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valorization
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Abstract
Steam cracking is the main production route for the light olefins ethylene and propy-
lene, which are considered a cornerstone of the chemical industry. The endothermic
cracking reactions are conventionally supplied with heat by combusting fossil fuel
and therefore entail large carbon dioxide emissions. Typically the fuel grade byprod-
ucts methane and hydrogen are used as fuel gas. Possible options to decarbonize the
process include either the substitution of fossil feedstock, by e.g. biomass or recycled
waste, or the heat supply to the reactions. While the industry strives for electrifi-
cation of the cracker to decarbonize the heat supply, using hydrogen as fuel gas is
a readily available decarbonization measure. To obtain hydrogen, the co-produced
methane can be reformed. This work modelled the integration of an electrified steam
methane reformer with an ethane steam cracker. The emission reduction potential
and impact on the energy balance of an ethane cracker of two emission reduction
scenarios was analysed. One scenario is categorized as pre-combustion carbon cap-
ture, while the other uses oxy-fuel combustion to reduce emissions. It was shown
that both scenarios allow significant emission reduction of approximately 95 %,
where the residual emissions steam from electricity consumption assuming Sweden’s
carbon grid intensity. The modeled scenarios showed that usage of reformed hy-
drogen for combustion entails a lower increase (1.1 MJ/kgEthylene) in specific energy
consumption than oxy-fuel combustion (1.7-2.4 MJ/kgEthylene).

Keywords: Steam Cracking, CO2 Reduction, Steam Reformation, e-SMR, Methane
Valorization, Fuel Switching, Pre-combustion, Oxy-fuel Combustion
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1
Introduction

Polyethylene is the material from which most plastic products are made today, and
is therefore present in many everyday products and parts of industrial value chains.
Polyethylene is produced by polymerizing ethylene, the simplest derivative of the
alkenes, a group of hydrocarbons characterized by their carbon-carbon double bond.
In addition to polyethylene production, ethylene is also an important starting ma-
terial for other products, such as polyester fibers and antifreeze agents, making it a
cornerstone of the chemical industry [2].
The primary production route for ethylene is steam cracking, also referred to as
thermal cracking. The process is characterized by high energy intensity, as ele-
vated temperatures are required to break down the feedstock. This energy demand
is conventionally supplied by combustion of fuel gas. While no detailed estimates
are available, the global production capacity is on the order of magnitude of 108

t/a, which in combination with reported specific emissions of 1-1.2 tCO2/tEthylene

for steam cracking makes ethylene production a significant global emitter of carbon
dioxide [3][4].
The main decarbonization strategies for steam cracking can be categorized into three
key areas. The first of these measures is to increase energy efficiency, which is gen-
erally considered to be already well exhausted in conventional steam crackers and
therefore unlikely to contribute to significant emissions reductions [5]. Another area
addresses the fossil feedstock, which can be replaced by bio-based or plastic waste
feedstock [6]. Alternatively, the need for fossil feedstock can be reduced by chemical
recycling of plastic waste to directly obtain polyolefins for plastic production [7][8].
The last key area concerns the provision of thermal energy for the cracking reac-
tions. One approach is the direct electrification of the heat supply, preferably using
renewable electricity. A consortium of several petrochemical companies pursues this
approach in a joint effort, but has not announced a road map so far [6]. The other
approaches, which are the main subject of this work, focus on reducing emissions
when combustion of fuel is used to provide the thermal energy needed for cracking.
In a recent publication Mynko et al. [9] conducted a life cycle assessment of sev-
eral revamp strategies aiming to reduce CO2 emissions of steam crackers. Oxy-fuel
combustion with further carbon capture and storage showed the greatest emission
reduction potential, followed by combustion of biogas. However, the analyses did
not include a pre-combustion strategy, which is based on combusting hydrogen in
the cracker furnace, thereby achieving a CO2 free flue gas [5]. The conventional pro-
cess for producing hydrogen is steam methane reforming (SMR), which entails high
emissions, of approximately 9 kgCO2/kgH2 , as fuel gas is combusted to supply heat to
the endothermic SMR reaction [10]. However, electrifying steam methane reforming
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1. Introduction

has been subject to increased research lately and is expected to be one of the first
steps in the electrification of the chemical industry [10][11][12]. Electrified steam
methane reforming is applicable for steam crackers, as methane is co-produced in
steam cracking. Methane can be valorized to a hydrogen-rich synthesis gas, that is
either burned to provide energy for cracking or can be utilized for other purposes.
This work investigates the emission reduction potential of the novel approach of
integrating an electrified steam methane reformer with an ethane steam cracker.

1.1 Objectives
The objective of this work is the investigation of the emission reduction potential
of different integration scenarios for an electrified steam methane reformer at an
ethane cracker plant and a subsequent analyses of the impact on the crackers energy
balance. More specifically this includes:

• Development of a process model of an electrified steam reformer and an ethane
cracker in Aspen Plus® software

• Integration of the reformer and cracker models in different scenarios
• Quantifying the emission reduction potential and evaluating thermochemical

performance of the integration scenarios
• Stating the limitations of the conducted work and pointing towards main areas

of interest for future research
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2
Theory

This chapter addresses the theory of the main processes discussed in this work,
namely steam cracking, carbon capture and utilization processes applicable and
electrified steam methane reforming.

2.1 Steam Cracking
Light olefins, especially ethylene and propylene, are considered a cornerstone within
the chemical industry, as they are used in the production of many other chemicals,
fibers and the most widely used plastic in the world, polyethylene [2][3][13].
The main production route for ethylene is steam cracking, also referred to as thermal
cracking. The potential feedstocks for steam cracking are ethane, propane, naphtha
and butane. Typically, several cracker furnaces running on potentially different
feedstock are located in a cracker plant. Often clusters form around these cracker
plants, since they produce several useful by-products. Light olefins are produced
by breaking down the saturated hydrocarbon chains of the feedstock in the steam
cracking process, in which a multitude of co-products is generated. Steam cracking
summarizes several endothermic cracking reactions which take place in the absence
of oxygen. This endothermic conversion occurs in tubular reactors, which are heated
by burning fuel gas in a furnace. Steam is added to dilute the feedstock and thereby
reduce its partial pressure. This helps to steer the reaction towards formation of
light olefins and inhibits unwanted secondary reactions. Dilution steam also helps
to reduce coke formation on the inner reactor surfaces, as steam reacts with coke to
form carbon monoxide, carbon dioxide, and hydrogen [14]. Typical ratios of steam
to hydrocarbon feedstock are in the range 0.25-0.35 for ethane cracking [13].
Table 2.1 shows a typical dry gas compositions of the cracked gases from an ethane
cracker.

