
conventional steam tonne naphtha/h 0 — 0 0 - 0
cracker with CC
electric steam cracker  tonne naphtha/h 353 - 0 583 - 0
conventional reformer MW gas 807 0 - 0 0 -
conventional reformer MW gas 0 0 - 0 0 -
with CC
eSMR MW feed 244 569 - 1661 899 -
AEC MW electric 0 755 - 0 1153 -
HB process MW hydrogen 820 938 - 1540 1428 -
ASU MW electric 6 33 - S4 S0 -
electric boiler MW electric 0 0 0 358 0 134
gas-fired boiler MW gas 12 0 114 S1S 0 537
ammonia tank tonne 490 5038 - 23235 11131 -
Li-ion battery MWh 0 0 0 0 0 0
CO, buffer storage tonne 235 8041 0 15366 496 0
hydrogen tank MWh 317 582 - 387 632 -
ethylene tank tonne 287 - 0 3162 - 0
High CO, Emission Price
conventional steam tonne naphtha/h 158 - 0 163 - 398
cracker
conventional steam tonne naphtha/h 0 - 496 0 - 290
cracker with CC
electric steam cracker  tonne naphtha/h 352 - 0 597 - 0
conventional reformer MW gas 808 0 - 975 0 -
conventional reformer MW gas 0 0 - 670 0 -
with CC
eSMR MW feed 241 552 - 1702 960 -
AEC MW electric 0 759 - 0 1123 -
HB process MW hydrogen 824 947 - 1560 1478 -
ASU MW electric 6 33 - 54 S1 -
electric boiler MW electric 0 0 0 357 0 228
gas-fired boiler MW gas 17 0 287 S18 0 537
ammonia tank tonne 941 6391 - 27663 13907 -
Li-ion battery MWh 1372 0 277 1443 0 1152
CO, buffer storage tonne 354 14801 0 17999 477 0
hydrogen tank MWh 23S 538 - 599 595 -
ethylene tank tonne 489 - 0 3991 - 0

“A dashed line means that the technology is not available in the scenario.

similar to method 2 described in Gabrielli et al.>> Since the
complexity arises from technology constraints, all technologies
are modeled hourly using DDs. However, the storage level is
modeled at full resolution to enable the accurate representation
of seasonal storage. The variables at the reduced resolution are
then coupled to the full-resolution variables based on the hourly
sequence 0. For more details on this method and the coupling,
please refer to Gabrielli et al.”> We found that the temporal
complexity can be tackled using 20 DDs, which, as shown in the
SI, allows us to maintain sufficient accuracy, compared to the full
resolution while significantly reducin§ computation time.

As the work of Gabrielli et al.”> does not account for
constraining ramping rates of technologies, we propose an
extension to their approach. This extension is necessary as the
ramping constraint in eq 13 involves dependencies between time
steps; i.e., the difference in input at two consecutive hours t and ¢
— 1 must be within a specified range. Using independent DDs
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for the input variable at reduced resolution would not allow for
constraining the ramping at the first and the last hour of each
DD. Therefore, we introduce an auxiliary input variable Fj,,

M Mimaing

at the full resolution which is used in eq 13. The rest of the
technology constraints are still based on the reduced resolution
input variable. The two variables are then coupled by using the
following constraint:

(19)

A
memainﬁ(t),h - Fm,nma,mt,h

To reduce the complexity of the problem further, we can relax
the constraints in eqs 17 and 18 by removing the binary decision
variable g, ., that indicates whether the technology is charging
or discharging. Consequently, storage technologies can charge
and discharge simultaneously, which might result in unrealistic
storage operations. To prevent this, we include eq 24 from the
work of Elgersma et al.’® Although this additional constraint
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Figure 6. Specific costs and emissions for the Chemelot and Zeeland clusters under varying grid and CO, transport and storage (T&S) capacities.
Panels (a) and (b) present the specific costs and emissions for Chemelot, respectively, while panels (c) and (d) show the corresponding values for
Zeeland. Results are shown for the reference (R-CO,P: 150.31 €/t CO,) and high (H—CO,P: 250 €/t CO,) emission price scenarios. The total
product quantity includes both the main products (ammonia and ethylene) and all of the byproducts from the naphtha cracker. For reference, current
ammonia prices range from 216 to 1049 USD per tonne,”” while ethylene prices vary between 901 and 1150 USD per tonne.*®

cannot ensure that F,,.,, and P, are mutually exclusive, the
possibility of simultaneous charging and discharging becomes
very small.

