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A B S T R A C T

This novel study presents an effective comprehensive life cycle assessment (LCA) of a novel sustainable carbon 
dioxide capture and utilization (CCU) system to co-produce alcohol ethoxylate (AE7), a valuable surfactant (a 
high-value chemical component of liquid detergents), and low-medium distillate range liquid fuel. Conven-
tionally, AE7 is produced by reacting fatty alcohols with ethylene oxide from mostly fossil and marginally bio- 
based resources. This research develops novel AE7 production using carbon sources from flue gas of paper and 
steel industries, addressing a critical gap in the literature. The core process is Fischer-Tropsch (FT) synthesis 
using syngas formed by the reverse-water-gas-shift reaction, where recycled CO2 reacts with H2. FT produces 
C11-C13 alkanes and a light-to-medium fuel co-product. The alkanes are converted into C12-C14 fatty alcohols 
through dehydrogenation, hydroformylation, and hydrogenation. Fatty alcohols react with ethylene oxide to 
form AE7. The yields (w/w) of AE7 and the fuel co-products are 3.7 % and 3.4 % for paper industry flue gas, and 
8.0 % and 9.5 % for steel industry flue gas, respectively. Renewable (wind) electricity meets the hydrogen de-
mand and electricity needs for the reactions, a total of 13.4 and 33.3 kWh/kg flue gas, respectively. The life cycle 
impact assessment includes global warming potential (GWP) and other impacts using ReCiPe, Impact+ , and 
Product Environmental Footprint methods. Baseline scenarios show GWP ranging from 2.2 to 3.6 kg CO2e/kg 
surfactant for conventional cradle-to-gate AE production systems. The new systems have GWP ranging 0.4–1.3 kg 
CO2e/kg flue gas (cradle-to-gate) using mass allocation. Meanwhile, the paper industry’s flue gas system has 
biogenic CO2, while the steel industry’s CO2 is fossil-based. Considering the GWP reductions due to biogenic CO2 
contents, their overall GWP is 2.56 kg CO2e and 10.33 kg CO2e per kg of product (AE7 +fuel) (cradle-to-grave) 
using economic allocation. Thus, biogenic CCU is critical for the sustainable co-production of high-value sur-
factants and fuel.

1. Introduction

Surfactants are vital chemical products with a market projected to 
reach $59.5 billion by 2032 [1]. These amphiphilic molecules reduce 
surface tension, enabling diverse industrial applications, including de-
tergents, cosmetics, agriculture, and textiles. Nonionic surfactants like 
alcohol ethoxylates, made from ethoxylated fatty alcohols, are key 
emulsifiers in products like shampoos and bubble baths [2]. Produced 
from fossil or bio-based feedstocks, both contribute to environmental 
impacts, fossil-based surfactants through greenhouse gas (GHG) emis-
sions and bio-based options via deforestation and biodiversity loss. To 
address environmental challenges, transitioning to a circular carbon 

economy is essential, where CO2 is repurposed into chemicals, avoiding 
additional fossil carbon extraction [3,4]. CO2 is an abundant, renewable 
feedstock, but direct air capture remains costly ($100–$600 per ton by 
2050) [5]. Capturing CO2 from industrial emitters with 5 %–40 % CO2 
concentrations, is more cost-effective [3]. Foundational industries like 
cement, steel, and chemicals, responsible for 10 % of UK emissions, must 
de-fossilize rapidly to meet the 2050 net-zero target [6]. Industrial CO2 
reuse can mitigate emissions, enhance competitiveness, and secure jobs 
while driving climate action.

Captured CO2 from industrial waste gas can be converted into 
chemical feedstocks through biochemical, chemo-enzymatic, electro-
chemical, thermocatalytic, photocatalytic or hybrid conversion 
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processes [7]. In the biochemical conversion of CO2, the CO2 is first 
captured into a biological system. Then it is converted into value-added 
products, such as pyruvate or acetyl-CoA, through the use of enzymes or 
microbial catalysts [8]. Biochemical approaches offer toxicity tolerance 
but exhibit several disadvantages such as low yield [7]. The 
chemo-enzymatic is a promising approach that utilizes CO2 metabolic 
processes in cells and has several advantages such as higher selectivity 
and yield, yet unproven for large-scale applications [9]. There remain 
challenges limiting industrial application, including improving the 
performance of the various components, such as catalysts and elec-
trodes, and purification of feedstock and product streams [10]. Ther-
mocatalytic approaches for converting CO2 encompass a broad array of 
catalytic reactions, such as CO2 hydrogenation, dry reforming of 
methane with CO2, and nonreductive CO2 conversion into fine chem-
icals [11]. Among the different CO2 hydrogenation routes, the reverse 
water gas shift (RWGS) reaction represents a viable route to convert CO2 
and H2 into CO and water, and the product CO is then used in down-
stream Fischer-Tropsch (FT) to produce hydrocarbon products [12]. The 
RWGS-FT option has been chosen for investigation in this study due to 
its technological maturity, production capability of a diverse range of 
products and compatibility with existing infrastructure [13–15]. While 
studies exist that evaluate the environmental impact of converting CO2 