3



2. Theory

Table 2.1: Cracked gas composition

Component mol % [13]
Ethylene 35.41
Ethane 21.15
Hydrogen 38.23
Methane 3.29
Propylene 0.43
Propane 0.05
Acetylene 0.53
Butadiene 0.57
Butane 0.07
C5+ 0.27

The main product of ethane cracking is ethylene, but the methane and hydrogen
fractions are of special interest in this work. The yield of these two compounds
is significantly higher for steam cracking of other feedstock such as naphtha and
propane. However, there are several other valuable chemicals produced in steam
cracking such as propylene, acetylene, butadiene and butane. As can be seen in the
cracked gas composition there is also a significant amount of unreacted ethane. This
fraction is typically recycled to the furnace to increase product yield [4].
The cracked gas needs to be rapidly cooled down to prevent degradation by further
reactions. This is typically done in a Transfer Line Exchanger (TLE), where the
sensible heat of the cracked gas is recovered by heat exchanging it against pressurized
water that is heated and evaporated to generate steam [4].
The cracked gas needs further processing after the quenching in the TLE to obtain
purified product streams. This is conducted in several distillation and fractionation
steps [13].
The fuel-grade byproducts H2 and CH4 play a significant role in steam cracking
plants as they are often used as fuel gas in the cracker furnace. However, a feature
of ethane cracking is that the yield of these fuel-grade byproducts does typically not
provide sufficient thermal energy required for cracking if combusted [4]. Therefore,
additional fuel gas must be added, coming either from other cracking furnaces or
supplied externally.
The furnace consists of two main parts, the radiation section, also referred to as
the firebox, and the convection section with the stack. The radiation section hosts
burners for fuel gas combustion while the reactor tubes are suspended in the com-
bustion flame. The hot flue gas leaving the radiation section is subject to several
heat integration steps in the convection section to recover its thermal energy. In
this way, the feedstock is preheated to temperatures of 500-680 °C before entering
the reactor tubes [13]. Furthermore, the flue gas contains enough thermal energy
to also preheat water and superheat steam as part of the steam generation cycle
with the TLE. This steam is typically used to drive compressors and refrigeration
cycles, which are an essential part of the fractionation section of a cracker plant
[6][15]. Many cracker plants have a steam boiler on site to ensure availability of
steam, which is needed to dilute the feedstock and power the fractionation section.

4



2. Theory

2.2 Carbon Capture
The three main approaches to capturing CO2 emissions from cracker furnaces re-
ported in literature are post-combustion capture, pre-combustion capture and oxy-
fuel combustion [5]. Post-combustion capture aims at separating CO2 from the flue
gas of conventional combustion of hydrocarbons, which can be done with several
methods. Membranes, cryogenic distillation, adsorption and chemical absorption
are the main mechanism studied. Among these, chemical adsorption is the most
common [6]. Flue gas is exposed to an adsorbent, which forms weak bonds with the
CO2 at low temperatures. The CO2 can be released again by breaking this bond at
higher temperatures in a reactor, referred to as desorber or stripper. The adsorbent
can then be used for the same process again, but is subject to some degradation.
The most frequently used organic solvent is monoethanolamine [16]. Typical cap-
ture rates are around 85-95 %, consequently leaving behind 15-5 % of the CO2 in
the flue gas uncaptured. The energy consumption for regeneration of the absorbent
can range from 3-5 MJ/kgCO2 at temperatures of around 120 °C, which means that
steam can be used as energy carrier for the regeneration of the adsorbent. Carbon
capture by these means can be regarded as a retrofit solution with few changes to
the cracking furnace, if low pressure steam for regeneration of the solvent is available
[5].
Pre-combustion carbon sequestration is based on a fundamentally different ap-
proach, as it aims to separate CO2 from the fuel before combustion. This often
includes gasification of fossil or bio based fuels, to obtain synthesis gas, consisting
primarily of H2 and CO. The synthesis gas is processed further, converting CO and
steam to H2 and CO2, according to the WGS Reaction 2.4. After separation from
the synthesis gas, hydrogen can be used as fuel, while no CO2 is emitted during
combustion.
Oxy-fuel combustion differs from pre-combustion capture as the sequestration ap-
proach is based on the oxidizer rather than the fuel being burned, supplying oxygen
instead of air to the combustion. The oxygen is typically separated from air by
cryogenic distillation in an air separation unit (ASU). A consequence of combustion
with oxygen is higher flame temperatures, which can be critical with respect to ma-
terial constraints. This can be addressed by recirculating part of the flue gas after
recovering its sensible heat, thereby reducing the flame temperatures. The flue gas
consists mainly of CO2 and water, which can easily be removed by condensation,
leaving behind a relatively pure CO2 stream [5]. The advantage of this sequestration
technique is the simplicity of isolating the CO2, while the main disadvantage lies in
the high energy demand for purifying oxygen with an ASU. Cryogenic distillation is
based on cooling down a stream of compressed air to the point when its components
liquify. This allows distillation of the main components, oxygen, nitrogen and argon
into relatively pure separate streams [17].

5



2. Theory

2.3 Carbon Utilization
Captured CO2 can either be sequestrated in a natural sink or utilized as a product
or feedstock for other processes. Examples of direct utilization of CO2 are its appli-
cation as protective gas in the food industry and the carbonation of beverages [18].
CO2 can also be utilized as feedstock for the production of fuels or chemicals, thereby
partially replacing fossil fuels or feedstocks. The conversion of CO2 to other prod-
ucts often has intermediate chemicals, such as methane, methanol or synthesis gas,
which opens a large variety of possible pathways [19][20]. In the context of a steam
cracker plant, the synthesis of methanol followed by the methanol-to-olefins (MTO)
process is of obvious interest. Methanol can be synthesized by hydrogenation, which
has two main reaction pathways [21][22].

2H2 + CO ⇌ CH3OH, ∆H298K = −90.77 kJ/mol (2.1)

3H2 + CO2 ⇌ CH3OH + H2O, ∆H298K = −49.2 kJ/mol (2.2)

2.4 Electrified Steam Methane Reforming
Hydrogen is another essential material of the chemical industry, fulfilling various
roles along the chemical value chain. Furthermore, hydrogen is considered to likely
play an increasingly important role in future energy systems, with potential applica-
tions ranging from transportation, residential and industrial heat supply, stationary
power generation and energy storage [23].
Currently, hydrogen is produced almost exclusively from fossil fuels, with methane
steam reforming (SMR) being the leading production route [10].
In SMR, methane reacts with steam mainly to hydrogen and carbon monoxide (CO)
according to Reaction 2.3, forming a synthesis gas. The reversible Water-Gas Shift
Reaction (WGS), Reaction 2.4 also occurs partially during SMR, thus forming CO2
in small fractions as well [24].

CH4 + H2O ⇌ CO + 3H2, ∆H298K = 206.2 kJ/mol (2.3)

CO + H2O ⇌ CO2 + H2, ∆H298K = −41.1 kJ/mol (2.4)

The endothermic reformation Reaction 2.3 is typically performed at temperature
ranges of 750–900 °C and pressure levels ranging from ambient to 30 bars in heated
tubes in presence of a usually nickel-based catalyst [25]. Methane present in the
reformed gas due to incomplete conversion is usually referred to as methane slip.
The energy demand for the reformation is conventionally provided by combustion
of fuel gas which is a mixture of natural gas and potential off-gases in most cases
[24].
The methane conversion xCH4 of SMR can be calculated by the methane moleflows
of the reactor inlet and outlet and is defined as follows:

xCH4 =
ṁCH4in

− ṁCH4out

ṁCH4in

(2.5)
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The concentration of hydrogen in the synthesis gas can be further increased down-
stream of the reformer by the WGS Reaction 2.4, as the syngas stream typically
has a high CO content and sufficient water left to form H2 and CO2. The WGS
reaction is moderately exothermic, reversible, equilibrium controlled and typically
uses a catalyst [25].
To increase conversion and thereby hydrogen yield, WGS is often carried out in
two consecutive reactors with intercooling, where the first WGS reactor has higher
operating temperatures than the second. This produces a shifted syngas stream,
consisting mainly of H2, CO2 and water, while residual amounts of unreformed
methane and a small fraction of CO are typically also present [26]. To obtain pu-
rified hydrogen, manifold purification techniques are available, ranging from several
adsorption mechanisms, over cryogenic distillation, membranes and metal hydride
separation [27]. The selection of the right separation technique depends on the de-
sired purity, temperature and pressure of the isolated hydrogen stream. Pressure
Swing Adsorption (PSA) is commonly used in industrial applications, delivering a
high purity (99.9 %) hydrogen stream [24]. The concept is based on exploiting the
varying adsorption behavior of different molecules and the influence of pressure on
it. Pressurized synthesis gas is fed to the adsorption bed where all other molecules
and compounds except hydrogen are adsorbed. This is followed by desorption at
low pressures close to ambient, leaving behind unpressurized, depleted syngas. By
parallel usage of several PSAs, the described batch process can be operated contin-
uously [28]. Hydrogen recovery of PSAs is typically in the range of 75-90 %, which
translates to 25-10 % of the hydrogen remaining in the depleted syngas. The de-
pleted syngas can be used as fuel for the SMR reactor, providing the thermal energy
for reformation through combustion [24].
SMR is a well established and optimized process for hydrogen production. Among
the efforts to further increase process efficiency and reduce emissions of SMR, usage
of electricity as an alternative heat source has recently gained increasing interest.
Emissions can be significantly reduced, as the combustion of fossil fuel makes up
30-40 % of the roughly 9 kgCO2/kgH2 emitted by SMR [10]. Furthermore, the elec-
trification of SMR can help overcome the heat transfer limitations of conventional
SMRs, which are considered a bottleneck for efficiency improvements of these re-
formers. The heat transfer limitation is due to low conductivity of the catalyst bed
in the reactor and the alloys from which the reactor tubes are made. The low con-
ductivity leads to steep radial temperature gradients in the reactor tube, causing
thermal stress which reduces lifetime and mandates long start-up times for industrial
sized reformers [29].
The approach of electrified steam methane reforming (e-SMR) has been studied since
1992, when Spagnolo et al. conducted experimental studies on the subject [30]. In
the following years, different electric heating methods have been investigated, rang-
ing from induction and microwave heating over resistance-based heating to a hybrid
method combining concentrated solar and electric heating [29]. In a recent publi-
cation Wismann et al. verified a resistance-based heating approach experimentally,
and extrapolated the results to industrial size and operating conditions with help of
a numerical model. The results showed that heat transfer is no limitation factor of
the modelled e-SMR reactor, as the catalyst in the reactor tube is heated directly.

7



2. Theory

This allows uniform supply of heat and improved reaction control, while the reactor
size can be reduced by two orders of magnitude [12]. Although these results appear
promising, the concept still needs to be verified on an industrial scale, for which a
pilot plant is currently being built [10].

8



3
Methods

This chapter covers the methodological approach of this work, which centers around
investigating the emission reduction potential of integration scenarios of an e-SMR
into an ethane cracker through process modeling using the Aspen Plus® software.
Figure 3.1 provides an overview of the individual steps to achieve the objectives of
this work.

Figure 3.1: Methodological approach

Based on a literature review on the investigated processes and auxiliary technology,
two stand-alone process simulation models for a cracker furnace and an e-SMR were
developed. The system boundary, scenario selection, and key performance indicators
(KPIs) for the evaluation were defined with the objective to investigate the emissions
reduction potential of integrating e-SMR with an ethane steam cracker. The process
models were validated individually with literature data, then the specific scenarios
were generated by integrating and modifying the reformer and cracker model. Lastly
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data to calculate the performance indicators of the integrated models was extracted
to allow discussion of their emission reduction potential.

3.1 Scenario Selection
Originating from individual models for a cracker furnace and an e-SMR, two different
integration scenarios were selected to investigate their impact on the energy balance
of a steam cracker plant and emission reduction potential. One scenario features pre-
combustion emission reduction measures, switching and thereby decarbonizing the
fuel used in the cracking furnace. The other scenario is based on oxy-fuel combustion,
where fuel is burnt with relatively pure oxygen to generate a flue gas stream with
high concentration of CO2.
The first scenario is referred to as Hydrogen Firing in the following text, because
hydrogen replaces the conventional fuel gas, ideally resulting in a CO2-free flue gas
stream. A lesser fraction of the hydrogen is obtained directly from the cracked gas,
while the larger fraction is converted from methane in the e-SMR. Since e-SMR uses
electricity to supply heat to the reforming reaction, this is an example of indirect
electrification of a cracker furnace.
The other scenario, referred to as Oxyfuel, takes a decisively different approach to
isolate carbon emissions. The oxygen required for combustion of the fuel gas is
supplied to the furnace in the form of pure oxygen instead of air, hence the name of
the combustion regime. This produces a flue gas stream that contains mainly water
and carbon dioxide and therefore allows easy separation of the CO2.

3.2 System Boundary
The elementary system boundary used in this work can be seen in Figure 3.2, where
it is applied to a conventional cracker furnace.

Figure 3.2: System Boundary of a conventional cracker furnace

10
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The material stream inputs into this system are the ethane feedstock for cracking
and air for combustion in the cracking furnace. Electricity, which is used by a pump
to raise the pressure of water before it enters the convection section, is another input
not shown in the system boundary. The process streams leaving the system are flue
gas originating from combustion and a product stream, containing all cracked gases
except the CH4 and H2. The multitude of process steps to purify and separate
the different compounds in the cracked gas is not considered in detail in this work.
The fractionation system displayed in Figure 3.2 is a simplification, representing the
isolation of the light hydrocarbons CH4 and H2 in the demethanizer [31]. Further
simplifications apply to the steam and flue gas systems, which both are considered
net balances. This means they are both able to supply and accommodate required
mass flows, while the net mass flow of all inputs and outputs is taken into account in
the further work. The steam generated by heat recovery in the convection part and
in the TLE of the cracker furnace is fed into the steam system, while the dilution
steam is considered as consumption. In case of a steam deficit a natural gas boiler
generates additional steam using methane as fuel. The fuel gas systems is needed
to supply additional fuel gas to the furnace, since ethane crackers are typically not
self-sufficient when burning solely the fuel grade byproducts contained in the cracked
gas. The output of this system is assumed to be a stable and homogeneous mixture
of 50/50 mol% CH4 and H2. In a cracker plant with different cracker furnace types,
the fuel gas system would be fed by several streams of CH4 and H2 coming from
different furnaces.
Integrating an e-SMR into this system has implications on the process streams,
resulting in an adopted system boundary for each scenario. Figure 3.3 depicts the
system boundary for Hydrogen Firing.

Figure 3.3: System Boundary for the Hydrogen Firing scenario
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The process streams that were modified to integrate the e-SMR are highlighted in
blue. A new input stream to the system is the electricity that is supplied to the
e-SMR. The CH4 and H2 contained in the cracked gas are not sent to the fuel gas sys-
tem but used as feedstock for reformation. Hydrogen is separated and bypasses the
reformer, to allow maximum methane conversion in the e-SMR. The reformation of
methane produces synthesis gas which is shifted via WGS to increase hydrogen yield.
The hydrogen is separated from the shifted syngas and mixed with the by-passed
hydrogen stream. This stream of hydrogen is combusted in the cracker furnace,
but does not provide sufficient energy for cracking. Therefore additional fuel gas is
drawn from the fuel gas system and also flows through the described sequence of
separation and reformation. The separation of hydrogen from the reformed syngas
leaves a stream of depleted synthesis gas behind, which consists largely of CO2, H2
and CH4 and is the only additional output of the modified system boundary.

Integrating the e-SMR into a steam cracker powered by oxy-fuel combustion results
in the system boundary presented in Figure 3.4, in which the modified process
streams are highlighted.