B RESULTS AND DISCUSSION

The optimization framework described above is used to analyze
the low-carbon technology deployment, the impact of infra-
structure, and the role of flexibility in emissions reduction
strategies in the Chemelot and Zeeland clusters. In the
following, we present results concerning (i) the optimal cluster
design under different CO, price scenarios, (ii) the role of access
to infrastructures in the transition to low-carbon technologies,
(iii) the role of integrating (or not) different processes at the
cluster level, and (iv) the role of electrification and technology
flexibility for the different processes.

Optimal CO, Reduction Strategies. First, we minimized
the costs for the Chemelot and Zeeland clusters under two
different CO, emission price scenarios: a reference price of
150.31 €/t CO, and a high price of 250 €/t CO,. For simplicity,
in the following, we refer to these scenarios as R—CO,P
(reference CO, price) and H—CO,P (high CO, price),
respectively. The minimum-cost optimizations are carried out
for Chemelot and Zeeland as independent clusters, i.e., without
direct energy and material exchange between the two but
considering the optimal integration between the different
processes within each respective cluster, e.g., coupling ethylene
and ammonia synthesis. Figure S presents the optimal system
designs and import-export capacities for both clusters under
these scenarios. Additional results for the cluster design at
different CO, prices are presented in Table 6.

4490

We can first identify some general remarks that remain valid
independently of location and CO, price. It is noteworthy that,
in both locations, electric cracking is more favorable than
conventional cracking, even with the reference CO, emission
price. This advantage arises from the inherently lower scope one
emissions of electric crackers, particularly when the cracker gas
can be used to replace fossil feedstocks in other processes, as
seen in this case with syngas reforming and gas-fired boilers.
However, it is important to highlight that no emissions
reductions would be realized if the cracker gas produced during
electric ethylene synthesis were not used to replace other carbon
feedstocks within the cluster. The adoption of electric crackers
along with the possibility of reuse of cracker gas also affects the
choice of hydrogen production process in ammonia production:
(electric) syngas reforming is favored over water electrolysis also
at higher CO, prices due to its ability to utilize the cracker gas as
fuel and feedstock. Another common finding for both clusters is
that the CO, separated from the syngas before NHj; synthesis is
captured and sent to the transport and storage infrastructure.
This is not surprising and remains valid as long as (i) the cost of
exporting CO, is below the CO, emission price, and (ii) the
CO, transport and storage infrastructure is developed as a
service to the chemical cluster, i.e. similar to the electric grid.

When comparing the two chemical sites, we can note that the
overall cluster capacity and products (NH; and C,H,) balance
are important factors behind the optimal technology selection:
provided that Chemelot produces a smaller amount of ammonia
compared to ethylene, and given that conventional reforming
consumes more cracker gas per tonne of syngas than the eSMR,
the optimal combination of syngas production is found by
coupling large conventional reformers (~810 MW gas) to small
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electric ones (~245 MW gas). The remaining cracker gas is used
for steam production. On the other hand, in Zeeland, where the
ammonia production is larger, syngas reforming is fully
electrified. Moreover, the downstream heat consumption is
another important driver behind the optimal technology
portfolio: in the case of large local heat consumption (i.e., in
Zeeland), part of the steam production is electrified as cracking
gas can be efficiently reused elsewhere within the cluster battery
limits. Finally, as assessed in more detail in the next section,
access to CO, transport network at the cluster premises plays a
key role in the strategies for CO, reduction.

