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ABSTRACT: The electrification of naphtha cracking for ethylene SCOPE: Electric Steam Cracking
production could reduce the associated CO, emissions but would
require significantly larger electricity consumption. Within this

context, the flexible operation of electric crackers opens I ‘

opportunities for improved integration with the future electricity % ( "E" ‘ -
system. In this work, we developed a computationally efficient |1 | 8ee7 ) H:E‘;;e g
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batteries) and one with electricity supply from dedicated renewable e
technologies. We find that the operating envelope of the cracker has

the strongest impact on cost savings, enabling up to 5.5% reduction when using flexible electricity from the grid and 58% for systems
with direct coupling to renewables. Moreover, the flexible operation of electric crackers relying on the electricity grid enhances the
CO, emission savings, achieving a 90.4% emission reduction against 54.6% of the constant operation case. Finally, we find that for
direct coupling with renewables, electric crackers need to be flexible to avoid suboptimal oversizing of renewable technologies and
especially unrealistic battery capacities.

B INTRODUCTION

In 2019, the industrial sector was responsible for 20 Gt of
greenhouse gas emissions, representing 34% of the total global
emissions.' While several routes exist to decrease these
emissions, the industry is expected to be one of the main

efficiency of the cracking process increases. However, the
operation of the electric crackers could be challenging. While
conventional ethylene production plants are typically operated
at maximum capacity due to high investment costs and process
complexity, electric crackers will inherently be exposed to

contributors to residual emissions in 2050." For instance,
achieving CO, neutrality within the chemical industry presents
considerable challenges, to name a few: the transition to
nonfossil carbon as feedstock, the complexity of redesigning
synthesis processes at Mt/year scale in a limited time horizon,
the use of sustainable energy, water, and land.* An illustrative
example is the thermal cracking of hydrocarbon feedstocks for
the production of light olefins, such as ethylene, which stands
out among the plethora of CO,-intensive processes in the
chemical industry for the high CO, emissions: 300 Mt/
year.” > At the same time, cracking of either fossil-based or
alternative feedstocks is expected to remain relevant in the
future because of its capacity to deliver the requested amounts
of the product while using established process technologies.
Notably, in cracking plants, around 90% of CO, emissions
are directly related to the energy consumption of the heat
provision in the steam cracker.” Therefore, several industrial
initiatives exist that aim to electrify the process heat provision
while reducing the direct emissions of ethylene production.
The advantage is twofold: in electric-based heating, low-carbon
electricity can be used as a heat source; moreover, the energy
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fluctuating boundary conditions. At the same time, a
fluctuating energy supply also presents opportunities for
flexibility in operations, enabling the plant to respond to
varying electricity prices that reflect the production of
renewable energy production. On the one hand, the significant
increase in electricity consumption due to electrification will
exacerbate the role of electricity costs in overall operational
expenses, leading to a new balance between investment and
operating costs. On the other hand, the need to supply
electricity through discontinuous renewable energy sources will
require massive investments in storage capacity, lest accepting
a higher risk of grid instability. By exploiting variations in
electricity prices, it may be possible to lower the operating

Received: June 30, 2023

Revised: ~ September 12, 2023
Accepted: September 12, 2023
Published: September 27, 2023

research

https://doi.org/10.1021/acs.iecr.3c02226

16360 Ind. Eng. Chem. Res. 2023, 62, 16360—16382


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julia+L.+Tiggeloven"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andre%CC%81+P.+C.+Faaij"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gert+Jan+Kramer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Gazzani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.iecr.3c02226&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02226?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02226?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02226?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02226?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02226?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/iecred/62/40?ref=pdf
https://pubs.acs.org/toc/iecred/62/40?ref=pdf
https://pubs.acs.org/toc/iecred/62/40?ref=pdf
https://pubs.acs.org/toc/iecred/62/40?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.iecr.3c02226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org/IECR?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

expenses that arise from electrification. Additionally, a flexible
operation will provide a useful service to the electricity grid,
facilitating the decarbonization of both the ethylene
production process and the energy system as a whole.

The use of flexible operation in industry as a response to
fluctuations in electricity prices, a practice commonly known as
demand side management (DSM), has gained increasing
attention over the past decade.””® One of the main challenges
in the adoption of industrial DSM, especially in the chemical
industry, lies in the complexity and interdependency of the
different processes; not surprisingly, conventional chemical
processes are typically operated under the design conditions
and possibly at a steady state. In addition to the complexity of
individual processes, chemical plants are usually located in
industrial clusters, where additional interactions and depend-
encies exist. As a result, operating industrial clusters in a
flexible manner is particularly challenging.

From a simulation perspective, modeling industrial DSM can
be computationally expansive: the complex nature of nonlinear
formulation limits the extent to which the temporal and spatial
analysis can be included. This highlights the need to develop
computationally efficient formulations for modeling and
optimizing industrial DSM, which can adequately capture the
dynamics of chemical processes and their interactions with the
energy system both inside and outside the cluster. Not
surprisingly, the growing body of literature on industrial DSM
adopts mixed-integer linear programming (MILP) as the state-
of-the-art technique. Notably, it enables the approximation of
nonlinear costs and dynamic performance of chemical
processes (e.g, through piecewise linearization) and the
implementation of constraints to enforce the minimum feasible
operating level, ramping rates, and start-ups/shut-downs of
plants. At the same time, MILP can effectively handle large-
scale problems with a wide scope and high level of detail while
retaining accuracy and computational efficiency.

In more detail, researchers have adopted MILP to model
and assess the potential of industrial DSM in several industry
types, including paper and pulp,”™"" glass,'” cement,"”'* and
metal."*~"” In the chemical industry, flexible operation is
analyzed for processes that typically have high electricity
consumption, such as the synthesis of chlorine-based
chemicals'®™*° and air separation units."”*'~** However,
these studies simplify the problem formulation along two
dimensions. First, the temporal scope is limited to a period of 1
week or less, thus neglecting seasonal fluctuations associated
with renewable energy production. Second, the optimal sizing
of the industrial facility is not taken into account, which means
that the impact of adapting the size of the plant to lower
capacity factors (i.e., flexible operation) is not fully captured.
This is a crucial aspect, since implementing flexibility requires a
more complex plant design and oversizing of the facility to
enable the shift of production in time. These modifications
result in an increase in investment costs, which can limit the
savings in operating costs from exploiting electricity prices.
Therefore, the trade-off between investment and operating
costs needs to be evaluated, and the installed capacities of the
plant, storage, and other technologies must be included as
decision variables in the problem, leading to a more complex
optimization. In fact, in the field of industrial DSM, only a
limited number of case studies exist that optimize both the
capacity and the operation of industrial processes. For instance,
Miller et al.*° conducted an economic analysis to study the
impact of various boundary conditions on the flexibility of the

design of an air separation unit but did not mathematically
optimize the design or operation. Mitra et al.”’ optimized the
operation and included the design in the analysis by
considering a fixed set of plant modifications for which the
operation is optimized. Other studies, such as Roh et al,”®
introduced a sizing variable into the model, but typically had a
short time horizon and used decomposition algorithms to
handle the complexity of decision variables related to the plant
design. To enable longer time horizons or facilitate stochastic
optimization, Teichgraeber et al.”’ and Teichgraeber and
Brandt®® used time aggregation methods to cluster temporal
data into representative days. Moreover, they simplify the
technology models by excluding (integer) variables related to
unit commitment and operation, thus resulting in a simpler yet
less accurate problem formulation.

As a result, existing industrial DSM studies have not fully
explored the interdependence of optimal capacity and
operation variables and the benefits of flexibility under varying
market conditions. Additionally, while some studies have
shown that ramping constraints have little impact on the
objective function but can increase computation time,”” others
have found that similar objective function values can feature
different optimal design decisions.”® This underscores the
importance of accurately modeling plant operations. In
summary, there is a clear research gap in the literature, with
no studies that simultaneously optimize the design and
operation of industrial DSM processes while still providing a
full-year hourly resolution and accurately representing a plant’s
flexible performance. Moreover, to the best of our knowledge,
no studies have investigated the adoption of DSM in electric
steam crackers, which are particularly of interest due to the
large electricity consumption and their role in the synthesis of
platform chemicals.

This study aims to tackle this gap by applying a
computationally efficient yet detailed MILP formulation to
model DSM in the ethylene production process. Our approach
involves optimizing the capacity and operation variables
simultaneously while having a temporal scope of one year
and an hourly resolution to accurately capture fluctuations in
electricity prices and the underpinning availability of renewable
electricity. To comprehensively explore the flexible behavior of
the process while coping with the limited data available for the
design of electric crackers (EC), we assess the role of three key
operation parameters: the operating envelope (OE), the
ramping time (RT), and the start-up and shut-down (SUSD)
time, as also depicted in Figure 1. We evaluate the impact of
these parameters on the cracker capacity, cost of ethylene
production, CO, emissions, and computational efficiency and
do this under varying electricity price profiles and investment
costs.

Moreover, to accurately consider both the individual cracker
process and its role within a larger energy system or industrial
cluster, we investigate the flexible operation of EC for four
different systems, as shown in Figure 2, where the portfolio of
technologies varies. The first case (a) “business-as-usual”
(BAU) with a conventional cracker serves as a reference for
comparison. The second case (b) “electric cracker-grid” (EC-
G) considers the provision of electricity from the grid
exclusively. The third case (c) “electric cracker-battery” (EC-
B) is connected to the electric grid but includes batteries as an
alternative to the reactor’s flexible operation. The last case (d)
“electric cracker-renewables” (EC-RES) is independent of the
electric grid and considers the sizing of renewable
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Figure 1. Example of an operational profile of a chemical plant,
including the three critical operating parameters that are examined in
this work: the operating envelope, the ramping time, and the start-up
and shut-down time.

technologies, wind turbines and photovoltaics (PV), along with
the electric cracker and batteries. In all cases, ethylene storage
is included and optimally sized along with the other
technologies. Finally, we investigate the system by optimizing
for costs (as a baseline of the analysis) and for CO, emissions,
which is the ultimate motivation to transit to electric crackers.

The remainder of this work is organized as follows. First, we
describe the physical basis of the conventional and electric
ethylene production process. Then, we explain the MILP
optimization framework that is used to model and optimize the
process. Finally, we show and discuss the results and present
concluding remarks.