Figure 3.4: System Boundary for the Oxyfuel scenario

As described in Chapter 2.2, oxy-fuel combustion is based on burning fuel gas with
a stream of relatively pure oxygen instead of air. This work assumes the utilization
of an ASU to supply oxygen. This adds a new component, which is the second sig-
nificant electricity consumer besides the e-SMR, to the system boundary. Another
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characteristic of oxy-fuel combustion is the recirculation of flue gas to decrease the
flame temperatures. The fuel gas is drawn exclusively from the fuel gas system
in this scenario. Hydrogen separated from the cracked gas is leaving the system
boundary, as well as shifted synthesis gas reformed in the e-SMR.

3.3 Performance Indicators
Several Key Performance Indicators (KPIs) are used to evaluate the impact of the in-
tegration scenarios on the energy balance and emissions of the steam cracker model.
Table 3.1 provides an overview of the KPIs selected for this work, whose definitions
are explained in the following. All mass and energy flows are normalized to the main
product of the considered ethane cracking process, ethylene.

The system efficiency η is used to evaluate energetic performance of each scenario
according to its system boundary and is defined as follows:

η =
∑

Eout∑
Ein

(3.1)

All energy flows according to the system boundary are considered for the system
efficiency. For the material streams that are combustible, the higher heating value
is used to estimate their energy content. The energy associated with the net steam
generation is calculated based on the enthalpy difference between the pressurized
steam and atmospheric boiler feedwater at 10 °C.
The specific energy consumption (SEC) describes how much energy is consumed
within the considered system boundary for producing a unit of ethylene and is cal-
culated as shown in Equation 3.2. Energy consumption is composed of combustion
heat and electricity consumption.

SEC = QComb + WElec

ṁEthylene

(3.2)

The net steam generation (NSG) is essentially the internal balance of the steam
system. Positive contribution to the balance are steam generation by heat recov-
ery within both the cracker and reformer model. Each of these models also has
an internal steam consumption, which is a negative contribution to the balance.
In the cracker, steam is needed to dilute the feedstock, while the reformer needs
steam as a reactant. It is assumed that the net steam generation of the base case
must be maintained. In cracker plants, steam is often used to drive compressors
and refrigeration cycles in the fractionation system. If the net steam generation
of a scenario is smaller than the base case, the deficit will be compensated by the
natural gas boiler, which will affect the SEC and emissions of the system. A larger
net steam generation on the other hand will not impact any other KPIs than the
NSG; theoretically, the steam could be used to generate electricity in a turbine. To
estimate the steam generation potential of heat integration of the coolers in the
reformer, a pinch analyses was conducted, which can be found in Appendix A. The
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calculations for the energy consumption and emissions associated with the steam
boiler are presented in Appendix B.

NSG = ṁSteamP rod − ṁSteamCon

ṁEthylene

(3.3)

The specific fuel gas consumption (SFG) simply accounts for the fuel gas drawn
from the fuel gas system.

SFG = ṁF uelGas

ṁEthylene

(3.4)

For specific emissions (SE), only CO2 is considered. Other compounds containing
carbon are converted to CO2 on molar bases, as if they were fully oxidized. Specific
emissions can be composed of various hydrocarbon streams, primarily emissions
from fuel combustion, but also synthesis gas streams and emissions associated with
electricity. To quantify emissions associated with electricity consumption, a carbon
intensity of 55 gCO2/kWh for the Swedish grid was assumed [32].

SE = ˙mCO2

ṁEthylene

(3.5)

Table 3.1: Overview of the KPIs

KPI Unit Abbreviation
System Efficiency % -
Specific Energy Consumption MJ/kgEthylene SEC
Net Specific Steam Generation kgSteam/kgEthylene NSG
Specific Fuel Gas Consumption kgF uelgas/kgEthylene SFG
Specific Emissions kgCO2/kgEthylene SE
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4
Process Modeling

This chapter summarizes the assumptions made and modeling tools used in this
work. The process parameters and control system of the conventional cracker and
reformer model are presented, followed by a description of the modifications required
to create the two integration scenarios.
The simulation tool used to develop process models of the analyzed system is Aspen
Plus® V12.1. The property method GRAYSON was selected for calculating thermo-
dynamic properties of components. Different types of manipulators are available to
allow the user to define process parameters. This chapter will only briefly describe
the function of the manipulators to show the operating principles of the models,
while the detailed specifications can be found in Appendix C.

Model assumptions:
• steady state operation
• constant gas composition for feedstock, fuel gas and reactor yields
• no pressure drop over heat exchangers and reactors
• no thermal resistance within heat exchangers
• no char formation

4.1 Cracker Furnace
The process model of the cracker furnace is reduced to the most significant parts
needed for this work, which is the radiation and convection section of the furnace
as well as the TLE.

4.1.1 Model Description
The radiant section is modeled as two linked reactors, one representing the combus-
tion of fuel gas by burners and the other representing the tubular reactor in which
the feedstock is cracked.
A RGibbs reactor was selected to estimate the heat generated by the combustion of
fuel gas. This reactor block is based on the minimization of total Gibbs free energy
to calculate the equilibrium compositions of any reacting system. By specifying the
mass flow and composition of the feed stream, the possible products, as well as reac-
tor pressure and outlet temperature, the reactor calculates the heat duty according
to these inputs.
The cracking of ethane was modeled using a RYield reactor that allows the com-
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position of the output stream to be specified in addition to the general process
parameters feed mass flow and composition, reactor pressure and temperature. By
defining the outlet gas composition, the reactor calculates the heat demand accord-
ing to the process parameters.
The convection section of the furnace was modelled with several multi-stream-heat
exchangers (MHeatX). These heat exchangers are used to represent the heat recov-
ery measures applied in a conventional cracker furnace. During quenching of the
cracked gas in the TLE, water is heated and evaporated, which is modeled with two
heat exchangers. The thermal energy of the hot flue gases is recovered by preheat-
ing water and feedstock, while also superheating the steam coming from the TLE.
Figure 4.1 illustrates the layout of the heat exchangers, while Table 4.1 presents the
constraints specified in the model.
The process parameters and gas compositions for the cracker model are summarised
in Table 4.2

Figure 4.1: Convection section of the modeled cracker furnace
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Table 4.1: Specified constraints for heat integration

Constraint Value
HX 1 Cold outlet temperature 650 °C
HX 2 Cold outlet temperature 450 °C
HX 3 Cold outlet vapour fraction 0
HX 4 Hot outlet temperature 160 °C
TLE 1 Cold outlet vapour fraction 1
TLE 2 Hot outlet temperature 200 °C

Table 4.2: Parameters of the cracker model

Process conditions Parameter Unit
Cracking reactor

Reactor inlet temperature 650 °C
Reactor outlet temperature 840 °C
Reactor pressure 3.2 bar
Feed Ethane
Dilution steam temperature 240 °C
Dilution steam pressure 8.8 bar
Feed to steam ratio 3

Combustion reactor
Reactor inlet temperature 650 °C
Reactor outlet temperature 1200 °C
Fuel grade cracked gas 8 mol% CH4, 92 mol% H2
Fuel gas 50 mol% CH4, 50 mol% H2
Oxygen to fuel ratio 1.05
Combustion efficiency 95 %

Oxy-fuel combustion
Flue gas recirculation 80 %

ASU
Oxygen output 95 mol% O2, 5 mol% Ar
Electricity consumption 0.294 kWh/kg

4.1.2 Control System
This section briefly describes the function of the main manipulators used to control
the model.

The two reactors representing the combustion of fuel gas and cracking of ethane are
coupled trough their heat demand/surplus by a Design Specification. These manip-
ulators allow the user to define a target value for a process parameter and specify
another parameter that will be varied to reach that target value. In this manner the
mass flow of fuel gas fed to the combustion reactor is adjusted to match its heating
duty with the energy demand of the cracking reactor, which is determined by its
inputs.
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Another Design Specification is implemented to estimate the mass flow of the steam
generation in the cracker. The mass flow of water is varied to obtain the specified
flue gas temperature, see HX 4 in Table 4.1, before the flue gas exits the convection
section of the cracker furnace.
A simple Calculator is used to calculate and set the mass flow of air entering the
combustion reactor to the desired oxygen to fuel ratio. The mass flow of the di-
lution steam is set in similar manner according to the feed of ethane entering the
yield reactor. For the Oxyfuel scenario, the electricity consumption of the ASU is
implemented with a Calculator.