into gasoline and diesel products via the RWGS-FT route [14,16–20], the 
life cycle assessment (LCA) of high-value products, like surfactants, 
production via the RWGS-FT route is not available in the literature. 
Thus, this is the first LCA study of surfactant production using carbon 
dioxide capture and utilization (CCU) or carbon dioxide utilization 
(CDU).

A comprehensive literature review shows only five LCA studies of 
CO2 reduction/reuse underpinning the need for LCA methods to 
benchmark how to conduct LCA of CO2 reduction/reuse systems. None 
of these works is dedicated to converting foundational industries’ CO2 
emissions into ethoxylated surfactants. Thus, the process investigated is 
completely novel. In addition, no LCA study explores converting foun-
dational industries’ CO2 emissions into ethoxylated surfactants. Thus, 
the existing literature only marginally influences this completely novel 
LCA of CO2 utilization into surfactants alongside fuel products. Artz 
et al. (2018) reviewed LCA studies of CO2-based chemical and fuel 
syntheses and concluded that replacing energy-intensive routes with 
carbon dioxide reuse (CDR) is highly promising [21]. The largest posi-
tive impact results from the direct incorporation of CO2 into products. 
They also concluded the need for LCA methodologies for CDR routes, 
which this paper fulfils. Sternberg et al. (2017) evaluated the CO2-based 
production of formic acid, carbon monoxide, methanol, and methane 

Fig. 1. System block diagram for C12–14 AE7 surfactant production from the steel and paper mill flue gases.
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using 1 kg of hydrogen, focusing on global warming and fossil depletion 
impacts [22]. Formic acid production showed the greatest environ-
mental impact reduction, followed by carbon monoxide and methanol, 
with methane offering the least reduction. Environmental impacts are 
reduced for hydrogen supplied from renewable electricity-run water 
electrolysers. Electrochemical conversion of CO2 into added-value 
products is gaining popularity and formic acid and acetic acid synthe-
ses by CO2 utilization using bioelectrochemical technologies have been 
analyzed for LCA [23,24]. A two-step electrochemical conversion of CO2 
into added-value products has been analyzed for LCA [25]. Their study 
recognized the importance of intermediates such as syngas from CO2 for 
added-value products. Meunier et al. (2020) evaluated CO2 conversion 
to methanol through a comprehensive techno-economic and environ-
mental assessment [26]. Their LCA study reveals significant reductions 
in greenhouse gases compared to conventional fossil-based methanol 
production. He et al. (2021) explored the environmental benefits of 
converting CO2 to syngas via RWGS for liquid fuel and power production 
[18]. The CO2 source is a three-stage hydrogen production unit using 
Fe-based chemical looping combustion, capturing carbon with minimal 
energy consumption. Carbon emissions primarily stem from natural gas 
extraction, transportation, and CO2 recompression. These dedicated LCA 
studies of CO2 utilization unequivocally identify the need for more LCA 
studies of novel CCU or CDU or CDR routes. Chauvy et al. (2020) 
strongly suggest the need for full LCA to analyze the sustainability of 
CO2 utilization systems [27]. In the UK-focused study, Perdan et al. 
(2017) analyzed the public perception of CO2 utilization systems from 
environmental, economic and social perspectives as they approach the 
commercialization stage [28], which will be important once LCA shows 
the need for CO2 utilization in high-value products. In addition to CO2 
utilization, biomass valorization or biorefining is a viable alternative to 
producing added-value products, such as methanol and dimethyl ether. 
Liu et al. (2024) presented a sorption-based gasification route to syn-
thesize methanol from biomass via gasification correcting the 
hydrogen-to-carbon monoxide molar ratio to 2 [29]. Wubulikasimu 
et al. (2024) showed a CO2 conversion of 17.4 % and a methanol 
selectivity of 77.7 % in the CO2 utilization route [30]. Palomo et al. 
(2024) proposed a direct dimethyl ether synthesis route to biomass 
gasification [31], while Vaquerizo and Kiss (2024) evaluated the same 
route from CO2 utilization [32]. Biomass being carbon neutral provides 
climate benefits compared to fossil-based equivalent products. Simi-
larly, biogenic carbon dioxide utilization offers climate impact savings 
compared to fossil-based carbon dioxide utilization. However, none of 
these studies conducted a comprehensive LCA to compare biogenic and 
fossil-based carbon dioxide utilization routes for the same products. 
Most notably, the literature landscape is yet to see the first-ever novel 
LCA of surfactant synthesis utilizing biogenic and fossil-based carbon 
dioxide.