The results show that increasing the CO, price reduces
emissions by 4.5% for Chemelot and 5.5% for Zeeland, with
corresponding cost increases of 3.1% and 2.5%, respectively. As
for the lower CO, price, specific characteristics of the cluster,
such as annual production volumes, location, and infrastructure
significantly impact the effectiveness of CO, reduction
strategies: Zeeland achieves greater CO, reductions with a
smaller cost increase. This is due to its higher CO, transport
capacity and access to less-expensive and more-abundant green
electricity. For both clusters and CO, price scenarios, however,
the strict capacity limit of the CO, transportation pipeline is
reached, highlighting once more the importance of connecting
the infrastructure for deeper emissions reduction. Further
emission reductions are achieved by adopting electric battery
systems, which allow better exploiting the variations in the
electricity grid and enable electricity storage during low-cost
hours (i.e., low CO, emissions at moderated electricity price).
Due to the tradeoff between savings in operational costs and
high investment costs, batteries become competitive only with a
high CO, emission price. Moreover, due to the increased off-
peak hour consumption, the required grid capacity of the cluster
can increase significantly, which calls for assessments that go
beyond the availability of renewable electricity.

Impact of Critical Infrastructure. The results substantiate
the critical role of cluster characteristics in facilitating emission
reductions in chemical clusters, particularly concerning the
electric grid capacity and CO, transport and storage infra-
structure. To gain further insight into the significance of this
critical infrastructure, three distinct scenarios were evaluated:
(1) the anticipated expansion of the electric grid cannot be
realized and capacity remains constrained to the current limit
(650 MW), (2) the CO, transport and storage capacity is
unavailable, and (3) the CO, transport and storage capacity is
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increased to 2.5 MT/y for each cluster. Figure 6 shows the
resulting specific costs and emissions for these scenarios, and
Table S2 in the SI presents the installed capacities.

We find that the specific costs in Chemelot are relatively
similar to the reference case, ranging from 1.4% to 4.1% higher in
instances of limited grid and CO, transport capacity, and up to
1.7% lower in instances of increased CO, transport capacity. In
contrast, the infrastructure availability in Zeeland has a more
pronounced influence on costs: a limited grid capacity leads to a
cost increase of 10.8%—13%. This can be attributed to the larger
production volume in Zeeland, which requires a significantly
larger grid connection for electrification.

In contrast to the limited cost variations, the impact of critical
infrastructure on emission reduction potential is significant,
particularly regarding CO, transport and storage capacity.
Without CO, sequestration, emissions increase by up to 118%
because the CO, separated from reformer syngas cannot be
stored or further processed. However, increasing transport
capacity to 2.5 MT per year reduces emissions by 64% in
Chemelot and 10% in Zeeland, compared to the reference case.
The results also suggest that the maximum transport capacity of
2.5 MT is not fully utilized, indicating that pipeline capacities of
~2 MT per year for Chemelot and ~2.2 MT per year for
Zeeland would be sufficient (under the assumptions made in this
study). Limited grid capacity has a smaller yet significant impact
on emissions, increasing emissions by 14%—19% in Chemelot
and 97%—108% in Zeeland. Moreover, this significantly
influences the portfolio of optimal technologies, as for smaller
grid connections, eSMR is favored over electric cracking due to
its lower electricity consumption. Since eSMR uses less cracker
gas than conventional reforming, more cracker gas is exported.
Combined with the substitution of electric cracking with
conventional cracking, this results in an overall increase in
CO, production, subsequently raising CO, emission costs.

Benefits of Cluster Integration. Next, we assess how
process integration within clusters and process interdependen-
cies affect the costs and effectiveness of the overall CO,
reduction. We compare the optimal cluster results shown
above (in the section titled “Optimal CO2 Reduction
Strategies”) with a scenario in which ammonia and ethylene
production are optimized separately, without the possibility of
exchanging products or energy. In this standalone scenario, both
separate industries have access to half the import and export
capacities, and downstream processes are allocated based on the

https://doi.org/10.1021/acs.iecr.4c03817
Ind. Eng. Chem. Res. 2025, 64, 4479—4497


https://pubs.acs.org/doi/10.1021/acs.iecr.4c03817?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c03817?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c03817?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c03817?fig=fig7&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c03817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research pubs.acs.org/IECR