B ETHYLENE PRODUCTION PROCESS: THE
PHYSICAL BASES

The most common process to produce ethylene and other light
olefins is the steam cracking of a hydrocarbon feedstock.®
Although the feedstock preference is different per region (i.e.,
naphtha in Europe and Asia, ethane in North America and the
Middle East), the primary unit operations investigated in this
work are similar. This section describes the conventional and
electric steam cracking processes using naphtha feedstock,
based on a typical “world-scale” capacity of 1000 kt of ethylene
per year.”' Furthermore, we report the collection of perform-
ance and cost data for the processes and outline the
assumptions and simplifications of this work.

Conventional Steam Cracking. A steam cracking ethyl-
ene production plant is composed of three main sections:
pyrolysis (i.e., the cracker furnace and reactor), compression,
and product separation. The flow sheet in Figure 3 illustrates
the material and energy streams, while the corresponding mass
and energy balance values are provided in Table 1.

Pyrolysis. The pyrolysis section of the conventional ethylene
production plant consists of the cracker furnace, a complex
piece of equipment where hydrocarbons are cracked into
smaller molecules, resulting in the formation of light olefins
such as ethylene. The cracker furnace is divided into two main
sections: a radiant zone and a convection zone. In the radiant
zone, vaporized naphtha (CO1) is heated by exposing it to
radiant heat from gas-fired burners, while the convection zone
cools the hot flue gases from the radiant section by recovering
useful heat. The convection zone is designed with multiple
passes to optimize heat transfer efficiency, preheating the air
and naphtha, and generating steam for use elsewhere in the
production process. In this work, we adopt the energy
consumption reported in the Ethylene chapter of the Ullmann’s
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Figure 2. Schematic overview of the four systems evaluated in this work. The BAU system consists of a conventional ethylene production process
and an ethylene storage tank. The EC systems replace the conventional cracker with an electric cracker. In the BAU, EC-G, and EC-B systems,
electricity is consumed from the grid, and production can be shifted or electricity can be stored in a battery (only for EC-B) to exploit fluctuating
electricity prices. In EC-RES, there is no grid connection and all electricity is supplied by renewables. The ethylene demand is fixed on a yearly basis

for each of the four systems.
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Figure 3. Overview of the energy and material streams among the cracking, compression, and separation sections of the conventional steam
cracking plant. The blue arrows represent water/steam flows. The black arrows represent material flows (e.g., feedstock, fuel, and products).

Table 1. Performance Data for Each of the Three Sections of the Conventional and Electric Ethylene Production Process”

conventional electric

section type value [kWh/kg naphtha] type value [kWh/kg naphtha]
cracker consumption methane 1.868 electricity 1.476
production superheated steam 0.841 saturated steam 0.542
compression consumption superheated steam 0.431 electricity 0.383
separation consumption saturated steam 0.492 saturated steam 0.492
consumption electricity 0.083 electricity 0.083
production methane 2.349 methane 2.349

product yield ethylene 0.303 [kg ethylene/kg naphtha]

“While the electric cracker and compression sections are more energy efficient, the separation section is the same for both plants.

Encyclopedia of Industrial Chemistry (Zimmermann and Walzi),
which is 1.87 kWh/kg naphtha. The value is in line with other
sources, also including recent simulation works.>**7*° The
required process heat is supplied by burning a mixture of
recovered process gases (C02), with a fuel gas composition
that typically consists of CH, and H, derived from the
downstream separation section (for example, Spallina et al.*
calculated 18% H,, 81% CH,, and 1% residues, i.e, CO and
C,H,). Given that this gas composition is specific to the site
and the configuration of the separation section (e.g., H, might
be separated for other on-site uses), here we assume for
simplicity that the fuel combusted in the furnace consists of
100% methane, leading to a small overestimation of CO,
emissions in the conventional cracker.

At the outlet of the cracking furnace, the heat in the hot gas
mixture is recovered in the transfer-line exchangers to produce
high-pressure (HP) steam, which is then superheated in the
convection section of the furnace. Steam production in the
convection zone (C04) is calculated based on the furnace heat
balance provided in Zimmermann and Walzi.>' After heat
recovery, the cracked gas is further cooled by contact with
cooling oil in an oil quench tower. In a gasoline fractionator,
the heavy fraction of the resulting mixture is condensed,
cooled, and recycled to the oil quench tower. In some plants,
the heat from oil quenching is recovered to preheat the boiler
feedwater for the dilution steam that is produced in the
convective section of the furnace. After separation in the
primary fractionator, the cracked gas is cleaned from pollutants
in a stripper.

16363

Compression. The cooled and cleaned gas mixture (CO0S) is
compressed in a steam turbine-driven compressor, which
typically consists of four or five stages with intercooling. The
energy required for compression (C07) is supplied by
superheated HP steam from the cracker furnace and is here
calculated according to the breakdown of energy consumption
in typical naphtha steam cracking reported in Ren et al.” After
compression, the gas mixture is dried and routed to the
separation section (C06).

Separation. The separation section utilizes distillation,
refrigeration, and extraction to separate products. Given the
plant-specific nature of the section’s design, it is assumed that
the initial separation involves segregating methane from other
products, which will be utilized as a combustion fuel in the
furnace. Afterward, individual products are separated via
multiple distillation steps, with ethylene being extracted as a
liquid side stream for the purpose of storage and transport to
HP steam serves as the primary
energy source for separation, while a limited amount of
electricity is consumed by the cooling water, pumps, and
compressors. Electricity and HP steam consumption (C08) are
here calculated according to Ren et al.’

The energy balance of the plant yields a total specific energy
consumption (SEC) of 29.1 GJ/tonne ethylene (2.44 kWh/kg
naphtha) for pyrolysis and separation, which is consistent with
typical values reported in the literature.” Similar to typical
ethylene plants, the steam balance is closed via a small external
gas-fired boiler (C03).”*" We assume the boiler consumes
methane to produce HP steam with a constant efficiency of
92%, regardless of the load, and a fast start-up and shut-down

31
downstream processes.

https://doi.org/10.1021/acs.iecr.3c02226
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Figure 4. Overview of the energy and material streams between the cracking, compression, and separation sections of the electric steam cracking
plant. The orange arrows represent electricity, the blue arrows represent water/steam flows, and the black arrows represent material flows (e.g.,

feedstock, fuel, and products).

time, allowing it to operate completely flexibly. The overall
energy and material balance of the exemplary cracker process
considered in this work are reported in Table 1.

Products. Steam cracking of naphtha yields several valuable
chemicals, including ethylene, methane, propylene, toluene,
and benzene. For example, high-severity naphtha cracking with
a residence time of 0.4930 s results in ethylene (C10 and E10)
and methane (C09 and E09) yields of 30.25 and 16.9%,
respectively.”’ In the conventional process, the methane yield
(C09) per kg of naphtha is higher than the fuel gas
consumption (C02), and part of the methane might be
exported or used in other processes. The overall balance of the
different products depends on many parameters, e.g., the
specific furnace and separation island design, and can vary
significantly per plant. However, in this work, we are not
interested in the overall, specific material output but rather in
exploring a process that is capable of producing a fixed yearly
amount of ethylene. Therefore, we exclusively consider the
ethylene demand as a proxy of the entire cracking plant.

After separation, ethylene can be stored in a tank or directly
supplied to the demand of downstream (polymer) production
processes. Ethylene is stored as a liquid at a temperature
between —104.5 and —90 °C and pressure between 98 and 210
kPa*** in horizontal tanks (with a typical D/L = 1/4) of a
maximum capacity of 350 tonnes each. Because the ethylene
product is withdrawn as a liquid side stream from the
separation section and typically stored for only a few hours,*
we ignore the energy consumption required to maintain the
low temperature. Furthermore, we assume that fugitive losses
in the tank are negligible.

Coke Formation. The cracking of naphtha feedstock leads
to coke formation inside the tubes of the pyrolysis section and
in the heat-recovery section at the cracker exit, which reduces
olefin selectivi‘cy.39 An ethylene production plant, therefore,
typically consists of multiple furnaces with one cracker part-
time undergoing decoking and maintenance. We here consider
that the nominal capacities reported in the literature account
for decoking and calculate the cost and performance data
accordingly. Moreover, we do not consider the decoking
scheduling in the cracker operation.

CO, Emissions. In this work, we focus exclusively on the
ethylene production process and the associated scope 1 and
scope 2 CO, emissions, therefore neglecting the end-of-life of

all exported products. While it is key for the net-zero chemical
industry to consider the whole carbon cycle, scope 3 emissions
are not part of this work, as they are outside the context of
electric cracker capacity and operation. Moreover, we simplify
scope 1 emissions by neglecting emissions from the decoking,
where coke is burned with steam and air, producing CO,.
Roughly 90% of the total emissions of a conventional cracker
are connected with the combustion of fuel gas in the cracker
furnace to sustain the endothermic reaction (i.e. the vast
majority of scope 1 emissions),” with the rest being mostly
associated with steam boilers operation and scope 2. The
resulting direct emissions of the conventional process for the
cracker furnace and the boiler combined is 0.397 kg CO,/kg
naphtha, slightly higher than the value in Ren et al.* and in line
with data from the existing crackers in The Netherlands.””*"

Electric Steam Cracking. The electrification of the
ethylene production process represents a radical innovation
that has not yet been implemented on a commercial scale.
Therefore, several assumptions need to be made when
considering the design and performance of an electric cracker.
It is worth stressing that the detailed design of an electric
cracker is not in the scope of this paper; rather, we proceeded
by using available information and critical evaluation of the
conventional process with respect to the new one. First, there
is no reason to expect changes in the number of key sections
(reactive zone, compression, separation) in an electric cracker;
we therefore maintain the same division. However, significant
changes take place within the first two sections: in the
pyrolysis, heat is provided via electricity, and in the
compression, the steam-driven compressor is substituted with
electricity-driven compression. Figure 4 provides an overview
of the material and energy streams among the three sections,
with corresponding mass and energy balance values listed in
Table 1.

