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Electrification of steam cracking as a pathway to reduce the impact 1 

of the petrochemical industry on climate change 2 

Abstract  3 

In the Chemical Process Industry (CPI) only hydrogen production from steam methane 4 

reforming produces more greenhouse gas emissions than light olefins production. Various solutions 5 

have been proposed to reduce the CO2 emissions from olefins production. It is not clear which 6 

solution is best, particularly when you consider other sustainability factors. In this paper we report 7 

the results of our cradle-to-gate life cycle assessment (LCA) of three highly promising solutions: a so-8 

called low-emission steam cracking furnace, the electrically driven RotoDynamic reactor (RDR), and a 9 

blue hydrogen-fired furnace. Life cycle inventory data is obtained from a first principles model for 10 

steam cracking, validated with industrial data, and combined with data obtained from process 11 

simulation. Our study shows that if the electrical supply is grey then the RDR-based cracking process 12 

has a 41% higher impact on climate change than the reference base case, a conventional plant with 13 

state-of-the-art furnaces. The low-emission furnace is only 7.2% higher. When using a mixed 14 

electrical grid, like Belgium's, the climate change impact for the RDR is 1.5% higher and the low 15 

emission furnace is 6.6% lower. With a grid that uses fully renewable power generation the RDR 16 

solution is an impressive 27% lower than the base case and the low-emission furnace 17% lower.  17 

We also analysed the impact of firing the furnaces with blue hydrogen from (a) a conventional 18 

steam-methane reformer and (b) an innovative gas-heated reformer: both (a) and (b) using carbon 19 

capture and storage (CCS). The climate change impact is reduced by 8% and 18% respectively 20 

compared to the base case. Since the blue hydrogen solution uses very little electricity, the climate 21 

change impact is insensitive to the method of electrical power generation. 22 

Keywords: steam cracking, olefins, life cycle assessment, sustainability, carbon intensity, climate 23 

change 24 

Abbreviations: 25 

APH – air preheater 26 

ASU – air separation unit 27 

ATR – autothermal reactor 28 

BFW – boiler feedwater 29 

CCS – carbon capture and storage (system) 30 

CPI – chemical process industry 31 

EOR – enhanced oil recovery 32 

GHG – greenhouse gases 33 

GHR – gas-heated reformer 34 

HPS – high pressure steam (105 atm.) 35 

HPSS – high-pressure superheated steam (105 atm.) 36 

HVC – high value chemicals 37 
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LCA – life cycle assessment 38 

LCI - life cycle inventory 39 

LCiA – life cycle impact assessment 40 

LPS – low-pressure steam (5 atm.) 41 

MPS – medium pressure steam (40 atm.) 42 

NG – natural gas 43 

RDR – rotodynamic reactor 44 

SM – supplementary material 45 

SMR – steam methane reformer 46 

STOR – steam to oil (or another hydrocarbon feed) ratio 47 

TLE – transfer line (heat) exchanger 48 

  49 
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1. Introduction  50 

The Paris Agreement sets a target of reducing human-induced greenhouse gas (GHG) 51 

emissions to net zero by the second half of the 21st century (Masson-Delmotte et al., 2019). All 52 

economic sectors, including the Chemical Process Industry (CPI), need to defossilize. Studies suggest 53 

that achieving decarbonization within the CPI cannot be accomplished solely through energy system 54 

transformation (Luderer et al., 2018). We need to dig deeper. One approach is electrification: 55 

burning fossil fuels is replaced by using energy from green electricity (Layritz et al., 2021). 56 

Ethylene and propylene, vital building blocks for the CPI are mostly  produced from steam 57 

cracking ("Petrochemistry in Europe - Petrochemicals Europe - Petrochemicals Europe", 2022). Due 58 

to its extensive production volume (Zhao et al., 2021) and high specific energy (Zimmermann and 59 

Walzl, 2009), steam cracking constitutes the most energy-intensive process within the CPI. Steam 60 

cracking uses 8% of the CPI’s primary energy (Amghizar et al., 2020) and emits 7% of the CPI's GHGs 61 

(Isella and Manca, 2022). 62 

The European Union (EU) has pledged to decrease overall emissions in the petrochemical 63 

industry by 55%  by 2030, and to be carbon neutral  by 2050 (Szpilko and Ejdys, 2022). The 64 

petrochemical industry is urged to adopt energy-efficient technologies and invest in innovation. 65 

However, since current steam crackers already have thermal efficiency exceeding 90% (Zimmermann 66 

and Walzl, 2009), the EU's decarbonization strategy for the olefin industry  relies heavily on 67 

transitioning to low-carbon and renewable energy sources, which is the focus of this study. The 68 

United States plans to achieve net-zero GHG emissions by 2050 (House, 2021). China is the country 69 

with the highest CO2 emissions in the world. China’s plan is reach peak emissions before 2030 and 70 

thereafter decline, reaching carbon neutrality by 2060 (Jinping, 2020). Japan also plans to become 71 

carbon-neutral by 2050 by promoting green innovations and adopting renewable energy sources 72 

(Ohta, 2021). Although this study is focused on Europe, its findings may have broader implications. 73 

Very few LCA studies have been published on electrified steam cracking (Layritz et al., 2021) 74 

or using hydrogen as fuel (Weydahl et al., 2013). In order to close the gap, we have considered three 75 

promising technologies: a low-emission cracking furnace with an electrified separation section, an 76 

RDR, and a furnace fired with blue hydrogen.  A previous study of combustion-based sustainable 77 

technologies for steam cracking is used as a benchmark (Mynko et al., 2022). A typical propane 78 

steam cracker that uses a methane-rich fraction of the process gas as fuel is the base case scenario 79 

(BASE).  80 

Electrification of olefin production is being extensively studied by both industry and 81 

academia (Bonheure et al., 2021; Eryazici et al., 2022). Most innovations focus on electrifying the 82 

furnace or developing alternative, electrified processes to replace the furnaces such as the plasma 83 

reactor (Delikonstantis et al., 2019). There are other sections of the plant where electrification will 84 

be beneficial. Most modern light olefin plants use steam turbines (Kler et al., 2019) to drive the 85 

process gas compressor (a.k.a. the charge gas compressor) and the refrigerant compressors. The 86 

turbines rarely have an efficiency better than 45% (Durantay et al., 2021). Most propane and gasoil 87 

steam crackers are steam deficient and need boilers to make up the shortfall (Zimmermann and 88 

Walzl, 2009). One of the obvious options to reduce CO2 emissions of a steam cracker would be to 89 

shift heat balance towards the reactor coil, or in other terms, to improve the firebox efficiency.  This 90 

would allow to reduce firing rate and therefore, fuel consumption and CO2 emissions, while the 91 

amount of heat provided to the reactor coil remains unchanged. However, in such conditions the 92 

conventional heat recovery scheme is unable to preheat the feed to optimum temperature. In order 93 

to solve this conundrum, a novel arrangement is being investigated by Technip Energies 94 



4 
 

(TechnipEnergies, 2021). In summary, the patented furnace (Oud, 2018) consists of a novel firebox 95 

design, TLE, and a heat recovery arrangement aimed to circumvent the limitations of a typical 96 

convection section and maximize the firebox efficiency. An unavoidable side effect is the reduced 97 

amount of steam and process heat produced by the furnace. This would have made such a concept 98 

rather inefficient if typical steam turbine driven compressors are used. The electrified separation 99 

section, on the other hand, will leverage the advantage of such a furnace and, according to the 100 

patent, may potentially reduce carbon dioxide emissions by up to 30%.  101 

Several electrified cracking reactor concepts have been proposed (Gross, 2021; Tijani et al., 102 