Compared to the RWGS-FT route for synthesizing ethoxylated sur-
factants [33], methanol or dimethyl ether synthesis routes result in fuel 
production that accelerates the CO₂ cycle, leading to a faster release of 
CO₂ back into the atmosphere. Transforming CO₂ emissions from foun-
dational industries into ethoxylated surfactants represents a promising 
pathway to reducing dependency on fossil-based resources and 
advancing a circular carbon economy. However, significant environ-
mental challenges must be overcome to enable its commercial deploy-
ment. There is currently no LCA of CCU or CDU in high-value surfactant 
production, presenting a significant research gap in the literature. To 
address this gap, this study conducts a novel comprehensive LCA for the 
novel CCU/CDU in surfactant and fuel production for the first time. The 
primary objective of this study is to evaluate the environmental per-
formance of a novel surfactant supply chain utilizing flue gas-derived 
CO₂ through a rigorous LCA. Specifically, this study assesses the 
RWGS-FT route to synthesize ethoxylated surfactants [33] compared to 
conventional fossil-based and biobased feedstocks. The findings will 
provide critical insights for industry stakeholders and policymakers 
regarding the environmental implications of this innovative pathway.

The paper is structured as follows. First, the process description at a 
conceptual level is provided. The detailed process optimization study 
including heat recovery, energy integration, process simulation and 
techno-economic analysis has already been published [33]. The 
ISO-standardized LCA methodology implementation is discussed 
following the process description. Thereafter, baseline and new cases’ 
LCA and uncertainty analyses are discussed, and conclusions are drawn.

2. Methods

2.1. Process description

This research assesses the life cycle impacts of producing C12–14 
AE7 surfactants from either paper mills or steel flue gas feedstocks. The 
process of converting flue gas to surfactant is shown in Fig. 1. The sur-
factant production consists of eight process areas, namely: CO2 capture 
and pretreatment (A1), syngas synthesis (A2), FT and hydroprocessing 
(A3), C12–14 fatty alcohol synthesis (A4), ethylene oxide synthesis (A5), 
C12–14 ethoxylated surfactant synthesise (A6), heat generation and CO2 
recovery (A7), and wastewater treatment (A8). Table 5 in Section 3.4 as 
part of the Results and Discussion in Section 3 shows the net input- 
output flows of the system in Fig. 1 for life cycle inventory analysis 
and impact assessment.

The flue gas derived from the paper mill originates mainly from 
emissions generated by the recovery boiler, multi-fuel boiler, and lime 
kiln. The paper mill flue gas composition is shown in Table 1 [34]. Three 
flue gases are produced during conventional steel production: blast 
furnace gas, basic oxygen furnace gas, and coke oven gas, which are 
prime feedstocks for the chemical industry due to their relatively high 
CO, CO2, or H2 content [35]. The steel flue gas composition is shown in 
Table 2.

CO2 is extracted from the flue gas (A1) through amine scrubbing 
using monoethanolamine (MEA) chosen for its established industrial 

Table 1 
Composition of the flue gas from the paper mill plant.

Recovery 
boiler

Multi-fuel 
boiler

Lime 
kiln

Mix of all 3

NOx (ppm) 125 150 175 132.1
N2 (mol%) 67.6 53.4 47.4 64.3
SOx (ppm) 60 40 50 56.5
H2O (mol%) 17 32.7 30.9 20.2
CO2 (mol%) 13 12.1 20.4 13.4
O2 (mol%) 2.3 1.7 1.2 2.1
Particulates 
(ppm)

30a 15b 30c 27.8

Flow rate ratio 11.9 2.2 1

a Fly ash mainly Na2SO4.
b Contains components of Al, Ca and Si.
c Fly ash mainly CaCO3.