Pyrolysis and Dynamic Cracker Operation. In the electric
ethylene production process, indirect resistance heating is used
instead of fuel combustion to preheat the air and feedstock,
generate process steam, and ultimately heat and crack the
vaporized naphtha (E01) into light olefins. As for conventional
plants, heat is recovered from the cracked gas at the furnace
outlet to produce the HP steam (E04). However, in electric
cracking plants, no hot flue gas is present, therefore avoiding
heat losses at the stack and removing the convective zone on
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the flue gas line; the latter was used for steam superheating in
the conventional cracker, which is not required in the EC given
the use of electricity-driven compressors. Overall, this results in
an increased energy efficiency compared with conventional
plants. Following this reasoning, we determined the energy
consumption of the electric cracker (E02) based on the heat
balance of the conventional furnace provided in the
literature,” subtracting the heat for the superheating steam
and the heat losses at the stack. The resulting energy
consumption of an electric cracker is 21% lower than that of
a gas-fired furnace.

On the other hand, the dynamic operation of electric
furnaces at commercial capacities remains substantially
unknown. The specific design of an electric cracker is a
complex engineerin% task and topic of several industrial
research projects.*”*’ The design of demonstration plants is
strictly confidential, and only a few scientific articles discuss
this. For example, Balakotaiah and Ratnakar** propose a novel
modular reactor configuration with electrical resistance heating
for endothermic reactions (i.e., steam cracking) that improves
thermal efficiency (from S0 to 90%) and reduces the transient
time (hours/days to seconds) compared to traditional furnace-
based technologies. As the electricity consumption of the
conventional process is limited, the potential for flexible
operation in response to electricity prices is not of particular
interest, and little research is available on operational flexibility
parameters [such as the operating envelope (OE), the ramping
time (RT), and the start-up and shut-down (SUSD) time].
Moreover, these industrial data are considered particularly
sensitive by plant operators and technology manufacturers and
therefore are not openly available. The decoking operation of a
conventional cracker provides some indication of the feasible
RT and SUSD time; however, as steam is used in the decoking
operation, the cracker remains at a hi§h temperature. For
example, Ghashghaee and Karimzadeh™ suggest that the
feedstock flow rate can be safely ramped up/down while
maintaining cracking severity (temperature), although they do
not mention the impact performance and product yields for
varying feedstock flow rates.

Given this context, in order to explore the impact of
operational flexibility on optimal plant capacity, we focus on
several key variables that can influence the integration of the
ethylene production plant into the surrounding energy system
including the OE, the RT, and the SUSD time. The OE is
determined by the minimum feasible load point (y) and refers
to the ability of the plant to increase or decrease its steady-state
production in response to changes in electricity prices or the
availability of renewable electricity. The RT indicates the
ability to respond quickly to external drivers and is typically
determined by the time required to increase or decrease
production between the minimum feasible load point and the
capacity of the plant. Because we vary the OE and optimize the
plant capacity in this work, we define the RT as the time
required to ramp production between zero and the reference
capacity, which is designed to produce 115 tonnes of ethylene
per hour (around 1000 kt/year with a constant hourly
production rate). The SUSD time determines how long it
takes for the plant to go from shut-down to operation or vice
versa, which can be important in an energy system with a
significant share of renewables, as (fast) shuttling down
production during times of electricity unavailability or high
cost can be beneficial. Given that the OE, RT, and SUSD time
of electric crackers are unknown and depend on the specific

design, we run several optimizations by varying the three
parameters, considering ranges that extend from nonflexible to
fully flexible reactors. Additionally, we investigate the case of
warm standby power (WSP), a well-known procedure in the
chemical industry to enable a more flexible operation. During a
warm standby, a fraction of the maximum power (¢) is used to
maintain the tubes of the cracker at a high temperature, which
prevents the thermal shock of the material due to sudden
temperature fluctuations in case of fast SUSDs of the plant. An
overview of the parameters and the corresponding values that
are investigated in the analysis is presented in Table 2.

Table 2. Flexibility Parameters Investigated in This Work
and the Corresponding Values Inserted in the Model

unit value
operating envelope % [0,20,40,60,80,100]
ramping time h [1,2,4,8]
start-up and shut-down time h [1,6]
warm standy power % S

Compression. Before being directed to the compressors
(E0S), the gas mixture undergoes cooling and cleaning
processes similar to those in the conventional plant. The
energy consumption of the compression section (E03) is lower
than that in the conventional plant due to the higher efficiency
of electric compressors, which avoids the use of steam in a
mechanically driven compressor. Given that turbocompressors
can move fast between different operating points (certainly
faster than electric crackers), we do not consider their dynamic
behavior.

Separation. The compressed gas mixture (E06) is trans-
ported to the separation section, which operates similarly to
conventional plant design and results in the same electricity
and steam consumption (E08). Without fuel gas consumption
in the pyrolysis section and steam consumption for
compression, all methane (E09) [and a marginal amount of
steam (E07)] is exported or used internally, for example, to
produce more ethylene via oxidative coupling of methane. In
this work, we do not investigate the downstream use of fuel gas
from EC, as this is out of scope. The resulting overall energy
consumption for pyrolysis and separation of the electric plant
is 24.4 GJ/tonne ethylene (2.05 kWh/kg naphtha).

CO, Emissions. The direct emissions (scope 1) of the
electric plant are considered to be zero, while scope 2
emissions in EC-G and EC-B depend on the carbon intensity
of the electricity grid (here investigated with different
scenarios). For EC-RES, both scope 1 and scope 2 emissions
are zero. As for the decoking emissions, although electrification
would not completely eliminate them, the use of electric
heating is expected to lead to less coke formation thanks to the
more uniform temperature distribution in the tubes.**
Therefore, we neglect decoking emissions in both conventional
and electric plants.

B ETHYLENE PRODUCTION PROCESS: MILP
MODELING FRAMEWORK

To untangle the role of flexibility in naphtha cracking, we need
a model that accurately captures the dynamic operation of the
process while simultaneously maintaining computational
efficiency as needed for larger energy systems optimization.
Therefore, we formulate the problem via mixed-integer linear
programming to optimize the capacity and operation of the
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conventional and electric plant and investigate the sensitivity of
the results toward input parameters. Our model simplifies the
ethylene production process for two reasons: (i) computation
tractability: nonlinear formulation would add a complex set of
constraints and lead to a nonlinear programming framework,
thus severely limiting the number of optimization variables,
and (ii) design uncertainty: having more detailed reactor
models would introduce numerous assumptions (e.g., about
mass and heat transfer) without adding much to the evaluation
of flexibility in EC. Despite these simplifications, the model we
propose can capture the essence of the ethylene production
process while ensuring reasonable computational efficiency,
particularly in the context of analyzing the process within a
more extensive system such as an industrial cluster or region.
The following section provides an overview of the optimization
framework, technology models, and required input data.

Optimization Framework. The mathematical problem
formulation in this work builds upon and extends the recent
works of Gabrielli et al.***” and Weimann et al.*® The
underpmmng modeling framework is based on the energy hub
approach,*” and it has been applied to several technologies in
the residential and industrial optimization domains. In the
following, we provide an overview of the model, with special
attention to the naphtha cracker model and with limited details
on the other technologies, as they are adopted from the works
mentioned above.

We model the overall ethylene production process as an
industrial energy hub where several materials and energy
carriers can be converted or stored and exported to satisfy the
demand. The decision variables optimized by the framework
include design variables (i.e., selection and size of conversion
and storage technologies) and operational variables (i..,
energy and material flows and storage levels). Design and
operational variables are optimized simultaneously. We use an
hourly resolution, including input data about weather
conditions, demand data, and prices for import and export
from and to the outside of the industrial energy hub. The
general formulation of the MILP is

min (c'v + d'w)

s. t.
Av+ Bw=Db
v>0eRY we {0, 1}™ (1)

where ¢ and d are the cost vectors associated with continuous
and binary decision variables v and w, respectively. A and B are
the corresponding constraints, with b as the known term of the
constraint, and N indicates the dimension of v and w. It can be
noted that, excluding binary variables, we do not have
additional generic integer variables. The problem is formulated
in Matlab 2018a*° usmg the YALMIP-toolbox’" and is solved
using Gurobi v9.1°* on an Intel Xeon Silver 4110 machine
(2.10 GHz, 2 sockets, 16 cores, 32 logical processors, 64 GB
RAM).

Objective Functions. The reference objective function in
this work is defined as the sum of the capital expenditures
(CAPEX) and the operating expenditures (OPEX):

CAPEX OPEX
J=]

+] 2)
with the annualized technology cost for the installed
technologies defined as

CAPEX
] =

> U+ y)AS, + &,

meM (3)

where M is the set of available technologies in the system
(described in Table S), 4,, and {,, represent the size-dependent
and size-independent cost parameters, and the annuity factor
@,, is used to calculate the annualized capital costs. The fixed
maintenance cost of the technology is included as a fraction of
annual capital costs . The OPEX is directly determined by
the energy cost of the system, given by the total amount of
electricity imported, and is expressed as

OPEX
Z ( eIectncnty,t electrmty,t)
t=1 (4)

where ey, i the amount of imported electricity and
Velectricity; 1S the hourly electricity price at hour t. The naphtha
import cost is not included in the optimization as we assume
the same ethylene yield for all plants and a constant price
throughout the year (a market optimization based on the
naphtha price, as, for example, done by Kwon et al.,*” is out of
the scope of the present paper).

In addition to cost optimization, we also consider an
emission optimization for the electric cracker, where CO,
emissions replace costs as the objective function. This is done
as an additional analysis to investigate cracker operation when
following the CO, intensity of the grid. More specifically,
emission minimization is based on indirect emissions from
imported electricity (scope 2) and is defined as

K= Z ( Iectncnty, electrncxty,t) ( )
S

where €ecyicy, are the hourly CO, emission factors of the
electricity grid. We compare the optimized emissions of the
electric cracker to those of the conventional cracker, for which
we consider both grid and process emissions from the furnace.

Constraints. Several constraints are added to the problem to
represent the technology characteristics, the energy and
material balances, as well as auxiliary constraints needed for
the practical resolution (e.g., nonnegative big-M formulations).

Energy and Material Balances. Energy and material
balances are added as equality constraints for each carrier n
(represented by streams in Figures 2—4) and each hour t and
are formulated as follows:

z (Imnt+ myn,t mnt) nt:O

meM (6)

where I, . is import to each technology m from outside the
industrial hub, P, ,, is the output of technology m, F,, ,, is the
input of technology m from within the hub (e.g, another
technology), and D, ; is the demand.