2022; Tullo, 2021). Coolbrook’s patented RDR cracker (Seppala et al., 2018) is one of the most 103 

advanced technologies promising up to fivefold reduction in carbon dioxide emissions compared to a 104 

conventional steam cracker (Flores-Granobles and Saeys, 2023). While both RDRs and conventional 105 

serpentine coils use the same reactants that undergo the same process, they differ in heat transfer 106 

pathway, energy source, and residence time. The RDR's short residence time is advantageous for 107 

light olefin yields (Gholami et al., 2021), making it potentially the most selective cracking technology. 108 

Unlike the low–emission furnace, in the RDR-based cracking complex the energy source for both 109 

furnace and separation areas is electricity. Several RDR cases are considered in this study to quantify 110 

the environmental impact and the effect of the electricity mix. 111 

According to preliminary calculations and literature data (Eryazici et al., 2022), electrification 112 

of steam cracking would be rather counterproductive in case an ordinary, fossil–dominated 113 

electricity grid is used. And this is the case for the average electricity mix of the European Union 114 

(Eurostat, 2022). Therefore, during the transition period in conditions that do not allow using low 115 

carbon electricity, utilization of fossil energy coupled with carbon capture and storage system (CCS) 116 

could be preferable. Although post-combustion CCS has been covered in our previous work (Mynko 117 

et al., 2022), a pre-combustion option is worth considering as well. So-called blue hydrogen (Yu et 118 

al., 2021) combustion has been selected due to backward compatibility and the high industrial 119 

interest: in the best-case scenario, only burners must be replaced to adapt a conventional furnace 120 

for hydrogen combustion. Blue hydrogen may be produced from natural or the fuel gas via steam 121 

reforming and consecutive water-gas shift reaction. Several reformer arrangements exist nowadays 122 

(Carapellucci and Giordano, 2020). In this work, two options have been selected: a conventional 123 

steam methane reforming (SMR) process with CCS and a more novel gas heated reformer (GHR).  124 

The high share of greenhouse gas emissions from steam cracking makes clear that reducing 125 

the CO2 emissions of this process is essential to reduce the CO2 footprint of the entire CPI. 126 

Unfortunately, a clear comparison of these options is currently unavailable in the literature. 127 

Moreover, there is more than just the impact of a potential solution on climate change, such as 128 

resource consumption and health-related effects. Among others, these aspects will also be discussed 129 

in this work. This study presents innovative findings by examining and contrasting three promising, 130 

yet insufficiently investigated, approaches for diminishing CO2 emissions in steam cracking, thus 131 

addressing a void in the existing literature. The investigation of energy-efficient cracking furnace 132 

configurations, RDR technology, and the implementation of blue hydrogen as a fuel source offers 133 

valuable insights and viable strategies for industry adoption in olefin production. 134 

2. Methodology 135 

This study was carried out in accordance with the ISO 14040 (ISO, 2006a) and 14044 (ISO, 136 

2006b) standards. The objective of this study is to conduct a comparative techno-environmental 137 

analysis of three electrified ethylene production plant concepts and two hydrogen-fired steam 138 



5 
 

cracking furnace concepts. The findings will be juxtaposed with previously published research on the 139 

effects of furnace improvements on environmental impact (Mynko et al., 2022).  140 

The necessity for this study stems from the significant emissions produced by steam 141 

crackers, which pose a challenge in meeting the decarbonization targets set forth by the European 142 

Union, United States, and other regions. It is crucial to understand how to efficiently mitigate the 143 

impact of steam cracking on climate change and to identify the stages of the process that contribute 144 

significantly. The outcomes of this research will be valuable for informing future research and 145 

development of environmentally friendly ethylene plant concepts, as well as potentially influencing 146 

policy decisions and industry development. The results may be used for comparative assertions in 147 

public discussions about the viability and potential benefits of transitioning to studied technical 148 

solutions. The reason for focusing on the selected concepts is that they have been identified as some 149 

of the most promising options for ethylene production with reduced environmental impacts, driven 150 

by technical feasibility and potential emission reduction capabilities. 151 

Due to the lack of industrial data, as some of the technologies are in an early stage of 152 

development (low-emission furnace and RDR), this work is based on first principles-based models. 153 

Operating parameters, obtained by kinetic modelling and process simulation, are used as the basis 154 

to perform LCA. Hydrogen production by steam methane reforming, on the other hand, is a mature 155 

technology. However, integrated hydrogen-fired steam cracking furnaces are not operated at this 156 

moment to the best of our knowledge. Moreover, due to the conceptual status of considered 157 

solutions, capital investments and construction-related environmental impacts cannot be assessed 158 

with a sufficient level of certainty, so this paper presents a second order LCA study. In such studies 159 

capital goods are omitted while other life cycle stages are accounted for. The geographical scope of 160 

our study is Europe.  161 

2.1. Overview of studied technical solutions  162 

In this research, three novel steam cracking concepts were investigated as potential 163 

solutions to reducing climate change impact of light olefin production. These technologies are: a 164 

low-emission furnace with an electrified separation section, a fully electrified RDR, and the use of 165 

blue hydrogen as a furnace fuel. Each promises substantial improvements in environmental impact, 166 

energy usage, and process efficiency, and the research provides an extensive comparison of their 167 

performance to inform future industry adoption. 168 

2.1.1. Low-emission furnace 169 

High temperature is needed for steam cracking, typically about 850oC. The heat comes from 170 

the flue gases (products of combustion). The temperature of the flue gases at the radiant arch of a 171 

steam cracking furnace (bridgewall temperature) is about 1100°C. The firebox fuel efficiency of a 172 

steam cracker is usually in the range 38-47% (Zimmermann and Walzl, 2009). Note that the firebox 173 

fuel efficiency is defined as the ratio of the heat absorbed by the reactor coils to the heat released 174 

by the combustion of the fuel. A typical state-of-the-art steam cracker arrangement is shown in 175 

Figure 1A. The convection section is designed to reduce the flue gas temperature to around 100oC. A 176 

typical convection section consists of several tubular heat exchangers, called banks. In a 177 

conventional steam cracker, the heat recovered in the convection section is used to evaporate (if 178 

applicable) and preheat the feed; superheat the dilution (process) steam; and preheat the boiler 179 

feedwater (BFW) that is fed to the steam drum. The steam drum is connected to a transfer line 180 

exchanger (TLE) where process gas is quickly cooled by exchanging heat with boiling water 181 

circulating from the steam drum. TLEs are typically operated at around 100 bar and therefore the 182 

produced steam is at about 300°C. HPS leaving the steam drum is then superheated, also within the 183 
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convection section, to a controlled temperature (typically 500oC) suitable for supplying the steam to 184 

the steam turbines in the separation train.  185 

 186 

Figure 1. Arrangements of a typical steam cracking furnace (A) and a low-emission furnace (B). 187 

Modified from (Oud, 2018).With BFW – boiler feed water, DS – dilution steam, VHP – very high 188 

pressure steam, HPSS – high pressure superheated steam, TLE – transfer-line exchanger, FPH – feed 189 

preheater, BFWP – boiler feedwater preheater, UMPH – upper mix preheater, LMPH – lower mix 190 

preheater, DSH – dilution steam heater, MPH – mix preheater and BOILER – boiler coil. 191 