= =
= Winter = = Sprin =
E 3000 045 E 3000 Proe 045
=3 > = =
£ F039 = — L AL N =}
g 2000 1 © 2 2000 WV °
El r02°, 2 B
= i 5 B ] 3
£ 1000 Lor = & 1000 =
B 5 E g
g 0l e 0% & 0 . : . 0.0 %
= 0 50 100 150 E = 2050 2100 2150 E

Time (hours) Time (hours)

= =
= Summer = = Fall =
£ 3000 04 § £ 3000 045
= S 2 %
- J1 A 03O = F0.3 9
2 20001 T A © 20004 <
E ?\l ‘ M\f Fo2y & L0275
£ 10009 [ i S 210001 3
g ' . ) to1%= E Lo.1 &
s || LA A | ) g I . 2
2 0 —— S - T — 002z = T T - 0.0 %
= 4200 4250 4300 4350 g = 6400 6450 6500 6550 2

Time (hours)

—— Chemelot - R-CO5P —— Chemelot - H-CO5P

—— Zeeland - R-CO5;P

Time (hours)

Zeeland - H-CO2P

Emission Rate

Figure 8. Grid emission rate and the import of electricity in one representative week for each season of the Chemelot and Zeeland cluster for the
reference (R-CO,P: 150.31 €/t CO,) and high (H—CO,P: 250 €/t CO,) emission price scenarios.

é Winter

222000 0.4
2

2 1500 r03
Z 1000 0.2
g

5001 ro.1
g 4

e 0 T B T - 0.0
E 0 100 150

M Time (hours)

=

= Summer

22000 0.4
2

2, 15001 r03
Z 1000 02
g

2 500 H0.1
g . : : .
0= Ll : =—10.0
E 4200 4250 4300 4350

€]

Time (hours)

— Electric cracker

Emission Rate [t COy/MWHh]

Emission Rate [t COy/MWHh]

Electric SMR

Electricity consumption [MW] Electricity consumption [MW]

—— DBattery storage

Sprin =
2000 Pre 04 Z
=
| 038
1500 038
1000 Lo
5
500 1 I o1&
0 o : 0.0 %
2050 2100 2150 E
Time (hours)
Fall
2000 0.4

T T
e @
o

T
o
.

<
=)

Emission Rate [t CO/MWHh]

6450 6500
Time (hours)

6400

Emission Rate

Figure 9. Grid emission rate and electricity consumption profiles of the technologies in one representative week for each season of the Chemelot
cluster for the high (H—CO,P: 250 €/t CO,) emission price scenario.

industry type. Figure 7 illustrates the specific costs and emissions
of the integrated clusters and the standalone scenarios, and
Table 6 presents the installed capacities.

Coordinating the transition of all relevant industries at the
cluster level benefits both costs and emissions reductions.
Notably, cost savings of 9%—11% can be achieved for an
integrated cluster compared to the standalone scenario, where
the difference results from the CO, emission price and cluster
location. Emission reductions are even more significant, ranging
from 29% to 54%. For our NH;—C,H, cluster scenario,
emissions and cost reduction primarily arise from the possibility
of reusing cracker gas available thanks to electrification instead
of methane for hydrogen production in the reformer; this lowers
the net methane import and, thus, the costs and overall carbon
output. Additionally, using cracker gas shifts optimality toward
lower CAPEX technologies, e.g., electric reforming instead of
electrolysis, while also limiting the overall need for storage.

4492

The results also indicate that the optimal CO, reduction
strategy for the global cluster is not necessarily optimal for
individual industries within the cluster. For instance, while
electrification is optimal for ethylene production from a cluster
perspective, individual ethylene producers may prefer adopting
CC. In the standalone ammonia industry, a combination of
eSMR and electrolyzers is adopted to produce hydrogen, while
sole reforming is preferred in a cluster to reuse surplus cracker
gas. Interestingly, the standalone cost-optimal system design for
ammonia leads to lower emissions than those of the ammonia
industry in an integrated cluster. This outcome can be attributed
to two factors: (1) in the absence of surplus cracker gas, methane
must be purchased from the gas grid, making the more
feedstock-efficient eSMR and more-flexible electrolyzers pref-
erable, which leads to lower emissions; (2) since exporting
cracker gas incurs high emissions (i, costs), it is more
advantageous to use it within the cluster. As a result, in the
Chemelot cluster, the conventional reformer remains the
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for the high (H—CO,P: 250 €/t CO,) emission price scenario.

optimal and preferred choice over the eSMR due to the smaller
scale of ammonia production.