4.1.3 Validation

The presented model of a steam cracker furnace was validated against available
literature values which are scarce and often differ in definitions. For this purpose,
the fuel gas was changed to pure methane, as this is the case in the literature used [4].
The KPIs for the modified model, as well as the conventional model and literature
values are shown in Table 4.3.

Table 4.3: KPIs of the conventional cracker model, modified cracker model and
literature values

KPI Model used Model modified
for validation

Literature
values Unit

SEC 16.9 17.5 9-19 MJ/kgEthylene

SNSG 2.2 3 kgSteam/kgEthylene

SFGC 0.3 0.53 kgF uelgas/kgEthylene

SE 0.71 0.96 1.0-1.2 kgCO2/kgEthylene

The SE of 0.96 kgCO2/kgEthylene is slightly lower than the literature values reported
as 1.0-1.2 [4]. To compare the SEC the reported literature value had to converted,
as its definition includes energy used for separation. The converted values range
from 9-19 MJ/kgEthylene, thereby only representing energy inputs into the cracker
furnace as defined in this work. The SEC of the modified cracker model used for
validation has a value of 17.5 which is within the derived range but at its upper
end. The increase of the NSG from 2.2 to 3 when modifying the cracker model
for validation stems from differing mass flows and composition of the flue gas, as
the fuel gas was changed from a mixture of 50/50 mol% CH4 and H2 to pure CH4.
Hydrogen in the fuel gas reduces CO2 concentration of the flue gas, while increasing
its H2O concentration. As the two compounds have different heat capacities, the
sensible heat of the flue gas streams differs as well, which is used to generate steam
in the TLE and convection section of the cracker. The reduction of SE by burning a
50/50 mol% mix of methane and hydrogen shows how adding hydrogen to the fuel
gas is an effective emissions reduction measure.

18



4. Process Modeling

4.2 Reformer

4.2.1 Model Description

Figure 4.2 gives an overview of the process model representing an e-SMR.

Figure 4.2: Flowsheet of the reformer model

The input to the reformer model is the CH4 and H2 separated from the cracked gas,
which is compressed to reach the operating pressure of the e-SMR. The hydrogen
is separated from the methane to bypass the reformer before steam is added to the
methane and the mixture is preheated and then fed to the reformer. To estimate the
electricity consumption of an e-SMR a RGibbs reactor was chosen, as it allows the
specification of an approach temperature, which restricts the chemical equilibrium.
With the possible products, the feed composition and reactor pressure and inlet
temperature defined, the reactor block outputs the heat demand needed to reach
chemical equilibrium. It is assumed that this heat will be supplied by resistance
heating without losses. The hot syngas leaving the reactor is cooled by heat exchange
against the feed. Shifting of the syngas to increase hydrogen yield is conducted
in two WGS reactors with intercooling. Adiabatic REquil reactors are chosen to
represent the WGS reactors. Downstream of the WGS reactors the residual water
in the syngas is condensed in a flash tank. After the final separation of hydrogen
from the shifted syngas, a stream of depleted syngas consisting mainly of CO2 and
methane is left behind. The reformed hydrogen is mixed with the bypassed hydrogen
stream. For the separation of hydrogen from other gases a hybrid system consisting
of a membrane and a PSA is assumed. The hydrogen is pre-enriched through the
membrane and then fed into the PSA to achieve a high degree of purity. The system
works at elevated pressure, while the offgas leaves the PSA depressurized [33]. This
separation system was implemented as one separation block in the process model,
with specifications according to literature which are presented in Table 4.4.
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Table 4.4: Parameters of the e-SMR model

Process conditions Parameter Unit
e-SMR

Reactor inlet temperature 466 °C
Reactor outlet temperature 920 °C
Temperature approach to equilibrium 20 °C
Reactor pressure 27.7 bar
Feed 66 mol% CH4, 34 mol% H2
Dilution steam temperature 411 °C
Dilution steam pressure 27.7 bar
Steam to carbon ratio 1.8

High Temp. WGS Reactor
Reactor inlet temperature 350 °C

Low Temp. WGS Reactor
Reactor inlet temperature 150 °C

PSA Membrane System
Hydrogen purity 100 %
Hydrogen selectivity 90 %
Exhaust gas pressure 1 bar

4.2.2 Validation
The e-SMR model was validated against a recent publication about the electrification
of SMR, which uses a combined approach of experiments and numerical modelling
[12]. The study investigated a lab-scale e-SMR reactor operated at ambient pressure
and applied the measured results to a numerical model. Subsequently the numerical
model was extrapolated to industrial conditions.
The reactor parameters are specified in the publication, as well as the resulting
methane conversion x, but no gas composition is presented. Table 4.5 shows the
conversion reported in the publication and conversion achieved by the model used
in this work operated at the same process parameters.

Table 4.5: Validation e-SMR

Model Literature Deviation
Methane conversion 74.2 % 75.4 % 1.3 %

The deviation between the methane conversion of the model and the value reported
in the literature is in an acceptable range, therefore it is assumed from here on, that
the reactor model of an e-SMR can be used for this work.
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5
Results and Discussion

This chapter presents the KPIs obtained from the two integration scenarios and
addresses their impact on an ethane cracker. First the scenarios are discussed indi-
vidually before comparing their emission reduction potential.

5.1 Hydrogen Firing
The Hydrogen Firing scenario aims to reduce cracker furnace emissions by switching
the fuel to hydrogen. A lesser fraction of the hydrogen needed for sufficient heat
supply is already present in the cracked gas stream, while the larger fraction is
produced by reformation of CH4 in an e-SMR. Ethane crackers are not self-sufficient
when all the fuel-grade by-products are burnt directly, therefore it is no surprise that
this is also the case when H2 reformed from CH4 is combusted. To supply sufficient
heat to the cracker additional fuel gas from the fuel gas system is therefore fed to
the reformer. Separating the hydrogen from the syngas to combust it in the cracker
furnace leaves behind a stream of depleted syngas, which contains the carbon. Table
5.1 presents the KPIs generated by the process model of this integration scenario.

Table 5.1: KPIs Hydrogen Firing

KPI Value Unit
System efficiency 88.6 %

SEC 18 MJ/kgEthylene

NSG 1.9 kgSteam/kgEthylene

SFG 0.09 kgF uelgas/kgEthylene

Indirect Emissions 0.041 kgCO2/kgEthylene

SE 0.4 kgCO2/kgEthylene

The system efficiency decreases by 7.4 % compared to the model of a conventional
steam cracker. The main reason for this is the additional energy input in form
of electricity to power the e-SMR. Since this electricity is used to generate pure
hydrogen from an already combustible gas mix, the energy input to the system
increases significantly which reduces the system efficiency. The power demand of the
e-SMR also increases the SEC of this scenario compared to a conventional cracker.
In addition, the specific steam production decreases with respect to a conventional
cracker. This can be attributed to the decrease of sensible heat contained in the
flue gas stream, which is used to superheat and preheat steam and feedstock in
the convection section of the cracker furnace. The reason for this is primarily the
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decreased flue gas mass flow and the fact that no CO2 is present in the flue gas
stream. Based on the assumption that the net steam generation of the conventional
must be maintained, the steam deficit is compensated by combusting natural gas
in the steam boiler to generate steam. The SFG significantly decreases as the fuel
grade component of the cracked gases is used as fuel after reformation, which is
not the case in the conventional cracker model. The specific indirect emissions
associated with electricity contribute with approximately 10 % to the total specific
emissions. The other 90 % stem from the depleted syngas generated by separation
of hydrogen after reformation. The depleted syngas leaving the system boundary
consists mainly of CO2, H2 and CH4. Hydrogen is present in the depleted syngas due
to the imperfect separation of hydrogen with the hybrid PSA-membrane system. A
detailed composition is shown in Table 5.2.