The main idea of the low-emission furnace concept is to reduce the overall firing duty by 192 

increasing the share of heat absorbed by serpentine reactor coils that are positioned in the radiant 193 

box to provide enough heat to the cracking process with less fuel (and hence carbon dioxide 194 

emissions). To increase firebox fuel efficiency, combustion occurs in the lower part of the firebox, in 195 

a firebox designed with floor burners only or wall burners mounted close to the bottom of the 196 

furnace. Such burner arrangement maximizes the heat flux at the bottom of the furnace allowing for 197 

greater utilisation of combustion heat within radiantbox. This redesign allows an increase in firebox 198 

efficiency by 20% compared to a traditional design (Oud, 2018) and therefore, reduces fuel 199 

consumption by the same value. However, an increased share of the radiant duty in the overall 200 

furnace heat balance implies that the convection section duty is reduced and therefore it is 201 

insufficient to preheat the feed and the dilution steam mixture. To solve this challenge, Technip 202 

Energies has proposed a novel heat recovery scheme (Oud, 2018). This arrangement (shown in 203 

Figure 1B) uses two TLEs in series. In the primary TLE, the cracked gas leaving the reactor coils is 204 

quenched by exchanging heat with the preheated feed and the DS mix flow which is later fed to the 205 

reactor coil. This TLE allows for a larger share of the recovered heat to be utilized for feed 206 

preheating, and thus avoids using additional boilers even when the firebox efficiency is increased by 207 

30%. The secondary TLE further cools the cracked gas. The convection section is altered as well.  208 

 209 
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As explained by the inventor of the low-emission furnace concept (Oud, 2018) ‘…A drawback 210 

of the known systems is that a lot of fuel needs to be supplied for the pyrolysis reaction. In order to 211 

reduce this fuel consumption, the firebox efficiency, the percentage of the released heat in the 212 

firebox that is absorbed by the radiant coil, can be significantly increased. However, the heat 213 

recovery scheme in the convection section of a conventional cracking furnace system with increased 214 

firebox efficiency has only limited capabilities to heat up the hydrocarbon feedstock to reach the 215 

optimum temperature to enter the radiant section... It is an aim of the present invention to solve or 216 

alleviate the above-mentioned problem. Particularly, the invention aims at providing a more 217 

efficient system with a reduced need for energy supply, and consequently, a reduced emission of 218 

CO2 …’ To increase firebox fuel efficiency, combustion occurs in the lower part of the firebox, in a 219 

firebox designed with floor burners only or wall burners mounted close to the bottom of the 220 

furnace. This redesign allows an increase in firebox efficiency by 20% (relative) compared to a 221 

traditional design (Oud, 2018) and therefore, reduces fuel consumption by the same value. To solve 222 

this challenge of reduced heat or the convection section, Technip Energies has proposed a novel 223 

heat recovery scheme (Oud, 2018). This arrangement (shown in Figure 1B) uses two TLEs in series. In 224 

the primary (first) TLE, the cracked gas leaving the reactor coils is quenched by exchanging heat with 225 

the preheated feed and the DS mix flow which is then fed to the reactor coil. Feed + steam preheat 226 

uses energy from flue gas in a conventional furnace (Figure 1A).  The secondary TLE further cools the 227 

cracked gas and generates HPS, a conventional, proven concept. The convection section is altered as 228 

well. Since the mass flow and temperature of the flue gases are reduced, preheating the boiler 229 

feedwater is no longer possible. Thus, it is fed directly into the steam drum. As can be seen in Figure 230 

1B, the convection section is used primarily to preheat the feed and dilution steam mixture. Due to 231 

the increased hydraulic resistance and lower stack temperature (and therefore weaker draft), an 232 

induced draft fan is required to ensure optimal flue gas evacuation (Oud, 2018) as in any modern 233 

furnace arrangement. 234 

A further increase in furnace efficiency is achieved by the application of an air preheater. The 235 

air preheater bank is located at the top of the convection section and uses the remaining heat from 236 

the flue gases to preheat the combustion air (Figure 2). This arrangement will give the same process 237 

(absorbed) duty with a 30% (relative) lower fired duty. Since the flow of flue gas is lower than in the 238 

basic L-E case (Figure 1B) there is less heat for utilities and so the furnace produces HPS, not HPSS.  239 



8 
 

 240 

Figure 2. Arrangement of a low-emission furnace with air preheater (‘L-E APH’). Modified from (Oud, 241 
2018). 242 

With BFW – boiler feed water, DS – dilution steam, VHP – very high-pressure steam, TLE – transfer-243 
line exchanger, APH – air preheater, FPH – feed preheater, BFWP – boiler feedwater preheater, 244 
UMPH – upper mix preheater, LMPH – lower mix preheater, DSH – dilution steam heater, MPH – mix 245 
preheater and BOILER – boiler coil. 246 

We have studied both the ‘L-E’ and ‘L-E APH’ cases. We have also evaluated the effect of the 247 

electricity mix on the results (a sensitivity study). 248 

2.1.2. RotoDynamic Reactor 249 

The RDR is based on Bushuev’s patents (Bushuev, 1999, 2007, 2016), further developed by 250 
Coolbrook Oy. Selectivity towards light olefins (ethylene and propylene) is better than from a 251 
conventional furnace because both residence time and hydrocarbon partial pressure are lower. 252 
Rates of formation of coke are lower because the gas-solid interface in the RDR is isothermal 253 
whereas the solid surface (tube) is much hotter than the reacting gas in a furnace. The RDR is shown 254 
in Figure 3. The apparatus consists of a spinning rotor and two series of stationary blades: stator and 255 
diffuser (Figure 3a). The transonic blades of the ultra-high load rotor accelerate the preheated 256 
process gas to a supersonic velocity using mechanical energy (pure exergy) provided by an electric 257 
motor that drives the rotor.  258 

 259 
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 260 
Figure 3. Scheme of the RDR reactor: a – regenerative pass, b – hemi-annulus view, c – full-annulus 261 
view (Rubini et al., 2022b) 262 

Then the process gas is immediately decelerated in a diffuser using a shockwave system 263 
which converts the mechanical energy of the flow into heat. Blades are designed to maximize flow 264 
separation in the blade passage which leads to better mixing required to maintain constant static 265 
pressure. As the gas flow passes through the diffuser, it is turned back to the axial direction before 266 
entering the vaneless space. In other words, this apparatus can be seen as a turbomachine designed 267 
to maximize the amount of dissipated heat instead of increasing gas pressure: in fact the device is 268 
isobaric. 269 

The RDR is multistage to get to the target conversion. Gas is guided through a toroid-shaped 270 
vaneless space into the subsequent stator passages (Figure 3b). There is a rapid stepwise increase in 271 
the process gas temperature, with no pressure increase Since the heat is introduced to the process 272 
gas via mechanical work instead of indirect heat transfer, the solid surfaces containing the gas have 273 
roughly the same temperature as the process gas. Low gas–metal surface temperature and high 274 
viscous shear stress caused by supersonic gas flow help to inhibit coke deposition (Rubini et al., 275 
2022b). Moreover, this heating process avoids heat transfer limitations leading to the low inner 276 
volume of the multistage turbo reactor (500 times less than the volume of a tubular coil of the same 277 
capacity). This way the residence time is significantly reduced, preventing unwanted reactions.  278 

2.1.3.  Blue hydrogen combustion 279 

When pure hydrogen is burnt in fired equipment, the direct stack CO2 emission is zero. 280 