Performance of Generic Conversion and Storage
Technologies. For each technology m € M including the
cracking process, the size of the technology S, must be
between a minimum and maximum value (S™" and $™):

Smin S Sm S Smax (7)
The technology-specific operational constraints are modeled as
follows:

e For the gas-fired boiler that provides the steam
imbalance in the conventional plant, we adopt egs 16
and 17 in Gabrielli et al,*” therefore ignoring the size-
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and load-dependent performance. Moreover, the boiler
consumes methane exclusively (from the cracker fuel
gas).

e The ethylene storage is modeled via eqs 18—22 in
Gabrielli et al.*” We assume no material loss, i.e., no
charging and discharging efficiency.

e Batteries are modeled using eqs 18—22 in Gabrielli et
al.”” We assume the same value for charging and
discharging efficiency, as they are typically similar and it
simplifies the formulation.

e The offshore wind turbines are modeled via eqgs 3, 4, 6,
and 7 in Weimann et al.*® As discussed in the original
work, we simplify the problem assuming that continuous
curtailment is possible.

e The electrical power output of a PV panel is modeled
based on ambient temperature and solar irradiation as
described in eq 3 in Gabrielli et al.*’

Ethylene Production Process. The ethylene production
plant is modeled as a conversion technology in which the
primary input, naphtha, is converted into ethylene and
methane, consuming electricity, fuel gas, and steam. The
energy and mass balances are as described in the previous
section for conventional and electric plants. Given that the
part-load performance is not known, we assume a constant
conversion efficiency from the naphtha feedstock, Fphes to
the final products, P,, and constant energy and mass
requirements (i.e., fixed relationships between input carriers
are used). Accordingly, the products P, of the ethylene
production plant are described as

B .= o,k

>, faphtha,e V £ € T, 1" € N’ = {ethylene, methane, steam}

(8)

while the required inputs to the ethylene production plant F,,
are computed as

E..> f.F, Vte T, n" € N' = {electricity, methane, steam}

©)
where a, and f3,» represent the conversion efficiency per kg of
naphtha feedstock of the outputs n’ € N’ C N and the ratio
between inputs n” € N” C N, respectively. Note that
methane and steam can be input or products depending on
the specific section of the production process, e.g, input in the
separation but output from the furnace.

As also shown in Figure 1, in this work, we consider and
investigate three parameters that impact the plant capacity and
operation in response to changes in electricity prices and
renewable electricity availability: (i) the operating envelope
(OE), (ii) the ramping time (RT), and (iii) the start-up and
shut-down (SUSD) time.

The OE of the plant adds the following disequality
constraint:
x,S

}/naphta cracker

aphtha, t

<F

naphta,t < xtS

cracker

VteT (10)

where x, € {0, 1} represents the on/off status of the plant and
Ynaphta 18 the minimum feasible operating point of the plant as a
fraction of the installed capacity of the cracker, S, qer It
should be noted that the constraint becomes linear when
SUSDs are not allowed. The installed capacity of the plant is
optimized based on its operation in response to electricity
prices or availability. When flexible operation takes place, this
leads to an installed capacity that is larger than the reference

capacity, S* .., lowering the utilization of the plant.

Next, the RT is enforced by the following disequality
constraints:

ref ref

Scracker Scracker
- RT < Fnaphta,t - Fnaphta,t—l < RT vVteT (11)

with RT representing the time required to ramp up or down
between the minimum load and the maximum capacity and
S™f e the size (in terms of naphtha input) of the inflexible
reference plant. In this equation, we use S, to fairly
compare different values of RT, as having the decision variable
Scracker Would imply different RT values for different design
capacities.

The SUSD constraints are required to mimic the start-ups
and shut-downs of plants, and their formulation is dependent
on the time required to complete the transitory. In the case of
interruptible operation, a set of additional constraints (based
on constraints 4—6 in Morales-Espafia et al.>*) is required to
enforce the on/off status and SUSD logic:

X —x_ =y -z VtET (12)
y<xVteT (13)
t
Y z<1-xVte[ID,T] (14)
i=t—TD+1
(12)

where the integer variables y, and z, represent a start-up or
shut-down of the process, respectively. The minimum
downtime TD is defined as the duration of a full shut-down
and start-up cycle, and the minimum uptime is equal to the
duration of the one time step, which is 1 h.

Depending on the specific design of the electric cracker, the
SUSD times might be very long, imposing an SUSD trajectory.
In this case, the operational process during on-status remains
unchanged (x, is one), following eq 10. However, an additional
constraint is necessary to regulate the naphtha input and
ethylene production during SUSD trajectories (if longer than
the temporal resolution of the model, which is 1 h), i.e,, when
x; is zero. This results in the following equality constraint:

SUSD, SUSD
(1 - xt)Fnaphtha,t - Z E y(t—u+r+1) - z E Z(t—u+1)

u=1 u=1

=0VteT (15)

where 7 is the duration of one start-up or shut-down. The
naphtha input during start-up or shut-down periods Ei},ﬁfha is
calculated by

S

cracker

ESUSD _ J/naphtha
(r+1) (16)

Finally, thermal shock of the material inside the tubes can
occur during fast SUSDs, as a result of sudden temperature
changes in the cracker. However, it is often possible to ramp up
and down production safely (within safe RTs) as long as the
temperature is maintained, as discussed in Ghashghaee and
Karimzadeh® for conventional processes during decoking
periods. Therefore, a strategy implemented in high-temper-
ature processes to avoid thermal shock is to maintain the
equipment hot while no output is produced (note, for example,
that this is successfully done in fast operation of heat-recovery
boilers in combined cycles). To consider this, the following
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Figure 5. Day-ahead market price profile for electricity in The Netherlands for 2019 (blue) and with an increased mean and standard deviation

(red).

constraint is added to the model, which represents the power
needed to keep the cracker at a high temperature:

xS (17)

where ¢ is a fraction (<1) of the maximum electric power of
the inflexible reference plant Sgiicrerss.

To assess the effect of these parameters, we consider four
distinct operation modes with different levels of complexity in

terms of the constraints they impose:

ref
electricity

E

electricity,t 2 (1 VteT

e No start-ups and shut-downs: The plant can adjust its
load within the OE, subject to the RT constraint; shut-
downs are not permitted (x, = 1 Vt € T in eq 10).

o Fast interruptible operation: The plant can start-up and
shut-down at all times and can adjust the load within the
OE, subject to the RT constraint. The SUSD time in
case of fast interruptible operation is less than 1 h and
the WSP is zero.

o Slow interruptible operation: Similar to fast SUSDs, the
plant can start-up and shut-down at all times and can
adjust the load within the OE subject to the RT
constraint, and the WSP is zero. However, the SUSD
time is longer than 1 h (6 h).

e Interruptible operation with warm standbys: Here, we
assume a fast interruptible operation (SUSD time < 1 h)
enabled by WSP and therefore include eq 17 with an
additional consumption of 5% of the electrical load for
the inflexible production at S™f ..

The different operating modes result in different problem
complexities. The absence of start-ups and shut-downs leads to
the relaxation of all integer variables that enforce on/off status,
resulting in a relatively straightforward implementation and
resolution. Allowing for start-ups and shut-downs, however,
requires the introduction of integer variables, which creates
bilinearities in eq 10 and increases the model’s complexity
significantly via big-M formulation. The inclusion of slow start-
up and shut-down trajectories requires an additional constraint
(eq 15) that also involves bilinearities, further increasing the
complexity. It is important to note that, as seen in eqs 10, 15,
and 16, fixing the plant’s capacity would eliminate these

16368

bilinearities from the formulation. However, since design and
operational decision variables are interdependent, they must be
optimized simultaneously.

Input Data. Our analysis of the ethylene production
process aims at being location agnostic; however, depending
on the specific case study depicted in Figure 2, real location-
dependent data are necessary to solve the optimization, for
example, with respect to ambient temperature, renewable
generation, and electricity prices. Given that we do not see any
advantage in using randomly generated time-series data, we
retrieve baseline data from Dutch institutions and investigate
their role via sensitivity analyses, e.g., on the electricity price.

Electricity Price and CO, Emissions. Electricity is either
bought from the grid or produced within system boundaries by
renewables, depending on the case study. For the cost of
electricity, we utilize as a baseline the 2019 Netherlands day-
ahead market price.”” The reasonable future expectation is that
the average and fluctuations in electricity prices will increase in
the future due to higher demand and the integration of
undispatchable renewables (large price fluctuations are already
clearly visible at present during sunny days). However,
substantial uncertainty in these projections remains as several
location-dependent factors will drive the market development.
To account for this, we analyze the system for 160 varying
electricity price profiles that feature a variation in the mean and
standard deviation of the original profile. The reader is referred
to the Supporting Information for a more detailed description
of the generation of these profiles. Two profiles (the 2019
profile and the baseline future profile) are depicted in Figure S
with the respective mean and standard deviations.

In addition to the electricity price, we use the time-
dependent CO, intensity of the grid for the emission
minimization case study. The average CO, intensity of the
Dutch electricity grid in 2019 was 0.369 kg CO,/kWh, with
projections of a decrease to 0.208 and 0.094 kg CO,/kWh in
2025 and 2030, respectively.’® The hourly CO, intensity
profile was derived based on the hourly production of natural
gas, coal, nuclear, solar, and wind in 2019 and incorporating
the correspondlng CO, emission factors from van Cappellen et
al.>® The resulting CO, profile has an average value of 0.372 kg
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Table 3. Cost Parameters of the Conventional Plant, the Electric Plant, and the Auxiliary Technologies

type unit
conventional plant C,H, production kgcopa/h
electric plant C,H, production kgcone/h
gas-fired boiler steam production kw
ethylene tank storage kgcoma
Li-ion battery storage kWh
8.4 MW wind turbine offshore wind turbine
ground mounted PV PV m’

[€2010/unit] [Méyg15] [%] source

5126.0 405 0.04 Zimmermann and Walzi®'
5126.0 405 0.02 Zimmermann and Walzi®'
72.1 0.04 DEA*

19.5 0.02 Turton et al.®

168.9 0.01 DEA®?

23.8 x 10° 0.02 DEA®

188.2 0.01 DEA®!