Table 2 
Composition of the flue gas from the steel plant.

Balance furnace 
gas

Basic oxygen 
furnace gas

Coke oven 
gas

Mix of all 
3

N2 (mol%) 46.6 18.1 5.9 43.3
CO (mol%) 23.5 54 4.1 23.9
CO2 (mol%) 21.6 20 1.2 20.5
Ar + O2 

(mol%)
0.6 0.7 0.2 0.6

H2 (mol%) 3.7 3.2 60.7 6.5
H2O (mol%) 4 4 4 4
CH4 (mol%) 0 0 22 1.1
CxHy (mol 
%)

0 0 3 0.1

Flow rate 
ratio

20.9 1 1.1
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efficacy [36]. The MEA solvent absorbs CO2 from the flue gas yielding a 
CO2-rich stream. The CO2 is compressed in a five-stage compression to 
25 bar, given that the primary reactions for FT surfactant production 
occur under elevated pressure [19]. As the CO2 undergoes compression, 
the water vapour is condensed and directed to the wastewater treatment 
section. Process areas (A1 to A7) are summarized for typical processing 
conditions in Table 3.

The compressors’ isentropic efficiency is 86 %, based on data 
extracted from relevant literature sources [39,40]. Syngas is produced 
(A2) via the reverse-water-gas-shift (RWGS) reaction by reacting the 
captured and recycled CO2 with H2 to form CO and H2O. The RWGS 
reaction is based on literature results using BaCe0.2Zr0.6Y0.16Zn0.04O3 as 
the catalyst [41,42]. The RWGS reaction is designed to have a CO2 
conversion ratio of 36 % [43]. The condensed water vapour generated 
during the RWGS reaction is separated from the syngas through a flasher 
unit and sent to the wastewater treatment section. The unreacted CO2 is 
separated from the syngas via a physical solvent process. In this process, 
ethylene glycol is employed as the solvent, which absorbs CO2 [43]. 
Recycled CO2 is compressed to 25 bar in a three-stage compression [19].

FT synthesis (A3) is an exothermic process that is used for the cat-
alytic conversion of syngas to higher hydrocarbons and oxygenates [44]. 
The production of straight-chain paraffins from C1 to C30 is modelled 
using Eq. (1). 

nCO+(2n+1)H2 → CnH2n+1 + nH2O (1) 

The fractional conversion of each reaction is determined by assessing 
the weight distribution of each product FT, obtained using the 
Anderson-Schulz-Flory (ASF) distribution model. A constant chain 
growth probability, denoted as "α", is assumed in this model. The weight 
fraction of the FT product, w, is related to the chain growth probability, 
a, as described in Eq. (2), where n denotes the carbon number. 

wn = αn− 1(1 − α)2n (2) 

By applying the ASF relation in Eq. (2), the weight and molar dis-
tributions of each FT product are obtained. The hydrocarbons produced 
from the FT reactor are flashed to separate heavier hydrocarbons (wax) 
from lighter hydrocarbons. The wax is cooled (to condense the water) to 
be dried for further hydrocracking, while the lighter hydrocarbons are 
distilled to produce the C11–13 paraffin for further processing into 
surfactant, ethane, and liquid fuel by-products. The water produced 
from the FT synthesis process is separated by flasher and separator after 
cooling to 50 ◦C and is subsequently treated by the wastewater treat-
ment process.

The heavier hydrocarbons are hydrocracked; the long-chain, higher- 
molecular hydrocarbon chains are split into shorter ones through the 
addition of hydrogen. To maximise these fractions in the product of the 
hydrocracker, the use of “ideal hydrocracking” is often assumed [45,46]. 
The yields of the respective cracking products are calculated based on 
the uniform distribution of the cracking products of the ideal hydro-
cracking [47,48]. The gas stream is cooled in several stages for energy 
utilization and the middle distillates are separated off, expanded, and 
sent to a fractional distillation unit.