Based on cradle-to-gate LCA (and, also the Scope 1 + Scope 2 + Scope 3 GHG Protocol), CO2 281 

emissions from the facility producing the imported hydrogen has to be accounted for. One potential 282 

solution is to use green hydrogen generated from the electrolysis of water and powered by 283 

renewable electricity. Green hydrogen is expensive (Yu et al., 2021). An alternative is blue hydrogen, 284 

manufactured from hydrocarbon reforming and using CCS. In our study we look at two routes to 285 

blue hydrogen. It is technically rather straightforward to replace the fuel burnt in a conventional 286 

steam cracking furnace with pure hydrogen. Green hydrogen is three times more expensive than 287 

blue hydrogen (Van Geem and Weckhuysen, 2022). The price of green hydrogen is predicted to fall 288 

from 6 EUR per kg H2 (Nikolaidis and Poullikkas, 2017) to 3.7 EUR per kg H2 by 2030 (Global, 2022). 289 

That is still more than the 2023 price of blue hydrogen, 2 EUR per kg (Lagioia et al., 2023). Moreover, 290 

even at a cost of 3.7 EUR per kg H2, hydrogen continues to be a more expensive energy carrier 291 

(based on lower heating value) in comparison to renewable wind electricity at the moment of 292 

publication (2023), making electrification a preferable alternative. 293 

In 2021, around 62% of the worldwide hydrogen demand was met through steam methane 294 

reforming (SMR) of natural gas, without carbon capture and storage (CCS) (Agency, 2022). This 295 

process is typically carried out on-site to circumvent the need for hydrogen transportation. 296 

Conventional SMR processes emit between 8.9 and 15.1 kg CO2 eq. per kg of produced hydrogen. In 297 

contrast, blue hydrogen production results in a significantly lower emission of just 3.4 kg of CO2 298 
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equivalent (Mehmeti et al., 2018) in terms of greenhouse gas emissions across the cradle-to-gate 299 

cycle. Due to the specific role of hydrogen in the studied system, however, a slightly unconventional 300 

arrangement has been considered in this work. Unlike most chemical processes, combustion does 301 

not require high purity of the H2 stream. Therefore, the studied arrangement is focused on purifying 302 

the CO2 stream for underground carbon storage or enhanced oil recovery (EOR) while producing fuel 303 

gas that contains a significant fraction of CO2. This decision is made to reduce the capital and 304 

operating costs of such an installation. The overall scheme of the SMR process considered in this 305 

work is presented in Figure 4A. Fuel gas and steam are injected into a tubular reformer reactor at 306 

pressures of 25 bar. Heat is provided by a furnace equipped with top burners. Since the radiant 307 

efficiency of a radiant box does not exceed 60%, the remaining heat of the flue gases is used to 308 

preheat the feed and produce additional steam. The process gas leaving the reactor at a 309 

temperature of 900°C is cooled to 350°C in heat exchanger C1 and is fed into two consecutive water 310 

gas shift (WGS) reactors (HTWGS and LTWGS), where CO reacts with water to produce CO2 and H2. 311 

Since the reaction is exothermic, an intermediate cooler C2 is required. The process gas leaving the 312 

LTWGS is cooled to 35°C in C3 and is flashed in F1 to remove water. (Simpson and Lutz, 2007)  Dry 313 

gas then enters the pressure swing adsorption module (PSA), which separates it into two streams: a 314 

hydrogen rich gas and a CO2 rich stream. The latter does not satisfy the purity requirements for 315 

underground carbon storage or EOR. Therefore, it undergoes an additional low temperature 316 

purification step. The gas is cooled in C4, through indirect contact with a refrigerant, to a 317 

temperature that is close to the triple point of CO2 and then flashed in two vessels, F2 and F3, 318 

operated at 23 and 8 bar, respectively. Besides CO2 purification, the low temperature separation 319 

recovers the remaining hydrogen and unconverted methane which is then mixed and fed to the 320 

burners of the cracking furnace. According to the simulations, this arrangement produces fuel gas 321 

with ~92 vol% of H2 and ~5 vol% of CO2 as well as a purified CO2 stream with ~99 vol% purity. The 322 

overall CO2 recovery rate amounts to 87% while CH4 conversion rate is 54%.  323 

 324 

Figure 4. Simplified flow scheme of the considered blue hydrogen production processes: A – Steam 325 
Methane Reforming; B – Gas Heated Reforming. 326 

Classical methane reforming has a disadvantage: process heat is provided by a natural gas-327 

fired furnace that emits unrecovered CO2 into the atmosphere. Hence, a more efficient configuration 328 
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is proposed to enhance carbon dioxide recovery (Figure 4B). It consists of two connected catalytic 329 

reactors: an ATR and a GHR. First, the feed is injected into the GHR, then it is fed into the ATR. 330 

Oxidation provides sufficient heat to complete the reforming reactions. The syngas leaving the 331 

reactor at ~950 °C is then sent back to the shell side of GHR to recover its enthalpy by heat transfer 332 

to the tubes containing the catalyst. In this way, heat is provided for the endothermal reforming 333 

reaction. According to the simulations, this arrangement has a high methane conversion rate of 87% 334 

due to better heat integration and hence a reduced fraction of methane used to provide process 335 

heat. Water gas shift reactors and the separation section are effectively the same as for the SMR 336 

configuration discussed earlier with one difference: due to the lower unconverted methane stream, 337 

only one flash vessel is required for the CO2 stream purification. Within the ATR reactor, fuel 338 

oxidation takes place, subsequently capturing the produced CO2. Consequently, the overall carbon 339 

dioxide emissions associated with one mass unit of the resulting fuel are significantly reduced (from 340 

5 to 1 kg CO2). Scenarios involving a hydrogen-fired steam cracking furnace integrated with SMR and 341 

GHR reactors are denoted as 'H2-SMR' and 'H2-GHR', respectively. 342 

2.2. Carbon intensity of the electricity mix 343 

As a result of the high energy demand needed for the endothermic cracking reactions and 344 
the fact that modern state-of-the-art ethylene plants already use well-established and optimized 345 
technical solutions for both the reactor and separation train, there is no viable opportunity to 346 
significantly reduce the overall specific energy consumption. Shifting the fraction of heat available in 347 
the radiant box to the process (feed preheating and cracking) itself can lead to a significant reduction 348 
of the firing rate; however, lack of steam output will require an alternative way to drive the 349 
compressors of the separation section. A typical light olefin plant requires around 621 MW of fired 350 
duty and 90 MW of total compressor power for a production capacity of 125 tons of ethylene per 351 
hour and starting from propane as feed (Zimmermann and Walzl, 2009). The idea behind the low–352 
emission furnace concept is to substitute turbine compressor drivers with electric motors. To 353 
minimize CO2 emissions, these drivetrains must be powered by renewable or low–carbon electricity; 354 
however, the utilization of fossil electricity produced with highly efficient power generators such as  355 
combined cycle gas turbines (CCGT) (Godoy et al., 2010) will also lead to higher overall system 356 
efficiency (Durantay et al., 2021). The RDR concept, on the other hand, is aimed at replacing both 357 
process and compressor duty with electricity. Although offering a certain increase in thermal 358 
efficiency, it is highly unlikely to achieve a lower impact of cracking products on climate change than 359 
a conventional furnace if fossil electricity is used. Therefore, the carbon intensity of the electricity 360 
mix becomes a determining factor that defines the efficacy of the technologies that we have 361 
considered. An overview of the electricity mixes in our study is presented in Table 1. The selection of 362 
regions is Europe and Norway has been included as an example of a well-established renewable-363 
based power grids. Since the impact heavily depends on the power source, an overview of the 364 
electricity sources given in Figure 5 is crucial to understand the LCA results.  365 

 366 
Table 1. Carbon intensity  of various national electricity grids for the year 2016 (Wernet, Gregor et 367 
al., 2016). 368 