CO,/kWh, which aligns well with the value reported in van
Cappellen et al.’® To estimate the average CO, intensity of
2030, we increased renewable electricity generation, set coal-
fired electricity generation to zero, and decreased gas-fired
electricity generation at times of high renewable availability.
This results in a CO, intensity profile with an average value of
0.091 kg CO,/kWh and a renewable electricity share of 76.3%,
which is consistent with the projection of van Cappellen et
al.>® The summary of the emission factors, the total annual
generation for the 2019 and 2030 profiles, and a more
elaborate explanation on the method used to obtain the
profiles can be found in the Supporting Information and in
Table S1. It should be noted that the approaches to generate
the 2030 CO, profile and the baseline future price profile in
Figure S are fully independent, i.e., the profiles are unrelated to
each other. The coupling is out of scope, and the profiles are
used in independent analyses exclusively. The hourly 2019 and
2030 CO, intensity profiles are depicted in Figure 6.

Weather Data. Hourly resolved solar irradiations and wind
speeds are obtained from the Dutch Meteorology Institute
(KNMI)*” and the Dutch Offshore Wind Atlas (DOWA),>®
respectively, for a location near the port of Rotterdam, which
could accommodate a direct connection to offshore wind
parks. In this work, we ignore the cost of transmission of
electricity to the onshore connection; however, it is important
to note that the dedicated grid connection is vital for the
electrification of ethylene production.

Technology Costs. In order to maintain consistency in the
capital cost data across all technologies, we have adopted the
calculation of the total overnight cost (TOC) of equipment, as

outlined by the NETL.’> The TOC is determined from the
base equipment cost (BEC) through the application of the
following equation:

TOC = ((BEC-IF)-ICF)-COCF (18)

where the values of installation factor (IF), indirect cost factor
(ICF), and contingencies and owner’s cost factor (COCF)
have been set to 1.8, 1.14, and 1.15, 1'(=.spectively.35’63 For
simplicity, these factors have been assumed to be consistent
across all conversion and storage technologies. However, it
should be noted that these values are reported based on
industrial (power) plants, and therefore, the capital costs of
other technologies may be inflated. Table 3 presents an
overview of the cost parameters for all conversion and storage
technologies.

Conventional Plant. The investment costs associated with
the ethylene production process are highly dependent on the
specific plant, and real data are not disclosed because of
confidentiality. In fact, obtaining reliable cost numbers on
complex chemical equipment is one of the biggest challenges in
system modeling works. Nevertheless, capital cost estimates for
typical plants have been reported by Zimmermann and
Walzi,! Yang and You,** and Spallina et al®* In this work,
we have calculated the TOC for each of the reported values via
eq 18, correcting for inflation based on the year 2019 as the
reference. A scaling factor of 0.6 was applied, and the resulting
cost curves were used to estimate the size-dependent and size-
independent cost parameters. After comparing the results, we
selected the cost curve obtained from Zimmermann and Walzi,
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which is also our main source for the mass and energy
balances.

Electric Plant. We assume that the capital costs for the
equipment (compressors, pumps, distillation columns, etc.) in
an electric cracker plant are comparable to those of a
conventional cracker plant, with the exception of the cracking
furnace. Moreover, we take the perspective of an nth-of-a-kind
cracker instead of a first-of-a-kind. In other words, we do not
consider the cost of the realization of the technology. Navigant
Consulting®® reports cost data for an electric furnace of 10
MW (thermal), which is used to compute cost curves using a
scaling factor of 0.6. We compare the resulting cost parameters
for the electric furnace with those of the conventional furnace
[the conventional cracker furnace accounts for 29.5% of the
plant’s bare erected cost (BEC)*] and find that the cost
difference between the two plants at a typical capacity of 1000
kt of ethylene per year is less than 1%. Therefore, the same cost
parameters are used for both plants, disregarding the negligible
difference. We however check the influence of this with
additional sensitivity analyses.

Ethylene Storage Tank. The cost curves for the BEC of the
ethylene storage tank are calculated utilizing the Capcost2017
approach described in Turton et al,*’ with stainless steel as the
chosen material of construction. Given that ethylene is
produced as a liquid stream, there is no need for additional
equipment to liquefy ethylene prior to storage. The TOC is
determined through eq 18, taking into account inflation, and
estimating the cost parameters.

Other Technologies. The cost parameters for the boiler,
battery, wind turbines, and PV have been sourced from the
Danish Energy Agency,”*®"%” and it has been assumed that
these costs are linear regardless of the installed capacity.

Technology Performance. The performance data of the
ethylene production process is described in the previous
section, specifically Table 1 for the conversion performance of
energy and material carriers for both conventional and electric
plants and Table 2 for the investigated values with respect to
the flexibility of the electric process. In Table 4, we summarize
the performance of the other conversion and storage
technologies.

B RESULTS

In the following, we use the model formulation and the data
described above to optimize the plant capacity and operation
of three different electric cracker systems (EC-G, EC-B, and
EC-RES) and to compare them to the business as usual (BAU)
case (as shown in Figure 2). A summary of the considered

Table 4. Lifetime and Performance Parameters of the
Auxiliary Technologies”

lifetime [y] efficiency [%]

gas-fired boiler 25 92.0
ground mounted PV 25 NA
8.4 MW wind turbine 25 NA
lifetime [y] loss [%]
charge discharge self-discharge
ethylene tank 15 100.0 100.0 0
Li-ion battery 18 98.0 98.0 0

“The performance of wind turbines and PV is determined by the
weather data and modeled as described in Weimann et al.* and
Gabrielli et al,,*’ respectively.

technologies per case study is reported in (Table S). The
analysis identifies not only the implications of flexible

Table 5. Overview of the Four Systems Analyzed in This
Work, Graphically Represented in Figure 2

electricity
technologies available import
BAU conventional cracker, ethylene tank yes
EC-G electric cracker, ethylene tank yes
EC-B electric cracker, ethylene tank, Li-ion battery yes
EC-RES electric cracker, ethylene tank, Li-ion battery, no

offshore wind, PV

operation on the ethylene plant (EC-G and EC-B) but also
the additional costs needed to balance energy supply and
demand considering direct coupling to renewable energy
production (EC-RES).

The results are presented in two main sections: in the first,
we focus on minimizing total annual costs, while in the second
we focus on minimizing CO, emissions. It is important to note
that we keep costs and emission minimization separate from
each other. In both sections, we compare the inflexible electric
plant to the conventional plant and analyze the potential of
flexible operation of the electric cracker in both cost and
emission reduction.

Cost Optimization. As a starting point, we computed the
cost associated with ethylene production of the BAU and EC-
G system assuming inflexible production and a reference
cracker capacity of 1000 kt of ethylene per year. Even though
the capital cost difference between a conventional and electric
ethylene production plant is assumed to be less than 1%, the
cost of ethylene production (excluding feedstock) of EC-G is
200% higher than that of the BAU for 2019 electricity prices.
Moreover, when considering the higher and more variable
price profile in Figure 5, this cost difference increases to almost
300%. This is the result of high electricity consumption in the
EC-G system. Specifically, the import costs of electric cracking
account for 70.6% of the total annual costs in the EC-G system
compared to 9.2% in the BAU.

The low share of electricity costs of the conventional plant
makes flexible operation in response to electricity prices
irrelevant. However, since electricity import is the main driver
of the excessive costs in electric cracking, allowing for flexible
operation in response to fluctuating electricity prices can lead
to significant cost savings. By solving a simplified model of the
EC-G system, relaxing the constraint in eq 10 (i.e., the OE is
100% and «, is always 1), and excluding the constraints in eqs
11—17, we obtain an upper limit of the costs savings that can
be achieved when operating an electric ethylene production
process fully flexibly. We find that the total annual cost savings
when simultaneously optimizing the capacity and operation of
the electric plant are 0.4 and 5.5% compared to the inflexible
plant for the 2019 price profile and the future baseline price
profile, respectively. It is worth stressing that these cost savings
would quickly reduce were the size not optimally selected; for
example, the 5.5% savings would decrease to 2.6% when using
the optimal size obtained with the 2019 price profile for the
future profile case. This highlights the importance of
optimizing the capacity simultaneously with the operation,
especially for higher and more variable electricity prices.

Next, we examined the sensitivity of the costs of ethylene
production toward electricity prices and CAPEX. Given the
uncertain nature of future electricity prices, we optimized the
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Figure 7. Sensitivity analysis for the EC-G system of the cost of ethylene production and the optimal cracker capacity toward the mean and
standard deviation of the hourly electricity price. (c—f) Analysis of the sensitivity for an increased or decreased size-independent fraction in the
total investment cost. The reference capacity of 1000 kt ethylene annually is equal to 115 tons per hour. For comparison, the cost of ethylene
production via the BAU case according to our simulations is 123 €/ton C,H, excluding feedstock.

flexible operation and capacities of the EC-G system for 160 cracker capacity are depicted in Figure 7. More specifically,
electricity price profiles with varying combinations of mean Figure 7a,b shows the ethylene production cost and optimal
and standard deviation. In addition, we changed the structure cracker capacity for the baseline 4,, and {,,, while Figure 7c—f
of the CAPEX by varying the plant’s size-dependent and size- shows the same at higher or lower, respectively, size-
independent cost parameters, 4,, and {,,. The analysis is carried independent cost fraction of the total investment cost at
out at a fixed yearly demand of ethylene; therefore, more reference capacity. When looking at the baseline figures for
flexibility means larger cracker size and lower capacity factors. cost and size (a,b), the analysis reveals that the cost of ethylene
The results in terms of ethylene production costs and optimal production is mostly defined by the mean electricity price,

16371 https://doi.org/10.1021/acs.iecr.3¢02226
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Figure 8. Costs of ethylene production (excluding feedstock) and cracker capacities of the noninterruptible operation mode for varying OEs and
RTs, with increasing flexibility from left to right. The different shades from light to dark represent import cost, battery capital cost (EC-B only), and

ethylene plant capital cost.

while the optimal size is mostly affected by the standard
deviation (except for price profiles with relatively low means
and high standard deviations). Notably, different price profiles
can lead to similar ethylene production costs only if the size is
optimally selected, where the change in optimal size is
significant (e.g.,, from 120 to 300 tcy /h). The isoline cost

curves bend slightly with the standard deviation, indicating a
relatively lower production cost for the same mean electricity
price at a higher standard deviation. As expected, the bending
is stronger for a low mean electricity price. Figure 7c shows
that the role of standard deviation is stronger for a higher size-
independent cost fraction as the cost of installing an additional
unit of capacity is relatively low while allowing for significant
OPEX savings. The optimal installed cracker capacity is still
predominantly determined by the standard deviation, and the
maximum size is reached at a lower standard deviation. For a
lower size-independent cost fraction, as depicted in Figure 7f,
the trend is very similar to that in the baseline cases.