Additionally, we run a minimum emissions optimization
(note that all results so far are for minimum costs with two CO,
price scenarios) for both integrated and standalone clusters
(Chemelot and Zeeland). The results show that maximum
emission reductions compared to the reference case are 43.4%
for Chemelot and 36.8% for Zeeland. Although the reference
case already includes some emission reductions compared with
the current situation, these findings suggest that achieving a
(near) zero-emission chemical cluster is not possible under the
assumptions and the technology portfolio considered in this
study. Moreover, the absolute minimum emissions of the
standalone scenarios are higher than the emissions of the
minimum cost results for the clusters. This indicates that the
cost-optimal emission reduction potential of an integrated
cluster is greater than the maximum emission reduction
potential of the two individual industries operating separately.

Electrification and Flexibility. In the absence of a CO,
transport and storage infrastructure made available at cluster
gates, electrification represents the most prominent CO,
reduction alternative, contingent on the utilization of electricity
during periods of low-cost and low carbon intensity. The
cumulative distribution of CO, intensity, which is shown in
Figure 4, indicates that emissions in 2030 are zero for ~25% of
the hours and near zero for 60%—70% of the hours.
Consequently, operating electric processes flexibly during
these specified hours could potentially achieve a near-zero-
emission chemical cluster.

However, Figure 8 shows that in Chemelot, under the
reference CO, emission price scenario, the timing of electricity
imports does not align well with the emission profile and hourly
fluctuations in electricity imports are minimal. While a higher
CO, emission price improves the carbon intensity alignment,
Figure 9 illustrates that flexibility is primarily achieved through
batteries rather than by adjustment of the operation of primary
processes. For example, the electric cracker and reformer are
consistently operated near maximum capacity. More specifically,
the rationale behind the continuous operation of electric
crackers can be attributed to the operational constraints arising
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from the integration with the conventional SMR, which has little
to no flexibility. In contrast, the H—CO,P scenario in Zeeland
exhibits the closest alignment between the timing of the
electricity imports and grid emission profiles. As shown in Figure
10, fast power flexibility is provided by batteries and electric
boilers, while electrified primary processes, such as the electric
cracker, contribute a more gradual power response, typically
operating at 30%—50% OE. This implies that, in integrated
ethylene—ammonia clusters, flexible electricity consumption
can be pursued by adopting more flexible electrified alternatives
for both ethylene and ammonia production, though this may
require addressing additional investments in storage and
potential implications for emissions and resource utilization.

Discussion. Our study indicates that using electrification,
carbon capture and storage, and low-carbon hydrogen can cost-
effectively reduce emissions under realistic CO, emission prices.
Notably, we show that what could be regarded as a high CO,
emission price (250 €/t CO,) does not necessarily lead to a
significant increase in the product-specific cost when multiple
complementary technologies for emissions abatement are
considered. Importantly, we show that the capability of
decreasing CO, emissions varies significantly based on the
specific characteristics of each chemical cluster: within this
context, the availability of critical infrastructure, such as CO,
transport and storage and electric grid capacity, plays a crucial
role. These results suggest that the preferred CO, reduction
strategy is highly cluster-specific and requires careful analysis
and interpretation. Therefore, more detailed optimization
models at the cluster level, if required nonlinear and with higher
space granularity, can help identify potential scenarios and
develop robust CO, reduction strategies.