Region Carbon intensity [kg CO2 eq. per kWh] 

European Union (average) 0.353 

Belgium 0.203 

Netherlands 0.498 

Norway 0.0233 

 369 
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 370 

 371 
Figure 5. Overview of regional grids used in this study according to the Ecoinvent v3.7 LCI 372 

database (Wernet, Gregor et al., 2016) 373 

2.3. System boundaries 374 

In order to benchmark previously published data, the system boundaries and the allocation 375 

method has been defined in accordance with (Mynko et al., 2022). Since steam cracking plants 376 

produce base chemicals that have various applications, the use stage depends on factors such as the 377 

location and ownership of the plant, which are not applicable to a simulation-based study. 378 

Therefore, the scope has been restricted at the gate of the light olefin plant itself.  This approach is 379 

in line with industrial guidelines (WBCSD, 2014) and is commonly referred to as a cradle–to-gate 380 

LCA. The system boundaries (Figure 6) provide an overview of all the processes and mass flows that 381 

have been simulated and used to quantify the environmental burden of the corresponding technical 382 

solutions.  383 

2.4. Functional unit 384 

In the steam cracking effluent, a variety of chemical species exist. The concept of high-value 385 

chemicals (HVCs) has been used to separate primary products from by-products. The HVC category 386 

encompasses the most economically significant cracking products and is defined based on the World 387 

Business Council for Sustainable Development guidelines (WBCSD, 2014) and the recommendations 388 

of PlasticsEurope (PlasticsEurope, 2017). HVCs include Ethylene, Propylene, a Benzene section of 389 

pyrolysis gasoline, Hydrogen (as a mass fraction of hydrogen-rich gas), and 1.3-Butadiene (a 390 

component of the C4 fraction). Minimum purities are selected as 99.9% for ethylene and 99.5% for 391 

propylene (European et al., 2018) whereas other products are exported as intermediate products. 392 

Every other non-energy product is treated as a by-product.  393 

The chosen system boundaries exclude certain product treatment operations, which are 394 

typically seen as part of the downstream value chain and are not present in every ethylene plant. 395 
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Processes excluded are hydrogen valorisation through pressure swing adsorption (PSA), C4 396 

extraction, aromatics extraction, and hydro-treatment of pyrolysis gasoline. The functional unit (FU) 397 

has been defined as the production of 1 kg of HVCs at the ethylene plant gate. Any other chemicals, 398 

such as the hydrogen fraction of methane-rich fuel gas (residue gas), are considered by-products. It 399 

should be noted that functional unit (HVCs) can consist of a mixture of these constituents in varying 400 

proportions. 401 

Mass allocation to HVCs, accompanied by system expansion for the export of surplus 402 

methane-rich fuel gas, is implemented. It is assumed that the unburnt fuel gas is being exported. 403 

Given that ethylene plants often have connections to natural gas (NG) grids, and the composition of 404 

methane-rich gas is like NG, unused fuel gas is considered a NG substitute. The environmental 405 

impact of the process is adjusted by deducting the assumed footprint of drilling and processing 406 

natural gas with an equivalent calorific value (LHV). A similar method has been applied for steam 407 

export. All other impacts are ascribed solely to the functional unit, which is production of 1 kg of 408 

HVCs. This allocation approach, known as the avoided burden approach, is commonly used and can 409 

be found in works such as (Wiloso et al., 2012) and (Styles et al., 2016). It aligns with the guidelines 410 

provided by the WBCSD (WBCSD, 2014) and ensures that all principal intended co-products have 411 

been taken into account 412 

2.5. Life cycle impact assessment (LCIA) 413 

In order to assess the impact of a studied process on the environment, process data should 414 

be converted into impact factor values using an LCIA method that aggregates the following functions 415 

according to (ISO, 2006b): classification, characterization, normalization, and weighting (the latter 416 

two are optional). This stage of the study has been carried out using the Environmental Footprint 417 

v3.1 method, available in SimaPro® 9.5 that includes various midpoint LCIA models as described in 418 

the framework of Environmental Footprint (Fazio et al., 2018). LCI database ecoinvent 3.7 (Wernet, 419 

Gregor et al., 2016) is used in this work. A comprehensive description of each LCIA model utilized for 420 

each factor is provided in SM1. The GWP100 model, which is a part of the EF method, employs a 421 

100-year time horizon and is recommended by industrial guidelines (WBCSD, 2014). Therefore, the 422 

use of GWP100a in this work is considered appropriate and the conclusions drawn are likely to scale 423 

well to other timeframes as the major contributor to climate change impact is CO2 itself. Due to the 424 

inherent subjectivity of weighting factors, endpoint indicators are not advised by industrial 425 

guidelines (WBCSD, 2014) and were therefore not considered in this work. 426 

While midpoint indicators may sometimes pose challenges in accurate interpretation (Bjørn 427 

and Hauschild, 2015), their usage offers a more understandable evaluation of environmental impacts 428 

and supports the early identification of key drivers for those impacts in the life cycle assessment. 429 

Moreover, midpoint indicators facilitate comparisons across LCA studies by presenting results in a 430 

consistent manner, thus improving the overall transparency and communication of the results 431 

(Jolliet et al., 2018). Although endpoint indicators offer a more aggregated understanding of overall 432 

environmental damages, midpoint indicators provide valuable information for scientists and 433 

practitioners alike in identifying priority areas and optimizing processes within the studied field. 434 

The present study entails a comprehensive techno-environmental evaluation of a 435 

hypothetical ethylene production facility, utilizing kinetic and process flow simulations to determine 436 

direct emissions such as CO2, CO, and NOx. In contrast, many other environmental impacts are 437 

predominantly influenced by background processes. An overview of background processes may be 438 

found in SM2. 439 
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2.6. Life cycle inventory  440 

Due to the broad range of technical solutions, LCI had to be prepared via various tools. First, 441 

a simulation of a classically fuel-gas fired steam cracking furnace, used as a baseline scenario (or 442 

base case), has been carried out using COILSIM1D (Plehiers et al., 2019). This fundamental model has 443 

been used to simulate an industrial furnace under its typical operating conditions. The results have 444 

been verified by benchmarking against plant operating data. The capacity of one furnace is 10 tons 445 

of propane feed per hour; the same capacity is assumed for all following cases for ease of 446 

comparison. The separation of cracking effluents (commonly referred to as ‘cold train’ or ‘separation 447 

train’) has been simulated with the Petro-SIM® process simulation package to estimate recovery 448 

rates as well as compression (kinetic), heat, and cooling duties. A generic demethanizer-first 449 

separation train (Van Geem et al., 2008) with front-end hydrogenation has been selected. More 450 

details on this scenario may be found in (Mynko et al., 2022). 451 

A hybrid approach has also been selected for the low-emission furnace. Due to intrinsic 452 

limitations, only the process side has been simulated using COILSIM1D, while the mass and heat 453 

balance of the radiant box and the heat recovery system simulated with Petro-SIM® have been 454 

estimated with the process flow scheme available in SM2. Feed rate, conversion rate, STOR, coil 455 

inlet, and outlet temperature as well as pressure drop has been assumed to be equal to the base 456 

case. As a result of the negligible difference in product yields, the kinetic and thermal duties of a cold 457 

train are assumed to be equal to those of the base case as well. However, simulation has shown that 458 

in the novel furnace arrangement, its heat recovery system is unable to produce enough steam to 459 

drive all the main compressors whilst providing sufficient heat duty. Therefore, most compressors 460 

are driven by electric motors. The process flow diagram used for simulation is available in SM3. 461 