No Start-Ups and Shut-Downs. The analysis to date has
considered a completely flexible electric cracker, therefore
establishing a theoretical upper limit of cost savings. However,
this will likely not be physically possible, and we need to
explore the effects of considering the practical limitations of
such an operation. In the operating mode discussed here, it is
assumed that the production process cannot be interrupted,
but it is still capable of adjusting its production within the
specified operational range, subject to the restriction imposed
by the RT constraint (eq 11). Figure 8 shows the associated
cost of ethylene production and cracker capacity for different
OEs and RTs in the case of electricity imported from the grid
with and without a battery (EC-G in Figure 8a and EC-B in
Figure 8b). The values depicted exclude the cost of naphtha
and the value of byproducts. The corresponding installed
capacities and simulation times of all technologies for the three
EC systems can be found in Supporting Information Tables S2
and S5, respectively.

It can be noted that the cost differences of producing
ethylene for varying levels of operational flexibility are minimal
for both EC-G and EC-B, which is consistent with the
established 5.5% upper limit of cost savings. The maximum

cost savings between RT (7) 1 and 8 h in the plant with
unconstrained operation is 3.7%. However, the system designs
for different degrees of operational flexibility feature significant
variations in cracker and ethylene storage capacities. For
example, the cost-optimal flexible capacity is over 50% larger
than the inflexible capacity. Notably, differences in system
design between EC-G and EC-B are negligible, except for the
battery capacity, which implies that the electricity storage is
only used to exploit prices to a further extent than the plant is
able to. Consequently, in a completely flexible system with fast
RTs and a wide OE, no electricity storage is installed. In less
flexible systems, adding electricity storage leads to a maximum
cost savings of only 0.5%, while a battery capacity of almost
780 MWh is required. This is a consequence of the inherently
large size that batteries must possess to play a role in the
cracking process.

The limited potential for cost savings, despite the notable
differences in system design, is due to the trade-off between the
investment and operating costs. To achieve electricity cost
savings through flexible operation while having a constant
ethylene demand, additional capacity must be installed,
resulting in higher investment costs. Whether cost savings
are achieved through flexible operation is dependent on factors
such as electricity prices and size-related cost parameters,
which introduce a high degree of uncertainty. As a result,
investing in flexible process design when responding to
electricity prices presents a significant risk, which may anyhow
be required depending on other boundary conditions (e.g., grid
stability).

The results from EC-G and EC-B present the system from a
traditional industrial operator’s perspective, assuming contin-
uous electricity availability and responding to electricity prices.
In reality, the flexibility of operation also influences optimal
capacities beyond the plant’s battery limits, particularly with
the incorporation of substantial amounts of renewable
electricity. To meet the continuous demand of the industrial
sector, investments must be made elsewhere in the energy
system to balance supply fluctuations. This is evident in our
EC-RES results, shown in Figure 9, as the cost of ethylene
production for a fully flexible EC is 57.9% lower compared to
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Figure 9. EC-RES costs of ethylene production (excluding feedstock)
and cracker capacities of the noninterruptible operation mode for
varying OEs and RTs, with increasing flexibility from left to right. The
different shades from light to dark represent renewables, battery, and
ethylene plant capital costs.

that for an inflexible EC. The cost decrease for varying RTs is
again minimal, at a maximum of 4.2%.

A clear advantage of flexible cracker operation is the
reduction in the required installed capacity for renewable
electricity, which is expected to remain a limiting factor in the
near future. Specifically, the decrease in the required offshore
wind and photovoltaic capacity is 14.8 and 71.3%, respectively,
between an inflexible cracker operation and a cracker with an

unconstrained OE. Additionally, the battery capacity decreases
from an unrealistic 37.4 GWh to a more sound 500 MWh.
Although it is unlikely that such a large buffer capacity will be
provided solely by batteries, this demonstrates the need for a
buffer to meet the continuous industrial demand. Notably,
when using a fully flexible cracker, the ethylene production
cost increases by only 16.7% when including the capital cost of
renewables (comparing EC-G with EC-RES), meaning that
with this additional investment, the heat provision of the
ethylene production process can be fully decarbonized. For
inflexible operations, this cost difference rises to 148%. In
conclusion, while the potential of flexible operation from an
operator’s perspective may seem limited, a wider perspective
highlights the value of providing flexibility in processes that
rely heavily on renewable electricity.

In addition to analyzing the optimal capacity of installed
technologies, we examine the operation of the cracker (Figure
10) and storage behavior (Figure 11) for the EC-G and EC-B
scenarios. Similar profiles for the EC-B case can be found in
Supporting Information Figures S2 and S3. The profiles
distinctly illustrate the hourly and seasonal variations as a result
of fluctuating electricity prices and the availability of renewable
power. This underscores the significance of adopting a
comprehensive yearly and hourly temporal resolution within
the optimization framework. While the full-year profile of the
EC-G scenario suggests little fluctuations in plant operations, a
close inspection reveals daily and weekly variations that are
clearly visible in the first month and hourly profiles. The EC-
RES results indicate that responding to the availability of
renewables leads to seasonal variations, as visible in the optimal
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Figure 10. EC-G (blue) and EC-RES (red) cracker operation profiles of the full year, the first month, and the first day of the second week (left to
right) for the noninterruptible operation mode and varying OEs and RTs. The darker blue and red lines in the full year and first month of operation
represent the moving averages of the EC-G and EC-RES cases, respectively.
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Figure 12. Costs of ethylene production (excluding feedstock) and cracker capacities of the interruptible operation mode for varying OEs and RTs,
with increasing flexibility from left to right. The different shades from light to dark represent the import cost, battery capital cost (EC-B only), and

ethylene plant capital cost.

operation depicted in Figure 10a, where the plant’s electrical
load of the plant surges during summer months due to the
higher availability of renewable electricity. This increased
ethylene production results in two prominent peaks in the
product inventory in June and September, evident in Figure
11a. As a result, inflexible production with direct renewable
coupling requires long-term buffer capacity, with battery
capacities in the order of several GWh in the case of small
OEs. It is therefore clear that similar combinations will be

hardly feasible, thus calling for flexibility in the electrification of
large industrial processes. Furthermore, we observe the impact
of constraining the OE and RT on the overall system
operation. Limiting the OE to 40% (Figures 10b and 11b)
induces a significant change in cracker operation, especially in
the EC-RES results, which leads to the significant cost
differences depicted in Figure 9. Due to the lower cracker
flexibility, the two summer peaks in ethylene storage utilization
in the unconstrained operation are replaced by employing a
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larger battery capacity to bridge the gap between renewable
electricity supply and the electricity demand of the cracker
process. On the other hand, limiting the RT to 8 (Figures 10c
and 11c) yields an hourly operation profile deviating from the
optimal yet yielding similar monthly averages, thereby
explaining the marginal influence on ethylene production
costs. The three EC-G profiles in Figure 10 exhibit very similar
patterns, consistent with the modest cost differences in Figure
8a.

Regarding the computational complexity and impact of
constraints in this operation mode, it is worth noting that the
simulations for the three different plant configurations (EC-G,
EC-B, EC-RES) were solved to optimality [with a 0.1—-0.5%
Mixed-Integer Programming (MIP) gap] within a maximum
time of approximately 30 min. Nevertheless, the computation
time increases significantly with longer ramping times (7),
which is in line with the findings reported by Roh et al.”*

Fast Interruptible Operation. Next, we investigate how
rapid temporary interruptions would affect the performance
and the capacity, where rapid start-ups and shut-downs take
less than 1 h. The evaluation of the system design and cost of
ethylene production follows the same two-stage approach as
before, focusing first on variability in electricity prices (EC-G
and EC-B) and second on the availability of renewables (EC-
RES). The results of this analysis, in terms of ethylene
production cost and cracker capacity for varying OF and RT
scenarios of EC-G and EC-B, are depicted in Figure 12a—Db,
respectively. The corresponding installed capacities of all other
technologies and the simulation times for the three EC systems
can be found in Tables S3 and S5 of the Supporting
Information.

When fast interruptible production is possible, operational
flexibility can be increased by temporarily discontinuing the
process, for example during periods of high electricity prices.
As a result, the ethylene production cost decreases (e.g., —4.8%
for constant operating point production in EC-G), and larger
plant capacities are optimal. The difference between
interruptible operation and operation without SUSDs is
particularly visible for simulations with smaller OEs (ie.,
<80%), as systems with large OEs are already relatively flexible
in the operation. Moreover, we find that the OE becomes less
important for the system design and performance compared to
the noninterruptible operation mode while the RT has a
similar effect on the system. Note, however, that RTs and
SUSD times are typically inherently connected, as it is hard to
imagine a reactor that can shut-down/start-up fast (<1 h)
while having multihour RTs. This might however be achieved
with specific operation strategies, such as the warm standbys
that we analyze later. Finally, comparing the EC-G and EC-B
results, we find that negligible additional flexibility benefits are
achieved through the deployment of batteries, as it results in a
cost reduction within the MIP gap.

As expected, the computational burden of constraints for
interruptible operations is significantly larger than for non-
interruptible operations. This is primarily due to the
introduction of additional integer variables. When the OE is
small or the RT is slow, operational decision variables are
highly interconnected and result in a limited set of feasible
solutions that can be explained via integer constraints. Notably,
a close-to-optimal design for complex systems with fast
interruptible operation can be found to relax the system to a
linear version.

The increased complexity of the problem becomes
particularly challenging for the EC-RES system, where
renewable technologies must be optimized (capacity and
operation) along with the cracker. In fact, it was impossible to
solve the problem within 15 h under standard optimization
settings for RT's longer than 1 h. Therefore, given that previous
results indicated that varying RT's do not significantly affect the
objective and system capacities, we optimized the EC-RES
system at different OEs but for RT1 (7 = 1) exclusively. Also,
in this case, the resolution was possible only by restricting the
variables” range and using previous optimal results as a
guideline. The results for EC-RES are listed in Figure 13.
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Figure 13. EC-RES costs of ethylene production (excluding
feedstock) and cracker capacities of the interruptible operation
mode for varying OEs. The flexibility increases from left to right and
the RT is equal to the length of the one time step (1 h). The different
shades from light to dark represent renewables, battery, and ethylene
plant capital costs.