The results indicate that achieving zero scopes one/two
emissions in ammonia—ethylene chemical clusters with near-
term technologies remains very challenging unless (i) electric
input comes with no CO, intensity, (ii) no (fossil) carbon-based
byproduct is burned, and (iii) access to CO, transport and
storage is guaranteed for the required maximum nominal
capacity. In fact, emissions reduction faces challenges across the
full spectrum of scope one, two, and three. The reduction of
scope one emission is significantly affected by insufficient access
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to critical infrastructure (i.e., CO, transport) and lack of
commercially ready alternatives for deep decarbonization;
without CC, emissions can only be partially mitigated in the
near-term through the adoption of electric cracking and
electrolyzers. On the other hand, eliminating scope two
emissions requires the use of electricity exclusively during
zero-emission hours, necessitating a substantial grid connection,
large electricity storage, and flexible process operation; any of
these aspects might be detrimental when missing. Finally,
addressing scope three emissions would involve replacing fossil-
based feedstocks with biobased or CO,-neutral alternatives (e.g.,
direct air capture (DAC)). However, the timely availability of
sustainable biomass at scale and of cost-competitive DAC
technologies are key limiting factors in the near and midterm
future (also note that their analysis was beyond the scope of this
study). Additionally, this study focuses exclusively on emissions
reduction and does not consider other environmental indicators,
such as land or water use, which could be significantly affected by
the adoption of some proposed technologies. A comprehensive
LCA for the optimal configurations is needed to identify if the
proposed solutions are compatible with the different planetary
boundaries.

Cluster integration, for instance through the reuse of cracker
gas in ammonia production, can enable deeper and more cost-
effective emission reductions. However, it limits the potential for
flexible operation and, consequently, the ability to better use
low-carbon electricity. Although process integration is optimal
at the cluster level, system-level benefits may be achieved by
pursuing electrification and increasing the level of low-carbon
electricity consumption. This also underscores the need to
extend the analysis to a broader context, combining national-
and cluster-level insights to identify technologies, measures, or
electricity prices that encourage flexible operation during low-
carbon periods.

As for all models, our framework features several limitations
that are worth stressing here. The first limitation of this study is
given by model simplifications and by the availability of real-
world technology data, especially for complex technologies such
as electric crackers and eSMR. For instance, we estimated cost
and performance parameters via publicly available data, which
are generally less precise than confidential company-specific
data, not least due to the unique characteristics of chemical
plants. Moreover, in our work, we have neglected the costs
associated with the intracluster infrastructure changes, which
may add expenses or alter the optimal CO, reduction strategy
(additional transport costs for cracker gas are expected to be
minimal). Similarly, we are considering the reuse of cracker gas
to be technically feasible and with no additional costs (although
its similarity to CH, and syngas reinforces this hypothesis).

Additionally, with this work we are not considering the effect
of uncertainties on time- and space-discretized variables that
might experience significant changes when varying location
and/or year. For example, future feedstock and energy prices are
highly uncertain and are prone to fluctuations. This is
particularly true for electricity prices, which, in our model,
have an hourly resolution rather than an annual average and are
influenced by the underlying assumptions of the model used to
generate these prices. Although these uncertainties may impact
specific aspects and the absolute values of the results, they are
not likely to alter the comparative overall conclusions. We
provide data and model open access so that the analysis can be
easily redone when different values and profiles are available.
Furthermore, our analysis neglects the competitive behavior of
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companies within a cluster, while it assumes full information
sharing, which likely overestimates the potential for cluster
integration. In reality, much of this information is sensitive and
confidential. To enhance modeling outcomes and support
decision-making, it is crucial to reduce uncertainties at both the
cluster level (e.g, process integration and performance
parameters) and the system level (e.g., availability and cost of
critical infrastructure). Enhanced information exchange is
necessary to identify global optimalities and to ensure the fair
distribution of penalties and benefits within the cluster.

B CONCLUSIONS AND RECOMMENDATIONS

In this study, we presented an accurate time- and space-
discretized MILP formulation to model ammonia-ethylene
chemical clusters under varying boundary conditions with
hourly resolution over one year. The framework was used to
investigate the transition of such clusters toward low CO,
emissions by using close-to-commercial or commercial tech-
nologies, in particular electrified synthesis processes (e.g.,
electric crackers and SMR), green hydrogen, and carbon capture
and storage. In addition to the model framework, which we
provide open access, the research makes three key contributions:
(1) it identifies optimized near- and midterm CO, reduction
strategies for chemical clusters, considering multiple industry
types and downstream processes, (2) it assesses the role of
intracluster process integration and intercluster infrastructure
availability, and (3) it evaluates the potential of flexible cluster
operation.