Simulations have shown that a furnace without an APH (‘L-E’ case) has enough recovered heat to 462 

produce enough steam to satisfy the heat duties of the separation train, as well as 14% of the 463 

required shaft power. The remaining duty is provided with grid-powered electric motors. A 464 

conservative estimate of the efficiency of the electric drivetrain is taken as 92% (Gómez et al., 2022). 465 

Overall, such an approach represents a realistic scenario for separation train electrification. 466 

Adding APH to the low-emission furnace embodiment (‘L-E APH’ case) reduces the amount 467 

of waste heat available for recovery even more. There is not even enough steam in the system to 468 

satisfy the heating requirements of the fractionation train. Therefore, an additional flow of 1200 469 

kilograms of HPSS is provided through a standalone utility boiler, and all shaft power is provided by 470 

electric motors. All simulation results are presented in Table 2.  471 

Table 2. Results of whole plant simulation used as life cycle inventory: ‘L-E’ – low-emission furnace, 472 
‘L-E APH’ – low-emission furnace with combustion air preheater, RDR – RotoDynamic reactor, ‘H2-473 
SMR’ – hydrogen firing furnace with steam methane reformer, ‘H2-GHR’ – hydrogen firing furnace 474 
with gas heated reformer. 475 

Flow name Flow type Unit BASE 'L-E' 'L-E APH' RDR 'H2-SMR' 'H2-GHR' 

Fossil C3H8 Inlet kg 8600 8600 8600 8590 8600 8600 

Grid electricity Inlet kWh - 3390 3940 1.20×104 314 637 

Boilers duty (natural 
gas)a Inlet MJ 4.61×104 - 3750 6370 4.29×104 5.01×104 

Oxygen (gaseous, from 
integrated ASU) 

Inlet kg - - - - - 1050 

Hydrogen HVC product kg 93.7 93.7 93.7 107 93.7 93.7 

Ethylene HVC product kg 3400 3400 3400 3710 3400 3400 

Propylene HVC product kg 1520 1520 1520 1520 1520 1520 

Butadiene HVC product kg 235 235 235 267 235 235 



15 
 

Benzene HVC product kg  149 149 149 96.0 149 149 

H2 product, other By-product kg 38.7 38.7 38.7 35.4 38.7 38.7 

Ethylene product, other By-product kg 1.03 1.03 1.03 0.910 1.03 1.03 

Ethane By-product kg 342 342 342 302 342 342 

Propylene product, 
other 

By-product kg 110 110 110 111 110 110 

Crude BBB product, 
other 

By-product kg 175 175 175 184 175 175 

Untreated pygas 
product, other 

By-product kg 363 363 363 280 363 363 

Cracked gasoil product By-product kg 32.5 32.5 32.5 3.04 32.5 32.5 

Captured CO2 By-product kg - - - - 1740 2740 

HVC yield Parameter % 62.8 62.8 62.8 66.2 62.8 62.8 

Fuel gas export Energy export kg 958 1190 1310 1470 605 981 

Fuel to furnace Inner flow kg 1180 946 828 497b 1540 1160 

Furnace CO2 emissions Emissions kg 3180 2540 2230 1330b 2420 452 

Furnace CO emissions Emissions kg 0.200 0.160 0.140 0.0800 0.150 0.0300 

Furnace NOX emissions Emissions kg 1.25 1.00 0.870 0.480 1.62 0.990 

Heat export (steam) Energy export MJ 3.70×104 - - - 4.20×104 3.75×104 

a – does not account for decoking steam generation 476 

b – in case of RDR, furnace is replaced by gas-fired feed mix preheater 477 
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 478 

Figure 6. System boundaries of scenarios considered in this work. A – conventional ethylene 479 

plant, baseline scenario (BASE); B – low-emission furnace with electrified separation train (‘L-E’, ‘L-E 480 

APH’); C – RotoDynamic reactor with electrified separation train (RDR); D – hydrogen-fired SC 481 
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furnace with integrated SMR and CCS (‘H2-SMR’); E - hydrogen-fired SC furnace with integrated GHR 482 

and CCS (‘H2-GHR’). 483 

Further details regarding the simulation setup and selected assumptions can be found in 484 

SM5, which also contains the energy balances for all analysed scenarios. In compliance with the 485 

guidelines set forth by the WBCSD (WBCSD, 2014), the inherent uncertainties present in the 486 

research have been analysed using a semi-quantitative approach through the implementation of a 487 

standard Pedigree matrix (Tyson, 1976), which can be found in SM6. Each material and energy flow 488 

is assigned a score ranging from 1 (highest score) to 5 (lowest score). Specific mass and energy flows, 489 

such as cooling water and low-voltage electricity, have been omitted in line with the cut-off criteria, 490 

which state that processes with a total potential contribution to global warming impact below 5% 491 

are not considered (Joint Research et al., 2010) 492 

3. Results and discussion  493 

Five potential low-carbon steam cracking solutions have been benchmarked using a LCA 494 

methodology with 16 impact indicators, as suggested by industrial guidelines (WBCSD, 2014). The 495 

environmental impacts of producing one functional unit via the considered pathways are presented 496 

in SM7.  497 

The overall impact on climate change of one functional unit at gate and contributions of 498 

each essential part of the mass and energy balance is visualized in 499 

 500 

Figure 7. 501 
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 502 

Figure 7. Contribution of each production stage to the impact on climate change of a 503 

functional unit at gate (GWP 100a). 504 
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As can be seen in 505 

 506 

Figure 7, the impact of the electricity grid on climate change defines the applicability of the 507 

electrified solutions and, in the RDR case, becomes a major contributor if fossil energy is used to 508 

generate electricity. Such an outcome is expected since the amount of enthalpy that must be 509 

provided to the propane feed to convert it into high-value chemicals is roughly the same for all 510 

scenarios but the efficiency of fossil fuel powerplants is much lower than the thermal efficiency of a 511 

typical steam cracking furnace.  The efficiency of a CCGT can range from 50% to 62% based on the 512 

fuel's LHV (Talah and Bentarzi, 2022); however, a conservative estimate of 55.5% efficiency is 513 

assumed for a modern natural gas-fired combined cycle power plant (Babaei Jamnani and Kardgar, 514 

2020). Meanwhile, according to our BASE case furnace simulations, the overall (radiant box and 515 

convection section) efficiency of a cracking furnace exceeds 90%. This unavoidable destruction of 516 

exergy suggests a preliminary conclusion: electrification of steam cracking makes sense (from an 517 

environmental perspective) only if low–carbon electricity is available. This relation between the 518 

carbon intensity of grid electricity and high-value cracking products is illustrated in Figure 8. It can be 519 

noticed that in the case of mostly fossil grids, such as the grid in the Netherlands, all electrified 520 

options are worse than the baseline. If the electricity mix is mostly renewable, as the Norwegian 521 

grid, electrified scenarios show a tremendous advantage over traditional combustion options. The 522 