The results indicate that implementing fast interruptible
operation in ECs when responding to renewable electricity
availability can lead to a significant reduction in the cost of
ethylene production, as compared with operating the plant
without start-ups and shut-downs. The additional capital cost
of dedicated renewable generation (the EC-RES system) is
limited to an increase of 16—22% compared with the EC-G
system. By contrast, for noninterruptible operations, this cost
increase varies from 16 to 150%. The cost difference between
interruptible and noninterruptible operation can be primarily
attributed to the reduced need for battery capacity to stabilize
fluctuations in renewable electricity generation, as the plant
can now suspend production during periods of low availability.
The greatest cost savings are observed in scenarios with small
OE, where allowing for shut-downs can significantly enhance
the plant’s ability to respond to electricity supply fluctuations.
The findings therefore call for a modular cracker design, where
such fast SUSDs can be practically implemented.

Warm Standbys. The practical implementation of the fast
interruptable operation mode in chemical plants with high
processing temperatures presents several challenges. A warm
standby, in which the cracker is kept at a high temperature
through electric heating, could facilitate a fast interruptible
operation. We here assess the impact of including the WSP on
the optimization results of EC-G for an RT (z) of 1. The
optimization results show that the differences in objective
function with and without WSP are negligible, i.e., less than the
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Figure 14. Overview of the cost of ethylene production (excluding and including feedstock cost) for the two extreme instances of the three
investigated systems and operating parameters. The maximum ethylene production cost savings for each system are indicated with an arrow and the
red horizontal line represents the average European ethylene price in 2019.%

MIP gap. Moreover, the differences in cracker capacities are
also limited: with the inclusion of the WSP, a decrease in
cracker capacity of 2—6% is obtained for OEs larger than 80%.
In conclusion, if warm standbys can technically enable fast
interruptible operation, it allows for the practical implementa-
tion of flexibility in the cracker while resulting in a minor
increase in electricity consumption and changes in system costs
and design. Therefore, under these conditions and assump-
tions, the benefits of a fast interruptible operation outweigh the
costs of increased electricity consumption. From a modeling
perspective, this operation mode can provide a more accurate
formulation to model interruptible operation without adding
complexity (the WSP constraints did not lead to longer
computation times).

Slow Start-Ups and Shut-Downs. Another practical
complication associated with fast interruptible operation is

16376

the rapid ramping up or down of production during start-ups
or shut-downs, which can exceed safe limits. This is particularly
problematic for small OEs, as in those cases a start-up or shut-
down may require the production to be ramped up from zero
to the minimum feasible operating point (or vice versa) within
1 h. In this final analysis, we explore the system operation
when the SUSD time is 6 h. This significantly increases the
complexity of the model formulation, as discussed in the
previous section.

Despite the additional complexity of the constraints, we
conducted a sensitivity analysis on EC-G cases, providing a
comprehensive evaluation of the system performance. Our
results indicate that the difference in objective between fast
and slow SUSDs is at most 4.8%. However, the system design
changes more substantially as the capacity of the slow SUSD
cracker is between 15.5 and 20.0% smaller than the crackers
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with the fast interruptible operation mode. These findings
highlight the importance of including the SUSD time in the
modeling of chemical processes with slow SUSDs, as it plays a
crucial role in determining the plant’s optimal capacity and
performance. Finally, the optimal cracker and ethylene storage
capacities for the systems including a warm standby power and
slow SUSDs can be found in Table S4 of the Supporting
Information.

The findings of the cost-optimization analysis are
summarized in Figure 14a—b, which show the specific cost
of ethylene, excluding and including the feedstock cost,
respectively. In Figure 14b, the costs are multiplied with an
allocation factor to allocate the costs over the coproducts (the
reader is referred to the Supporting Information for a more
detailed description) and the average European ethylene price
in 2019 is included for reference. The key findings are as
follows (limits are discussed later):

e According to our work, the annual electricity con-
sumption of an electric cracker with a capacity of 1000
kt ethylene per year, which is around a quarter of the
ethylene production capacity in The Netherlands,"* is
equal to 4.88 TWh. Fully electrifying the currently
operating crackers in The Netherlands would therefore
require almost 20 TWh of (green) electricity per year,
which is equal to 17.4% of the current Dutch electricity
consumption.”® This clearly shows one of the main
bottlenecks in electrification.

e For the specific investment cost of the electric cracker
similar to that of the conventional cracker, the
production cost difference between the BAU and EC-
G systems is mainly caused by the mean electricity price.
However, the optimal plant capacity is mostly dependent
on the standard deviation. For electricity prices with a
low mean and high standard deviation, EC-G can be
competitive with BAU.

e The importance of flexibility is most evident when co-
optimizing the cracker with the capacities and operation
of renewables and electricity storage. Maximum cost
savings of 57.9% compared to an inflexible system can be
achieved despite a plant capacity that is 102% larger than
the reference capacity, indicating that the savings result
from the smaller battery, offshore wind, and PV capacity
that is required when operating the plant flexibly. Of
course, these numbers are affected by large uncertainties,
starting from the cracker CAPEX (both BAU and
electric).

e Even though cost savings resulting from flexibility are
minimal in the EC-G and EC-B systems, substantial
differences in optimal plant capacity are observed.

e The OE has the most significant effect on the ethylene
production cost in each of the three investigated cases,
resulting in cost savings of 5.3, 4.8, and 57.9% for the
EC-G, EC-B, and EC-RES systems, respectively.
However, when the feedstock cost is included, the cost
savings decrease to 1.3, 1.2, and 26.5% for the EC-G,
EC-B, and EC-RES systems, respectively.

Emission Optimization. The transition to electric crackers
is driven by the goal of reducing CO, emissions. However, the
actual decrease in emissions depends on multiple factors, such
as the source of electricity, utilization, and end-of-life of the
products. For instance, if the carbon-based fuel gas from
electric cracking is combusted and released to the atmosphere

elsewhere, it will result in a reduced abatement, or even an
increase of CO, emissions with respect to BAU, even when
nearly 100% of the electricity is generated by renewables. This
study focuses on the electric cracker flexibility potential, and
we assume that additional products will be managed so as to
maximize the CO, abatement potential. Therefore, it simplifies
the environmental analysis of the process by solely focusing on
the decarbonization of the heat provision in terms of direct and
indirect CO, emissions and ignores product-related emissions
along the value chain. In this section, we explore in more detail
the CO, abatement potential of electric crackers when
operating flexibly or not flexibly. First, we compared the
CO, emissions of an inflexible electric plant with those of a
conventional plant, considering various projected CO,
intensities of the electricity grid. The reduction potential of
electric cracking is defined as the decrease in emissions when
switching from conventional to electric cracking while
considering the same (future) carbon intensity for both cases
(thereby excluding the emission reductions attributed to the
decreased CO, intensity of the electricity grid itself). The
results are listed in Table 6.

Table 6. Average Projected CO, Intensities and Share of
Renewables of the Dutch Electricity Grid Based on the
Literature’® and the Corresponding Reduction Potentials
Resulting from Inflexible Electric Cracking

average CO, share of
intensity renewables  reduction potential for
year [kg CO,/kWh] [%] electric cracking [%]
2019 0.371 22.0 0.0
2025 0.208 54.7 2.6
2030 0.091 72.0 56.4
2040—-2050 0.000 100.0 100.0

Not surprisingly, the extent of emission reduction through
electrification of the ethylene production process is closely
correlated to the CO, intensity of electricity. For a CO,
intensity of 0.371 kg CO,/kWh, which is similar to current
EU values, there is no benefit in using electric cracking, from
either a cost or an emissions perspective. Even with over 50%
renewable electricity in the grid, the reduction potential of
electric cracking with respect to BAU is minimal, at 2.6%. For
context, the emissions of the BAU system would have been
decreased by 3.2% due to the lower CO, intensity of the
electricity grid in 2025 compared to 2019, despite its relatively
small electricity import from the grid (it is important to note
that conventional cracking typically consumes process gases for
electricity generation within battery limits). A more substantial
reduction in emissions (56.4%) is expected from 2030 when
the projected average CO, intensity will fall below 0.091 kg
CO,/kWh. Although the reduction potential is still modest
considering the investment required, it should be noted that
the energy-related emissions of crackers might be challenging
to mitigate through other means. The full realization of the
CO, reduction potential is achieved only at CO, intensity close
to zero, i.e,, in 2040—2050.

In the previous section, we investigated the potential of
flexible operation of ethylene crackers by looking at cost-
minimization opportunities. However, given that electric
crackers are justified only as a means to decrease emissions,
it is legitimate to ask if a flexible operation should follow the
CO, intensity of the grid rather than the electricity price.
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Figure 15. Cracker and ethylene storage operation for the cost (blue) and emission (red) optimizations of the full year, the first month, and the
first day of the second week (left to right). For the emission optimization, the 2030 CO, intensity profile is used. The darker blue and red lines in
the full year and first month of operation represent the moving averages of the cost and emission optimizations, respectively.

Therefore, we evaluated the potential for further reduction of
CO, emissions through the use of flexible electric cracking for
ethylene production, when flexibility is adopted to respond to
varying CO, intensities to minimize emissions. In order to
avoid unrealistic plant capacity, where, for example, the total
annual ethylene demand is produced within a single hour with
no CO, emissions, we have fixed the capacity of the EC at the
cost-optimal level for a fully flexible cracker exploiting
fluctuating electricity prices (which is found to be 53% higher
than the inflexible reference capacity). It is worth noting that
adding costs with low weight in the CO, objective function
might have led to slightly different capacities; however, these
differences are negligible for the scope of this work and the
uncertainties in the cost functions.

We run this operation optimization taking into account the
CO, intensity profiles for the years 2019 and 2030. Our
analysis of the 2019 CO, intensity profile shows that while
there is still no benefit in using electric cracking (compared to
the BAU system), the emissions of flexible electric cracking are
3.0% lower than those generated by the inflexible operation.
Furthermore, in 2030, the emission reduction potential of
electric cracking will increase from 56.4 to 90.4% when flexible
operation is optimized for CO, emissions. Figure 15 shows the
operation of the cracker and ethylene tank of the emission
minimization in comparison with the fully flexible EC-G
operation profiles of the cost minimization in the previous
section. Notably, the higher offshore wind electricity
generation during winter months contributes to a relatively
lower grid CO, intensity. As a result, the cracker is more
frequently operated at maximum capacity during this period,
consequently leading to an increase in the product inventory
within the ethylene storage tank. While in the case of emission
minimization clear seasonal variations are present, the cost
minimization of the EC-G system mostly results in daily or
weekly variations.