Table 5.2: Depleted syngas composition Hydrogen Firing

Component mol-%
CO2 50.7
H2 24.8

CH4 22.3
CO 1.9
H2O 0.3

5.2 Oxyfuel
The Oxyfuel scenario aims to reduce cracker emissions by concentrating them in the
flue gas stream. This is achieved by combusting fuel gas with relatively pure (95 %)
oxygen generated by an ASU. The CH4 present in the cracked gases is reformed to
syngas rich in hydrogen and can be further processed or sold.
The KPIs of the process model for the Oxyfuel scenario are presented in Table 5.3.

Table 5.3: KPIs Oxyfuel

KPI Value Unit
System efficiency 93.8 %
SEC 18.6 MJ/kgEthylene

NSG 2.2 kgSteam/kgEthylene

SFG 0.28 kgF uelgas/kgEthylene

Indirect Emissions 0.038 kgCO2/kgEthylene

SE 0.86 kgCO2/kgEthylene

The system efficiency of the Oxyfuel scenario is higher than for Hydrogen Firing,
while it decreases by 2.2 % compared to the model of a conventional cracker. The
reason is presumably the smaller electricity consumption of the e-SMR, as less CH4
is reformed. While the ASU is an additional consumer, the total electricity usage is
smaller for Oxyfuel compared to Hydrogen Firing.
The SEC of Oxyfuel is higher than both the conventional cracker and Hydrogen
Firing models. This is due to the fact that similar amounts of fuel gas are burnt as
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in the conventional cracker model, while energy for reformation and air separation
is also consumed.
NSG is approximately equal to a conventional cracker and can therefore satisfy the
energy demand for refrigeration and compression in the fractionation. The reason
for this can again be found in the mass flow and composition of the flue gases. Since
no nitrogen is present during combustion the mass flow is smaller. This seems to be
compensated by increased amounts of CO2 and the recirculation of flue gas.
The fuel gas consumption of the Oxyfuel scenario is slightly lower than for the
conventional cracker. Since the same heat demand has to be supplied to the cracking
reaction, the difference must stem from the fact that no nitrogen is present in the
oxidizer which would be heated during combustion.
Specific emissions of the Oxyfuel scenario are higher than for the conventional cracker
model. The main fraction of the emissions is present highly concentrated in the flue
gas, while a smaller fraction is present in the shifted syngas. Tables 5.4 and 5.5
show the composition of both streams.

Table 5.4: Shifted syngas
composition Oxyfuel

Component mol%
H2 78.9

CO2 13.3
CH4 7.2
CO 0.6

Table 5.5: Flue gas
composition Oxyfuel

Component mol%
CO2 83.1
Ar 11.1
O2 3.6

H2O 2.2

If hydrogen were to be used or sold as a pure product stream, separation of it from
the shifted gas stream would leave behind depleted syngas of similar composition
as presented in Table 5.2. Using this stream of depleted syngas as additional fuel
for combustion would serve the purpose of concentrating emissions of Oxyfuel in
one stream. Another scenario in which depleted syngas from the reformer is fed to
the cracker is therefore added. This scenario will be named Oxyfuel V2, while the
initial Oxyfuel scenario will be referred to as Oxyfuel V1 from hereon. The modified
system boundary for Oxyfuel V2 can be found in Appendix D, while its KPIs are
presented in Table 5.6.

Table 5.6: KPIs Oxyfuel V2

KPI Value Unit
System efficiency 93.2 %

SEC 19.4 MJ/kgEthylene

NSG 2.4 kgSteam/kgEthylene

SFG 0.27 kgF uelgas/kgEthylene

Indirect Emissions 0.039 kgCO2/kgEthylene

SE 0.84 kgCO2/kgEthylene

Adding the depleted syngas to the cracker furnace decreases system efficiency, while
it increases SEC. The reason for this lays in the combustion of unreformed CH4
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and residual H2 in the depleted syngas, left behind from separating H2 from the
shifted syngas. It can be seen that this slightly decreases the fuel gas consump-
tion of Oxyfuel V2, but it also leads to increased demand of oxygen and therefore
higher electricity consumption. The increase in electricity consumption seems to
outweight fuel gas savings, therefore increasing SEC of Oxyfuel V2. The flue gas
stream is enlarged when re-feeding depleted syngas to the combustion, which in-
creases the NSG. Caused by the reduction of fuel gas, the SE of Oxyfuel V2 are
slightly lower than Oxyfuel V1. The increase in indirect emissions associated with
electricity consumption from Oxyfuel V1 to Oxyfuel V2 is insignificant for this.

5.3 Comparison of the Scenarios
After presenting the KPIs of the individual scenarios and elaborating the reasoning
behind differences between them, the following section will discuss the main differ-
ences between the scenarios and their emissions reduction potential with the help
of Figures plotting the KPIs against each other.
Figure 5.1 juxtaposes SEC and NSG of the three scenarios presented.

Figure 5.1: Specific energy consumption and net steam generation of the investi-
gated scenarios

The figure shows that the carbon mitigation measure of integrating an e-SMR in-
creases the specific energy consumption of the cracker furnace in all scenarios. The
impact on the net steam generation varies. Hydrogen Firing has the lowest increase
in energy consumption, but also greatest decrease in net steam generation. To com-
pensate for this deficit, steam is generated by the steam boiler, but the associated
energy and steam generation is not accounted for in this figure. Oxyfuel V1 has
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approximately the same net steam generation as the conventional cracker, but in-
creases the SEC more than Hydrogen Firing. Oxyfuel V2 has the highest SEC, but
also generates more steam than a conventional cracker.

While steam is an essential utility for a cracker plant, the focus of this work lies
on the emission reduction potential and the associated energy penalty. Figure 5.2
therefore presents the relation between the additional specific energy consumption
and the uncaptured emissions for the analysed scenarios.