RDR reduces the impact of cracking products on climate change (at the gate) by 26.8%; the best 523 

result in this study. Low-emission furnace has shown moderate results; the impact of electricity is 524 

higher for the solution with an APH due to the higher fraction of duty that is replaced by grid 525 

electricity. If mostly renewable electricity is used, the ‘L-E’ embodiment can lead to an overall 526 

reduction of 14.5% and the ‘L-E APH’ - up to 16.5%. Figure 8 also illustrates ‘breakeven points’ – 527 

values of the electricity carbon intensity that reduce the climate change impact of HVCs production 528 
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compared to the three non-electrified solutions: the conventional furnace and two blue hydrogen 529 

solutions. In fact, these two blue hydrogen solutions use electricity as well. However, because of the 530 

low contribution of electricity to the overall impact on climate change (up to 4% for ‘H2-GHG’) no 531 

sensitivity study has been carried out. Therefore, EU electricity mix has been used for LCA. The 532 

primary contributor, propane upstream, relies exclusively on process selectivity and, as a result, 533 

remains constant across all scenarios except for RDR, which provides slightly enhanced light olefin 534 

yields. The impact of this factor has been assessed by utilizing the ecoinvent unit process for the 535 

global propane market, under the assumption that it serves as a by-product of natural gas refining. 536 

While the focus of this study does not include upstream processes, it is worth noting that research 537 

on low-carbon propane production is underway. The technical solutions under investigation range 538 

from the optimisation of flaring losses to the use of fully renewable feedstock (Kallio et al., 2014; Ma 539 

et al., 2016; Payne et al., 2023).  540 

 541 

Figure 8. Impact of the carbon intensity of electricity on the sustainability of cracking 542 

products. ‘H2-SMR’ and ‘H2-GHG’ scenarios are benchmarked with EU electricity mix only. 543 

Our results show that both ‘L-E’ and ‘L-E APH’ furnaces offer a better performance based on 544 

the carbon intensity if the grid carbon intensity is below 500 g of CO2 per kWh while the RDR needs 545 

electricity with carbon intensity below 300 g of CO2 per kWh to outperform the baseline. 546 

Nonetheless, due to the inherent uncertainties present in this study and the environmental impacts 547 

associated with capital expenditures (CAPEX), further decarbonization of electricity is necessary to 548 

effect significant change. 549 
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3.1. Electrified olefin plants 550 

In this LCA study, a total of 12 electrified steam cracker scenarios have been examined: two 551 

gas-fired furnaces with electrified separation sections, and an RDR reactor with an electrified 552 

separation train, all powered by four distinct electricity mixes. The core concept of an electrified 553 

ethylene plant is to provide the requisite process heat or shaft duty using electricity rather than 554 

fossil fuel combustion. Therefore, it is fitting to initiate the discussion with a comprehensive 555 

overview of the environmental impact associated with the various electricity markets being 556 

considered. These impacts are illustrated in Figure 9 using a normalized format, where 100% 557 

signifies the highest impact value within each respective category. 558 

  559 

Figure 9. Normalized environmental footprints of one unit of electricity at given country market. 560 
(Wernet, G. et al., 2016) 561 

Letters on each axis stand for impact category: CC – Climate change [kg CO2 eq.], OZD – Ozone depletion [kg CFC11 eq],IR – 562 
Ionizing radiation, HH [kBq U-235 eq.], POF – Photochemical ozone formation (human health impact) [kg NMVOC eq.], RI – 563 
Respiratory inorganics [disease inc.], NCHHE – Non-cancer human health effects [CTUh], CHHE – Cancer human health 564 
effects [CTUh], ATF – Acidification terrestrial and freshwater [mol H+ eq.], ETF – Eutrophication freshwater [kg P eq.], ETM – 565 
Eutrophication marine [kg N eq], ETT – Eutrophication terrestrial [mol N eq], EF – Ecotoxicity freshwater [CTUe], LU – Land 566 
use [Pt], WS – Water scarcity [m3 depriv.], REN – Resource use, energy carriers [MJ], RMIN – Resource use, mineral and 567 
metals [kg Sb eq]. 568 

 In a comparable manner, the environmental impact associated with producing 1 kg of high-569 

value chemicals using the investigated processes is illustrated in Figure 10. For the sake of clarity, the 570 

Belgian and European grids have been excluded, with only the extreme cases (Norwegian and Dutch 571 

markets) being depicted. Additionally, specific impact categories have been omitted for the same 572 

reason. A comprehensive breakdown can be accessed in Supplementary Materials SM7 and SM8. 573 
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 574 

Figure 10. Normalized environmental footprints of one functional unit at gate for studied steam 575 
crackers.  576 

Abbreviations: please see Figure 9. 577 

The influence of various electrical grids is significantly more noticeable for the 'L-E APH' 578 

approach and the RDR, as a greater proportion of the overall energy demand is supplanted by 579 

electricity. With the highly renewable Norwegian electricity mix, both electrified crackers 580 

outperform a basic furnace in all categories except for land use and water scarcity. Both can be 581 

attributed to the use of hydropower in Norway which unavoidably leads to land use for hydropower 582 

reservoirs (Dorber et al., 2018), and water loss due to evaporation. However, some authors disagree 583 

with the second statement (Bakken et al., 2015) and suggest that such reservoirs may rather 584 

increase water availability in certain regions. In the case of the Belgian national grid, ionizing 585 

radiation stands out mostly due to a significant share of nuclear power. The indicators of 586 

eutrophication, land use, and water scarcity are partially driven by biofuels (Van Wijnen et al., 2015), 587 

which are fairly widespread in both the electricity grid in Belgium and the Netherlands, as well as on 588 

average in the EU. In the case of the modern-day, power grid in the Netherlands, all electrified 589 

crackers perform worse than the base case due to a significant share of fossil fuels that cause 590 

emissions of CO2, NOX, and PM 2.5 during combustion, leading to terrestrial, marine, and freshwater 591 

eutrophication (Jonson et al., 2017). It is important to note that despite the significant variation, 592 

absolute values of the impact on eutrophication are low. For example, the highest contributor to 593 

terrestrial eutrophication, RDR powered with the EU grid, is responsible for only 2.7×10-2 mols of 594 

equivalent nitrogen emissions to the soil. All issues are amplified for the EU average grid due to its 595 

larger share of solid fuels – mostly brown coal and anthracite – that produce higher flows of NOX, 596 

SOX, and particulate matter when burnt. It should be recognised that even the most efficient 597 

electrified solution, the RDR powered by a fully renewable grid (climate change impact reduction of 598 

27% compared to the base case), still falls short of the biogas fired furnace's potential for reduction 599 

(which stands at 43%) (Mynko et al., 2022). However, the feasibility of biogas production at 600 
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sufficient scale remains uncertain. As for human health impacts, both cancerogenic and other 601 

pollutants are mostly emitted by two background processes: propane extraction and (for electrified 602 

cases) grid electricity generation. Due to its higher selectivity toward light HVCs and minimal 603 

flowrate of fuel gases, if connected to a renewable grid, the RDR gives a reduction of 6% in non-604 

cancer health effects, while ‘L-E’ and ‘L-E APH’ result in a reduction of 3% and 4%, respectively. In 605 

any other grid, the impact of electricity production completely offsets the benefits. The effect is 606 

more pronounced in the case of ‘RDR, EU grid’, which has an impact factor value that is 120% higher. 607 

The situation is slightly different for cancerogenic emissions. As we can see in Figure 9, even with the 608 

Norwegian power grid, RDR offers a minimal (1.3%) advantage over a basic steam cracker. On the 609 

other hand, ‘L-E’ and ‘L-E APH’ reduce the impact by 4% and 6%, respectively, due to the significantly 610 

reduced flue gas flow, the higher avoided burden due to fuel gas export, and the low electricity 611 

consumption. A low-emission furnace successfully valorises a ‘low-hanging fruit’ situation by 612 

replacing inefficient steam turbines with electric motors.  613 

Another significant impact factor is resource depletion. Since this is a second order LCA 614 

study, construction (CAPEX) related impacts are only accounted for background processes. In this 615 

way the electrified scenarios do not lead to improvements in the ‘resource use, mineral and metals’ 616 

impact factor; moreover, in the case of RDR, NO grid we can observe a 5% increase that can be 617 

attributed to the impact of electricity supply that offsets the reduction in propane feed 618 

consumption. However, according to the literature, the RDR is expected to be at least one order of 619 

magnitude smaller and lighter than a conventional steam cracker of the same capacity (Rubini et al., 620 