It is important to note that the associated cost savings
potential of these emission reductions depends on how well
the electricity prices reflect the availability of renewable
electricity on the grid. In this study, the 2030 CO, intensity
profile and the modified price profile are completely

independent. As a result, we did not identify the potential
cost reduction associated with emitting less CO,. In fact, for
future electricity prices and CO, intensities, the optimization
of operations based on emissions leads to an increase in total
annual costs by 25%. However, with improved alignment
between electricity prices and low-carbon electricity, flexible
operation of the ethylene production process could lead to
simultaneous reductions in costs and emissions. In summary,
the findings of the environmental analysis are in line with or
even extend the prior findings of the economic analysis and
emphasize the critical role of flexibility in enabling cost-
effective decarbonization of the ethylene production process
via electric crackers.

B DISCUSSION

As for all models, limitations in this work exist, which we
highlight here. We can first recognize that two main categories
of limitations are present in this work: one associated with
simplifications of physical reality in the model and one
associated with uncertainties in input parameters.
Simplifications. Due to the highly complex and nonlinear
nature of the ethylene production process, several simplifica-
tions were necessary in the synthesis of a MILP model. First, it
should be noted that the aim of this work is to provide a top-
down evaluation of the flexibility potential of the process
within a larger (energy) system as opposed to investigating the
specific reactor design, operation, and control that enables
flexible operation. Therefore, we approximate nonlinear
behavior by (piecewise) linear formulations for the three
main sections of the ethylene production plant, even though in
reality multiple processes exist within the sections. As the
flexible operation of a cracker requires a larger reactor or
multiple units, we note that the design of the control may
present additional challenges that should be considered.
Moreover, we consider plant dynamics to be controlled by
the pyrolysis unit, which is also the most technically
challenging. However, for modular and fast pyrolysis design,
the separation section might become the slowest section, thus
controlling the flexible operation of the plant. In this case, once
there is a deeper understanding of the electric cracker, the
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separation section can also be redesigned to allow for flexibility
in the operation. Additionally, while we investigate three key
flexibility parameters, a more comprehensive analysis of the
process dynamics is required to deepen our understanding of a
flexible cracker operation. Each of these considerations
requires detailed (nonlinear) models, which would introduce
a level of complexity that would hinder the temporal and
spatial resolution we have included in this study. Hence, our
model of the electric ethylene production process aims to
complement reactor-level investigations by providing guide-
lines on the role of flexibility. The next step would call for
bridging specific reactor design with MILP-based optimization,
for which the model provided here can be used with updated
specific technology parameters.

Second, our analysis is location agnostic, while in reality
location- or network-based limitations might play a role in the
capital expenses, product use and prices, deployment of
renewable and energy storage technologies, and (their effect
on) electricity prices and CO, intensities. For example,
network connections, energy transport costs, and area
constraints were excluded from the optimization. While this
is not expected to substantially affect the optimal capacity and
flexibility potential, which is the main aim of this work, certain
locations might have additional constraints for the system.

Finally, the decoking procedure was neglected, potentially
underestimating investment and operating costs, energy
consumption, and emissions. On the contrary, a conservative
approach was used for the estimation of other parameters that
affect cost and emissions, such as the assumption that the fuel
consists only of methane.

Assumptions. As a result of the lack of available and
reliable cost and performance data for the technologies and the
highly specific nature of ethylene production plants, a set of
uncertain assumptions was made in this study. For example,
due to the low technology readiness level of electric cracking,
the reactor design and consequences for the rest of the plant
design are uncertain. Consequently, the energy and material
balance of the plant may be different from the values obtained
in this study, possibly affecting the absolute cost and emission
reduction potential of flexible cracker operation. Nevertheless,
we do not expect this to substantially change the comparative
conclusions among the different cases investigated. Further-
more, the assumptions made on future hourly electricity prices
and grid emission profiles are inherently highly uncertain.
Additionally, cost and performance parameters of the ethylene
production process were collected and computed top-down
(e.g., based on average reported values). The analysis in Figure
7 shows the sensitivity of the results toward these inputs. As
they strongly determine the potential of flexible operation, this
should be considered in the interpretation of the results.

We emphasize that improving each of the limitations
mentioned in the discussion could be targeted in future
work. A logical starting point would be addressing the
uncertainties in the design, performance, and CAPEX of the
electric cracker.

B CONCLUSIONS

In this work, we developed an efficient MILP model of
conventional and electric ethylene production plants that
describes the underlying key processes starting from energy
and mass balances of the system. The model allows for co-
optimization of capacity and operation and is therefore suitable
for modeling the transition of larger industrial clusters or

energy systems. We used the model to investigate the impact of
flexibility in electric crackers on costs and CO, emissions,
optimizing electric cracker capacity and operation in three
scenarios (importing grid electricity with/without battery
storage or co-designing renewable electricity generation). For
each of these systems, we compared ethylene production costs
and optimal plant size, considering different operating modes
and flexibility parameters such as the operating envelope, the
ramping time, and the start-up and shut-down time. Addition-
ally, we optimized electric cracker flexibility to mitigate CO,
emissions by following a fluctuating grid CO, intensity.

Our results show that for an inflexible EC with the same
capacity as conventional processes, 70.6% of the ethylene
production cost (excluding naphtha feedstock) can be
allocated to electricity consumption, compared to 9.2% for
the BAU system. As a result, the production costs decrease
when flexible operation is possible (e.g., by 5.5% for the future
baseline profile); however, this is highly dependent on
electricity prices. Our sensitivity analysis showed that the
cost of ethylene from electric crackers is mainly dependent on
the mean electricity price, while the cracker’s nominal capacity
is mostly affected by the standard deviation. Moreover, for
price profiles with a low yearly average (<25 €/MWh) and a
high yearly standard deviation (>40 €/MWh), flexible electric
cracking might become cost-competitive with the conventional
production process. However, this can only be achieved by
optimizing the cracker capacity based on the operation, leading
to a larger installed capacity, lower utilization factors, and
flexibility in the operation of the plant.

Furthermore, we investigated smaller operating envelopes
and constrained ramping time for crackers that import
electricity from the grid and found that both factors have a
small effect (maximum 5.5 and 0.4% difference with inflexible
operation, respectively) on the production cost. However, the
relatively small cost difference is achieved if, and only if, the
plant capacity is optimized for each parameter combination.
Allowing for interruptible operation of electric crackers can
decrease cost by up to 4.8%; however, such an operation poses
challenges due to the large temperature fluctuations. Hence,
we assessed the impact of including a warm standby, which can
potentially facilitate fast interruptible operation by using
electricity to maintain the cracker at a high temperature
during shut-downs. We found that including the warm standby
power in the model has a negligible effect on the production
cost (<1%) and a minimal effect on the installed capacity
(<6%). Finally, including slower start-ups and shut-downs (up
to 6 h) leads to a maximum 4.8% cost increase compared to
fast interruptible operation, while the capacity of the plant
decreases by 15.5—20.0%. Likely, adding the constraints for the
warm standby and longer startups and shutdowns improves the
model representation of physical reality, in case of longer
startups and shutdowns at the cost of a more complex
resolution.

When analyzing the electric cracker systems including
renewables, we find that the operating envelope has a
significant effect on the production cost (57.9% difference
between flexible and inflexible operation), while the effect of
the ramping time is again minimal. This increased cost for
limited flexibility is caused by the higher battery and renewable
capacity that is required to deal with fluctuations in the supply;
for example, the installed battery capacity increased from 500
MWh to 374 GWh between a flexible and inflexible plant
capacity. Furthermore, as fully electrifying the currently
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operating crackers in The Netherlands would require almost
20 TWh of green electricity per year, flexible cracker operation
can increase the feasibility with respect to grid instability and
renewables and battery capacity.

Finally, our results show that the emission reduction
potential of inflexible electric cracking is closely correlated
with the CO, intensity of the electricity, resulting in a small
potential reduction of 2.6% in 2025 to a 56.4% reduction in
2030. However, operating a plant flexibly in response to
fluctuating hourly CO, intensities can increase the 2030
potential to 90.4% and, provided that CO, intensities are
reflected in the electricity price, could reduce the production
cost simultaneously. In summary, our results clearly reveal the
importance of (i) including the plant capacity in the
optimization problem and (ii) considering the capacity and
operation of renewables and energy storage in the adoption of
electric ethylene production to avoid unrealistic capacity.
Moreover, we highlight that flexible electric cracker operation
makes the adoption of electric crackers more cost- and
emission-effective at both a plant level and energy system level.
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B LIST OF ABBREVIATIONS
CAPEX capital cost

BAU business as usual

BEC bare erected cost

CCAF  coproduct cost allocation factor
COCF  contingencies and owner’s cost factor
DSM  demand side management

EC electric cracker

EC-G  electric cracker-grid

EC-B  electric cracker-battery

EC-RES electric cracker-renewables

HP high pressure

ICF indirect cost factor

IF installation factor

LCOEt levelized cost of ethylene

MES multienergy system

MILP  mixed-integer linear programming
MIpP mixed-integer programming
OE operating envelope

OPEX  operating expenditures

PV photovoltaics

RT ramping time

SEC specific energy consumption
SUSD  start-up and shut-down

TOC  total overnight cost

TD minimum downtime

WSP warm standby power

B LIST OF MATHEMATICAL SYMBOLS

Indices

j€J  set of coproducts

m € M set of 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

A constraint matrix continuous variable

constraint matrix binary variable
carrier demand

plant input during start-up/shut-down
consumption of technology
carrier import

total system cost

total system emission
production of technology
technology size

carrier export

constraint know term

cost vector for continuous variable
cost vector for binary variable
continuous variable

binary variable

binary on/off status plant
binary start-up plant

binary shut-down plant
Parameters

conversion efficiency plant

input ratio plant

minimum feasible load point
emission factor
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size-independent cost parameter
coproduct yield

size-dependent cost parameter
import price

warm standby power fraction
start-up and shut-down time
maintenance cost fraction
annuity factor
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