C12-C14 fatty alcohol synthesis from C11-C13 alkanes are produced 
by the dehydrogenation of alkanes into olefins [49], hydroformylation 
reaction of alkenes into aldehydes [50], and hydrogenation of aldehydes 
to alcohols [50]. Dehydrogenation of C11-C13 alkanes into C11-C13 
alkenes is an energy-intensive process at 500–600 ◦C using Pt or 
chromium-based catalyst. An alternative is the high-pressure reaction 
using pincer-ligand-based catalyst [49]. The final two reactions of 
hydroformylation and hydrogenation are industrially exploited by 
BASF, Shell, Exxon, and Sasol in a two-step process using cobalt catalyst 
[50]. In this system, C11-C13 alkanes are routed from the FT synthesis 
and hydroprocessing unit to the alkane dehydrogenation process. All the 
aldehydes formed in the hydroformylation process are hydrogenated 
into C12-C14 fatty alcohols separated for C12-C14 ethoxylated surfac-
tant production.

Ethylene oxide (EO) is the second reactant required for ethoxylated 
surfactant synthesis. To produce the required EO the ethane formed 
from the FT process is first cracked to produce ethylene, which is then 
reacted with O2 to form EO. Steam cracking ethane is selected as it is a 
relatively simple process, involving lower capital costs. Steam and 
ethane are preheated before entering the cracker [51]. An ethane con-
version of 77 % and yield of ethylene of 52 % is typical [52]. The 
product leaving the steam cracker is used to partly heat the ethane and 
steam inlet steams to reduce the heating requirements. The steam 
cracking by-products are separated via distillation and sent to the heat 
generation and CO2 recovery process area (A7). The unreacted ethane is 
recycled to increase overall conversion rates.

The conversion of ethylene to EO is modelled using catalysts such as 
silver-based catalysts based on reported high selectivity [52,53]. Typical 
reaction conditions for industrial EO production are assumed using 
excess ethylene with 8 % conversion of ethylene and 2 % EO in the 
reactor outlet [53]. The EO is absorbed in water at 20 bar in a 
counter-current column. The water flow rate is adjusted to achieve total 
recovery of the diluted EO. The EO is then desorbed under lower pres-
sure, reaching a purity of 99 % [53]. The wastewater is sent to the 
wastewater treatment section. The gas stream leaving the absorber, 
which is depleted in EO, is split into three streams: a fraction of the 
stream is sent to the CO2 removal section, whereas the rest is directly 
recycled to the reactor to limit separation costs and increase overall 
conversion rates [53]. A small fraction (<1 %) of the gas stream from A5 
is purged to avoid the build-up of impurities.

Alkoxylation is the reaction of EO with a long-chain alcohol, cata-
lyzed by homogenous catalysts to produce the ethoxylated surfactant. 
Typically, alkoxylation reactions are generally performed in semi-batch 
gas-liquid reactors [54]. However, recent research and patents have 
focused on developing continuous reactors for alkoxylation due to 
improved safety and efficiency considerations [54]. A continuous stirred 
tank reactor has been modelled [55] owing to the lower temperature 
requirements of other continuous methods [54].

All combustible waste gases from the reaction areas are combusted to 
recover and supply heat for the process [47]. Wastewaters containing 
organic solvents, such as alcohol and halogenated solvents, must be 
treated to remove the volatile polluting compounds before being sent to 

Table 3 
A summary of process parameters for the AE7 production system in Fig. 1.

Process Area Typical Process Conditions References

Catalysts T (◦C) P (bar) Yield (%)

A1 ​ 20–170 1–25 86 [19,36–40]
A2 BaCe0.2Zr0.6Y0.16Zn0.04O3 600 24.5–30 36

[19,41–43]
A3 Co or Fe 200–360 20–50 52–80 [19,44–48]
A4 Pt, Co, Cr or pincer-ligand-based 500–600 40–300 60–100 [49,50]
A5 Ag 680 20 52–77 [51–53]
A6 KOH-based, or C12Co2N12Zn3 complex 60–130 15–100 ​ [54,55]
A7 ​ 300–500 30–103 ​ [19,47]
A8 ​ ​ ​ ​ [56,57]
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the wastewater treatment for regulated water discharge into the water 
sources. Volatile organic compounds (VOCs) are compounds that have a 
high vapour pressure and low water solubility that have significant 
adverse effects on human health [56]. These VOCs from wastewater can 
enter the atmosphere through air-water exchange and must be removed 
before further treatment. Contaminated VOCs are recovered and reused 
for heat generation [57]. The water is sent as a reflux system to the top of 
a distillation column to maximise VOC recovery. The VOCs are incin-
erated, and heat is recovered before being released into the air. The 
bottom product is then sent for further wastewater treatment.