2022a). Currently, first–order LCA is not feasible due to the prototype stage of this reactor and the 621 

absence of industrial data; however, it might be a topic of further studies. Regarding energy 622 

resources, all three electrified concepts are beneficial if the renewable grid is considered, leading to 623 

a reduction of 6.5%, 7.5%, and 13%, respectively. In the case of any other electric grid, in which a 624 

significant fraction of fossil fuels is used, electrification becomes unfavourable and leads to an 625 

increase in impact factor value by up to 17% for the RDR, Belgian grid scenario. This can be explained 626 

by the low thermal efficiency of nuclear power plants due to their inability to use the combined cycle 627 

and reliance on steam turbines alone.  628 

3.2. Blue hydrogen fired furnaces 629 

Blue hydrogen combustion is an alternative pathway to defossilize steam cracking which 630 

becomes especially relevant if low-carbon electricity is not readily available. An integrated methane 631 

reformer is effectively a pre-combustion CCS with the potential to reduce all Scope 1 emissions (GHG 632 

Protocol) to zero. However, due to techno-economic constraints and high purity requirements for 633 

the captured CO2 stream, a perfect carbon capture rate is not achievable, and hence, hydrogen-rich 634 

fuel flow still contains a significant fraction of CO2 and CH4. This and the emissions from the 635 

reforming furnace itself are the reasons why the ‘H2-SMR’ scenario can only reduce the on-site 636 

emissions by 24% and the overall impact of a functional unit on climate change by 8%. Furthermore, 637 

the low thermal efficiency of SMR leads to substantial additional firing duties. For the entire plant, it 638 

is 30% higher than the plant based on a basic furnace and causes a 4.5% increase in the impact 639 

indicator of ‘resource use, energy carriers. The novel ‘gas heated reformer’ solves most of the 640 

problems. Since the design integrates the heat supply and reforming process into a single ATR, all 641 

the CO2 that is generated during the process is fed to the CCS, resulting in the absence of stack 642 

emissions and a better carbon capture rate. Moreover, due to a better heat integration scheme that 643 

uses process heat for reforming reactions that occur in the ‘H2-GHR’ case, the overall heat duty is 644 

reduced. When integrated with a cracking furnace, this reformer leads to a reduction in Scope 1 645 

greenhouse gas emissions by 86% and 18%, respectively, for an overall impact of 1 kg of HVC on 646 
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climate change. This is the second-best result after the RDR, NO grid scenario. The captured CO2 can 647 

be further stored in underground caverns such as depleted oil or gas wells, used in the chemical 648 

industry, or for EOR. A detailed comparison between blue hydrogen-fired furnaces and the baseline 649 

is presented in Figure 11. 650 

 651 

Figure 11. Normalized environmental footprints of one functional unit at gate for blue hydrogen fired 652 
steam crackers.  653 

Abbreviations: please see Figure 9. 654 

Impact factors such as ozone depletion, photochemical ozone formation, respiratory 655 

inorganics, both cancer and non–cancer human health effects, acidification terrestrial and 656 

freshwater, eutrophication terrestrial, and marine as well as resource use factors are dictated by the 657 

avoided burden from fuel gas exports and electricity consumption. Specifically, in the case of ‘H2, 658 

SMR’ the reformer furnace is a significant contributor to NOX emissions. On the other hand, the ‘H2, 659 

GHR’ technology does not have an additional fired heater and is more fuel efficient than a basic 660 

furnace, but requires more electricity to produce and preheat the oxygen needed to operate the 661 

ATR. In this case, these two effects cancel each other out so similar results as for the ‘H2-SMR’ and 662 

‘H2-GHR’ scenarios are obtained. In the case of freshwater eutrophication, the outcome is strongly 663 

influenced by the footprint of the electricity which is used. This can lead to a 67% increase in the 664 

GHG scenario. The same trend is observed for land use and water scarcity. The situation is reversed 665 

for the freshwater ecotoxicity indicator which is mostly driven by the footprint of the hydrocarbon 666 

extraction so the plant with SMR has a 15% higher impact than the baseline due to the higher fuel 667 

consumption. In comparison with our previous work (Mynko et al., 2022), simulations indicated that 668 

oxyfuel furnace with carbon capture proved more effective, offering a 24% reduction in overall 669 

climate change impact, compared to an 18% reduction achieved by 'H2-GHR'. This advantage of 670 

oxyfuel largely stems from its ability to capture all stack CO2, whereas the methane reformers, used 671 

in blue hydrogen production, persist in contributing to the overall climate change impact. 672 

4. Conclusions  673 

Three major concepts of low–carbon cracking technology have been compared. The LCA 674 

with the midpoint Environmental Footprint method shows that when low-carbon renewable 675 
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electricity is available, the RDR, coupled with an electrified separation train, is the optimal solution 676 

that reduces the impact of HVCs on climate change by 27% and reduces the consumption of non–677 

renewable energy resource by 13% without any significant side effect. Only the indicators of water 678 

scarcity and inorganic resource consumption have increased by 6% and 5%, respectively, due to the 679 

massive share of hydropower in our reference renewable grid scenario (Norwegian grid) and the 680 

corresponding infrastructure and heavy machinery needed for hydroelectricity production. If the 681 

available grid is grey, however, the RDR-based cracker becomes less sustainable because of 682 

unavoidable exergy destruction which happens in any heat engine of a powerplant. If mixed 683 

networks are used, such as the Belgian grid, a low-emission furnace becomes a viable option capable 684 

of reducing the impact on climate change by 6% and 6.6% for basic and APH embodiments, 685 

respectively. This is achieved by replacing inefficient steam turbines in the separation train with 686 

electric motors while providing process duty with a hydrocarbon gas furnace, the efficiency of which 687 

exceeds 92%. Our results also prove that hydrogen-fired furnaces with integrated methane 688 

reforming units equipped with CCS systems are a promising modern-day alternative to 689 

electrification. An advantage is that the steam crackers can run on indigenous fuel from the 690 

methane-rich fraction of the cracked gas. The integration of a more efficient gas-heated methane 691 

reformer reduces the global warming potential by 18%. It is important to note that these solutions 692 

also have disadvantages, such as an increased impact in most of the NOX, SOX, and PM-related 693 

impact categories, as well as a 4.5% higher consumption of energy resources. In addition to the 694 

reduction of greenhouse gas emissions, also a relatively pure CO2 stream is produced that can be 695 

used in the chemical or petroleum industry. An additional advantage of this concept is that there is 696 

an easy shift towards green hydrogen produced via water electrolysis. Therefore, on short notice, we 697 

believe that this technology will be implemented soon in case provided that prevailing economic 698 

conditions facilitate decarbonization by means of carbon taxes, incentives or consumer preferences. 699 

Our findings offer significant insights and tactics for the petrochemical industry to progress 700 

towards accomplishing decarbonization objectives established by regions such as the European 701 

Union, United States, China, and Japan. However, no single solution is adequate to attain climate 702 

neutrality, given the immense volume of greenhouse gas emissions generated during fossil feedstock 703 

production. Consequently, future research should focus on promoting a circular economy and 704 

transitioning the life cycle of plastics toward a closed loop with minimal carbon loss. 705 
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