Figure 5.2: Specific uncaptured emissions associated with the investigated sce-
narios compared to a conventional cracker (solid line) and a conventional cracker
with post-combustion CO2 capture (ellipse), plotted against the additional specific
energy consumption required for emission reduction

The baseline specific emissions of the conventional steam cracker model are repre-
sented by the grey line at 0.7 kgCO2/kgEthylene. Depending on the fuel gas compo-
sition this value could increase to 0.96 kgCO2/kgEthylene if pure CH4 is burned, as
Table 4.3 showed. Furthermore, the KPIs of retrofitting a post combustion carbon
capture plant to the conventional cracker model have been estimated to showcase
the performance of the modelled scenarios against this available emission reduction
measure. The black ellipse represents amine-based post-combustion CO2 capture
with an assumed energy demand for regeneration of the solvent ranging from 3-5
MJ/kgCO2 , using MEA as absorbent with a 90% CO2 capture rate.
The emissions on y-axis are considered uncapturable and stem mostly from the
indirect emissions associated with the electricity consumed in the modeled scenarios.
In the Hydrogen Firing scenario, additional emissions are also generated by the steam
boiler, which compensates for the steam production deficit.
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Both Oxyfuel scenarios achieve the largest emission reduction but vary in their addi-
tional energy consumption. Feeding depleted syngas from the reformer to the com-
bustion increases the energy consumption, as discussed in detail earlier. Hydrogen
Firing consumes slightly less energy per kg ethylene, than Oxyfuel V2, but leaves
more emissions behind. The estimated energy consumption for post-combustion
CO2 capture ranges from 1.9-3.2 MJ/kgEthylene but leaves behind significantly more
emissions uncaptured.
Figure 5.2 shows that emission reduction is significant for all scenarios when com-
pared to a conventional ethane cracker. The Oxyfuel scenarios achieve the highest
reduction of emissions, leaving behind only 5-6 % of the emissions of the conven-
tional cracker model. Hydrogen Firing achieves an emissions reduction of 85 % in
this framework. However, a significant portion of the uncaptured emissions in this
scenario come from the steam boiler. The assumption that the net steam gener-
ation of a conventional cracker has to be upheld has a significant impact on the
KPIs. Figure 5.3 shows the emission reduction potential of the scenarios if this
assumption is neglected. This is especially interesting in the context of electrifying
the compressors of the fractionation section.

Figure 5.3: Specific uncaptured emissions associated with the investigated sce-
narios compared to a conventional cracker (solid line) and a conventional cracker
with post-combustion CO2 capture (ellipse), plotted against the additional specific
energy consumption required for emission reduction, excluding steam generation by
a steam boiler

Neglecting the assumption that the net steam generation of the conventional cracker
model must be upheld, impacts the KPIs of the Hydrogen Firing case as well as the
estimate of post combustion carbon capture with amines, as both of them have a
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steam deficit. If only indirect emissions are left uncaptured, the reduction potential
of all three modeled scenarios is approximately 95 % reduction of the conventional
cracker model’s emissions to the atmosphere. For conventional post-combustion
capture, the uncaptured emissions decrease according to the carbon capture effi-
ciency assumed. Furthermore, the additional energy consumption of Hydrogen Fir-
ing dropped significantly. After analyzing the energy penalty for emission reduction
in the modeled scenarios, the question arises in what form the carbon of the abated
emissions is present. Figure 5.4 gives an overview of the different carbon streams of
each scenario.

Figure 5.4: Emission composition of the investigated scenarios

The upper half of the y-axis are the emissions left uncaptured, stemming either from
the steam boiler, associated with electricity consumption or left uncaptured in the
flue gas in case of post-combustion capture. The captured emissions are shown in
the lower half of the y-axis and are either located in streams of synthesis gas coming
from the reformer, or as highly concentrated and therefore captured CO2 streams.
The first bar represents the modeled conventional cracker furnace with 0.7 kgCO2/kgEthylene

emitted to the atmosphere. To its right is the estimate of post-combustion capture
added to the conventional cracker model, where 90 % of emissions are captured in
a concentrated CO2 stream. The impact of the steam boiler can be clearly seen
here, making up the larger share of uncaptured emissions. The Hydrogen Firing
scenario stands out, as it has the smallest total bar height and therefore overall
emissions. This is due to the smaller (1/3) fuel gas consumption compared to the
other scenarios, leading to less carbon being present in the system. While some of
the uncaptured emissions are associated with the electricity consumed by the e-SMR
and compression, the larger share (3/5) comes from the steam boiler. Both Oxyfuel
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scenarios have similar total emissions and no steam boiler emissions, but differ in the
composition of the captured emissions. For Oxyfuel V1 the carbon is located in two
streams, the reformed and shifted synthesis gas and concentrated stack emissions.
Oxyfuel V2 combines the two streams by re-feeding depleted syngas after hydrogen
separation to the cracker furnace for combustion.
As previously, it is worth examining what the emission composition looks like when
neglecting the assumption that the net steam generation of the conventional cracker
model must be uphold, resulting in Figure 5.5.

Figure 5.5: Emission composition of the investigated scenarios excluding steam
generation by a steam boiler

As discussed before, all three integration scenarios end up with a similar flow of
uncaptured emissions which are solely indirect emissions associated with electricity.
The emission reduction of all scenarios is greater than conventional post-combustion
capture by amine absorption, where 10 % of the total emissions are left in the flue
gas. Furthermore, the emissions associated with electricity will likely decrease in the
future with the expansion of renewable energy generation. The increase in specific
energy consumption of the investigated scenarios presented in Figure 5.3 showed
that Hydrogen Firing and Oxyfuel V1 require less additional energy input than post-
combustion capture, while Oxyfuel V2 is roughly in the range of post-combustion
capture.
Summarizing the findings so far, integration of an e-SMR into an ethane cracker
allows significant emission reduction in all three scenarios investigated. The inte-
gration of a reformer can have a noticeable impact on steam balance of the cracker
furnace. Reforming the methane co-produced during steam cracking of ethane in-
creases specific energy consumption. Depending on the carbon reduction scenario
the hydrogen is either combusted or an available output stream.
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5.4 Carbon Utilization
Figure 5.5 gives an overview of the composition of the captured emissions. This
is of special interest when considering the conversion of the captured emissions
into products or fuels. As described in Chapter 2.3 there are manifold conversion
pathways. This section will provide a first estimate on the potential of the present
scenarios to generate olefins from the captured emissions. Hydrogenation of CO and
CO2 to produce methanol, which is converted to olefins amongst other products via
MTO is the pathway analysed. The additional energy input required for the carbon
utilization is 17.3 MJ/kgEthylene [19].
In the Hydrogen Firing scenario, the carbon is isolated in a stream of depleted syn-
gas, which also contains residual hydrogen and some methane. With a H2/CO2
ratio of 0.5 the hydrogen is the limiting factor for synthesizing methanol. For CO2
hydrogenation typically a ratio of 3 is desired. The potential production of ethylene
from the synthesized methanol can increase production capacity by 0.6 %. If addi-
tional hydrogen can be supplied by other sources, e.g., by electrolysis of water this
potential increases to 4 %.
In the Oxyfuel scenarios the emissions are mainly isolated in a pure stream of CO2.
Oxyfuel V1 also has a fraction of the emissions present in a stream of shifted syngas.
The main difference to the Hydrogen Firing scenario is that there is also a stream of
pure hydrogen available. For Oxyfuel V1 the H2/CO2 ratio is 2.2, while in increases
to 2.5 for Oxyfuel V1. This shows that hydrogen is the limiting factor for the Oxyfuel
scenarios as well. The respective increase in ethylene yield if this carbon utilization
path is pursued is 9.7 % for Oxyfuel V1 and 13 % for Oxyfuel V2.