Results showed that combining the three different technology
pathways allows for a significant decrease in CO, emissions.
However, access to an increased electricity grid connection and
CO, transport and storage infrastructure are critical elements of
the transition, which may prevent or further improve the
reduction potential. Notably, we found that a higher CO,
emission price can further reduce emissions without affecting
the product-specific costs significantly.

Yet, the results also indicate that achieving a zero-emission
ammonia—ethylene chemical cluster is not feasible in the near
term due to insufficient access to critical infrastructure and to the
inherent limit of solutions that do not tackle scope three
emissions, i.e., the origin of carbon in the products. Additionally,
while process integration can enhance a cluster’s overall CO,
reduction potential, it reduces the potential operational
flexibility of electrified processes, thus limiting the capability
of exploiting low-carbon electricity. Finally, the findings also
reveal that optimal CO, reduction strategies are highly cluster-
specific and influenced by uncertainties in the cost, performance
data, and boundary conditions. This highlights the need for
precise yet efficient cluster-level models to identify multiple
future scenarios and develop robust CO, abatement strategies.

Few additional recommendations can be made. Future
research should expand both the spatial and temporal scope
while maintaining a detailed analysis at the cluster level. Our
findings demonstrate that the surrounding energy system and
infrastructure significantly influence a cluster’s ability to
decarbonize, underscoring the importance of incorporating
national system dynamics and decarbonization efforts into
cluster-level decision-making. While near-term technologies can
reduce emissions cost-effectively, they are insufficient for
achieving a zero-emission chemical industry. Consequently,
care must be taken to avoid technology lock-in and to find the
optimal balance between fast emissions reduction and long-term
net-zero achievements. Future research should therefore explore
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long-term scenarios, considering boundary conditions and
advanced technologies necessary for achieving zero-emission
chemical clusters, including the mitigation of scope (iii)
emissions. The modeling framework presented in this work
can potentially integrate detailed cluster-level analysis with
national system dynamics while remaining computationally
efficient enough to assess long-term deep decarbonization
strategies for chemical clusters.
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B LIST OF ABBREVIATIONS

AEC = alkaline electrolysis cell

ASU = air separation unit

ATR = autothermal reforming

CAPEX = capital expenditures

CEPCI = Chemical Engineering Plant Cost Index
CC = carbon capture

DAC = direct air capture

DD = design day

eSMR = electric steam methane reforming

HB = Haber Bosch

MDEA = methyldiethanolamine

MEA = monoethanolamine

MILP = mixed-integer linear programming
OE = operation envelope

RT = ramping time

SI = Supporting Information

SMR = steam methane reforming
TSAM = time series aggregation module
T&S = transport and storage

WGS = water gas shift

WSP = warm standby power

B LIST OF MATHEMATICAL SYMBOLS

Indices
d € D = set of design days
h € H = set of clusters
k € K = set of timesteps per day
m € M = set of technologies
m' € M’ = subset of medium-dynamic technologies
m” € M’ = subset of storage technologies
n € N = set of carriers
n' € N’ = subset of plant output carriers
n" € N” = subset of plant input carriers
t €T = set of timesteps

Variables
C = total annual system costs
D = carrier demand
E = total system emissions
F = consumption of technology
g = binary charging storage technology
I = carrier import
] = carrier export
L = storage level
P = production of technology
S = technology size
x = binary on/off status plant

Parameters
a = conversion efficiency plant
B = input ratio plant
cPiPeline — cost of kilometer pipeline
'8 = cost of a tonne offshore CO, storage
d = distance to Rotterdam
7 = minimum feasible operating point
& = emission factor electricity grid
{ = size-independent cost parameter
1, n° = charging and discharging efficiencies
60 = CO, tax
1 = import price
Kk = emission factor technology
A = size-dependent cost parameter
v = CO, transport and storage cost
o = sequence of design days
¢ = warm standby power fraction
W = maintenance cost fraction
@ = annuity factor

Other
A = constraint matrix continuous variables
B = constraint matrix binary variables
f = objective function
N = dimensionality of variables
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b = constraint known term
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