5.5 Discussion
An aspect of the integration of an e-SMR with an ethane cracker that has not been
discussed yet is its relation to the ongoing transformation of the industry. The main
strategies pursued are replacement of fossil feedstock by recycled waste and biomass.
This would impact the investigated scenarios mostly through potential changes to
the cracked gas composition. A more important aspect of the steam cracking con-
version strategy is the effort to electrify the cracker, eliminating the need to burn
fuel to drive the cracking reactions. Evaluating the integration scenarios in this
regard requires further analysis, but the significant changes required to operate a
cracker furnace with oxy-fuel combustion appear to be opposed to electrifying a
cracker, meaning that an investment decision would need to be made between the
two options. Partial or complete fuel switching to hydrogen on the other hand seems
like an intermediate step in the decarbonization of the industry, as it could be fa-
cilitated with relatively small changes to the furnace. Furthermore, the reformation
of methane originating the cracking opens several pathways to valorize fuels or ad-
ditional products from the reformed hydrogen, which is not needed for combustion
in the cracker furnace after its electrification.
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6
Conclusion

The results presented in this work showed that integration of an e-SMR into an
ethane cracker can substantially reduce the emissions associated with producing
ethylene. The residual emissions are exclusively associated with the electricity con-
sumed and can therefore be further reduced by increasing the share of renewable
electricity production. The performance evaluation of fuel switching to hydrogen
combustion depends on assumptions made in regard to the crackers steam balance,
as the net steam generation would drop when implementing this scenario according
to the models used in this work. If a deficit of steam does not affect operation of the
fractionation system of a cracker, fuel switching to hydrogen achieves substantial
emission reduction with the lowest increase in specific energy consumption. If the
steam deficit has to be substituted by means of a steam boiler running on natural
gas, the emissions reduction will be smaller, but still significant, while the specific
energy consumption will further increase. The oxy-fuel combustion scenario was
analyzed in two different configurations, one including re-feeding depleted syngas
originating from reformation and one producing synthesis gas an output stream.
The emission reduction potential is significant in both cases and reaches the same
level as hydrogen firing if its steam deficit is not compensated. Regarding the in-
creased energy consumption, the configuration with depleted syngas re-feeding has
a higher energy penalty than the other configuration without re-feeding.

An estimate on the potential to produce ethylene from the captured carbon via CO2
hydrogenation to methanol with subsequent methanol to olefin conversion showed
that the specific ethylene production of an ethane cracker can be increased by
roughly 9-13 % for oxy-fuel combustion, where hydrogen from reformation is avail-
able. In case that emissions are reduced by fuel switching to hydrogen, the increase
in specific production is limited to 0.6 % by a deficit of hydrogen. If additional
hydrogen can be supplied by other sources, the specific production potential could
be increased by 4 %. It should be noted that these values are an estimate and come
with an energy input of 17.3 MJ/kgOlefin, excluding potential hydrogen production.
Nevertheless, the utilization of captured carbon is an interesting strategy to replace
some fraction of the fossil feedstock of a cracker plant and allows production of a
multitude of products and fuels depending on the conversion pathway chosen.

Further techno-economic assessment of the investigated scenarios and carbon uti-
lization is needed, also considering the synergies within a cracker plant that typically
consist of several furnaces, often operating on different feedstock.
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6.1 Limitations and Suggestions for Future Work
While this work gives a good overview on different emissions reduction measures
for a ethane cracker, the impact of integrating a electrified steam reformer and
potential carbon utilization pathways, it does not allow recommendation of one
of the investigated scenarios. Further techno-economic assessment is needed, which
also considers the availability and operational reliability of the technology presented.
Furthermore, analysing a stand-alone ethane cracker brings up the issue of external
fuel gas supply, as ethane crackers are not self-sufficient when combusting the fuel
grade by-products contained in the cracked gas. The inclusion of a potential fuel gas
supply in the system boundary increases the complexity of a uniform comparison
because the input values may vary. In a similar manner the steam balance of a
cracker furnace and the fractionation system adds complexity to the definition of
the system boundary and energy analyses. These issues represent the complexity of
a cracker plant, but can pose a challenge to modeling.
The inclusion of additional steam crackers running on other feedstock such as naph-
tha into the analyses, would decrease external inputs, as naphtha crackers typically
overproduce combustible gases which are partially used to power other energy con-
sumers of a cracker plant. Unfortunately, this would further increase complexity of
the analyses, but would give a more detailed representation of the synergies within
a cracker plant and the economic optimization potential.
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A

In the reformer model three heat exchangers are used to lower the temperature
of the synthesis gas. The first exchangers cools down the synthesis gas coming
from the reformer to temperatures favourable for the high-temperature water-gas-
shift reactor. Due to the exothermic WGS reaction, the synthesis gas leaves the
reactor with an increased temperature and is subsequently cooled by the second
heat exchanger. The third heat exchanger cools down the shifted synthesis gas to
increase heat recovery. As the steam generation in the convection section of the
cracker is in another Aspen hierarchy and integration of the three heat exchangers
proved challenging, the process integration tool Pro-Pi was used to conduct a pinch
analyses. emphPro-Pi is a Excel add-in written in Visual Basic. The cooling duty
from the three heat exchangers described above is recovered to generate high pressure
steam according to the specifications used in this work. The resulting mass flow of
steam that can be generated was extracted from emphPro-Pi, then normalized to the
product of cracking considered in this work, ethylene, and used as additional specific
steam generation. The stream data for the two investigated scenarios is shown in
a table, while the resulting pinch analyses is presented in two figures. A minimum
temperature difference of 10 K was used. The resulting specific steam generation by
heat integration of the coolers in the reformer model is 0.38 kgsteam/kgEthylene for
Hydrogen Firing and 0.163 kgsteam/kgEthylene for Oxy Fuel.

Table A.1: Stream data for the Hydrogen Firing scenario

Stream Nr. Type TStart in °C TEnd in °C FCp in kW/K Q in MW
1 Hot 806 350 6.08 2.77
2 Hot 425 150 5.8 1.6
3 Hot 205 20 9.35 1.82
4 Cold 10 299
5 Cold 299.0 299.1
6 Cold 299.1 450
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Table A.2: Stream data for the Oxyfuel scenarios

Stream Nr. Type TStart in °C TEnd in °C FCp in kW/K Q in MW
1 Hot 799 350 2.72 1.219
2 Hot 417 150 2.58 0.69
3 Hot 196 20 4.4 0.82
4 Cold 10 299
5 Cold 299.0 299.1
6 Cold 299.1 450

Figure A.1: Heat Integration for Hydrogen Firing scenario

Figure A.2: Heat Integration for Oxyfuel scenario
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B

Based on the assumption that the specific net steam generation of the model of
a conventional cracker furnace needs to be maintained, a steam boiler running on
methane as fuel compensates for steam deficit of the investigated scenarios if nec-
essary. The enthalpy difference of feedwater and superheated steam are extracted
from the Aspen model to calculate the energy demand and emissions associated with
the steam boiler according to the assumptions below.

Feedwater Temperature 10 °C
Feedwater Pressure 1 bar
Steam Temperature 450 °C
Steam Pressure 85 bar
Enthalpy difference 3.416 MJ/kgSteam

Steam Boiler
Efficiency 90 %
Fuel Methane
Specific Emissions 0.055 kgCO2/kJ
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C

The user-defined inputs of the Design Specifications used to control the cracker
model are shown in the table below.
1 refers to the Design Specification that couples the heat demand/surplus of the
two reactors representing the combustion of fuel gas (Gibbs) and cracking of ethane
(Yield).
2 refers to the Design Specification used to determine the steam generation by heat
recovery in the convection section.

1 2
Manipulated Stream Flue Gas Feed Water
Manipulated Variable Mass flow Mass flow
Specification QGibbs Tcold−out HX 4 in Figure 4.1
Target Value QY ield*1.05 160 °C
Tolerance 10 W 0.1 °C

V
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The system boundary for scenario Oxy V2 is shown in the following table. The
difference to Oxy V1 lays in the re-feeding of depleted synthesis gas to the furnace.
Hydrogen is separated from the reformed and shifted synthesis gas by the hybrid
separation system consisting of a membrane followed by a PSA, as described in
Chapter 4.2.1.

Figure D.1: System Boundary for Oxyfuel V2

VII
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