The entire process has been simulated using integrated modeling 
tools to analyze the interconnectivity of process steps. These models 
incorporate energy, mass, and cost flows, and their in-process integra-
tion and optimization, allowing for a holistic process optimization [33]. 
Our previous publication [33] dedicates a section to the energy inte-
gration of the Fischer-Tropsch (FT) process, focusing on optimizing heat 
recovery and reuse. Advanced heat integration models have been 
employed to evaluate the coupling of heat from exothermic FT reactions 
to upstream and downstream processes. For instance, low-grade heat is 
redirected to assist in CO₂ capture by monoethanolamine (MEA) ab-
sorption process, while high-grade heat is utilized for steam generation, 
ensuring no heat loss. To substantiate these findings, pinch analysis 
techniques were employed to map the thermal energy flows and identify 
areas for improvement in the carbon capture and storage (CCS) system 
using MEA-based absorption. Sadhukhan et al. (2014) simulated with 
energy integration the MEA-based absorption process for CCS [38]. The 
absorption and solvent regeneration columns work at 
high-pressure-low-temperature and low-pressure-high-temperature 
operating conditions. Their opposite operating principles allow heat 
and work integration between them, i.e., pre-cooling and pressurizing 
pure MEA (recovered + recycled MEA with make-up MEA) before 
entering the absorption column through heat and work exchange with 
spent MEA before entering the regeneration column. This not only 
maximizes the energy efficiency and minimizes the make-up MEA, but 
the absorption-based CCS system also becomes the net heat source. Our 
preceding publications [33,38] have rigorously addressed these con-
cerns through detailed optimization analyses, advanced simulation 
modeling using Aspen Plus, strategic process integration and 
techno-economic optimization. The optimal foreground system’s 
input-output inventory flows resulting from our whole process system 
optimization studies [33,38] provide a solid foundation for this LCA 
study towards industrial implementation. Thus, this study focuses on 
LCA building on the whole process system optimization studies [33,38].

2.2. Life cycle assessment

LCA (ISO14040–44) has been accepted as a standard tool [38] to 
predict the life cycle global warming potential (GWP) [58] and other 
environmental impacts [59] of systems, to compare the environmental 
sustainability between new and existing systems. A range of impact 
categories using the various standard life cycle impact assessment 
(LCIA) methods, ReCiPe Midpoint (M) Hierarchist (H) [60], Impact+
[61] and Product Environmental Footprint [62] including the IPCC 
global warming potential (GWP) [63]. ReCiPe (M) (H) is the globally 
accepted LCIA method with the global consensus on their characteri-
sation factors of pollutants and resources and impact categories [38,60]. 
Impact+ [61] and Product Environmental Footprint [62] are particu-
larly relevant for Europe [38]. The European Commission is keen to 
mainstream the Product Environmental Footprint for LCIA [62]. The 
new system’s LCA must consider the future renewable energy provision 
for feasibility, similar to [64,65]. The new systems’ GWP must be 
compared against a baseline to benchmark.

The baseline scenario has been drawn from all plausible existing 
surfactant-producing systems. The whole range of existing surfactant 
production systems available in Ecoinvent 3.10 and Industry Data 2.0 
comprise the baseline systems. As they are only needed as the baseline to 

compare the new system’s performance, their detailed assumptions are 
not shown. Their database names are provided because the information 
including assumption conditions is proprietary to the providers. 
Providing the life cycle inventory database names is an acceptable norm 
in the LCA literature. As all plausible existing surfactant production 
databases have been evaluated for LCIA, their entire distribution or 
range has been captured, leaving behind no scenario from this bench-
marking analysis. SimaPro 9.6 [66,67] is applied to generate all the LCA 
study results.

LCA comprises four interactive stages, goal and scope definition, 
inventory analysis, impact assessment and interpretation. The goal and 
scope definition includes the functional unit, system boundary and 
system definitions. The functional unit is a 1 kg ethoxylated surfactant 
(AE) production from all the baseline systems considered. The functional 
unit for the new system’s LCIA reporting could take various bases. For 
example, one of the drivers for the new system is CCU/CDU or flue gas 
utilization; thus, one unit of flue gas can be chosen to report the LCIA 
results, i.e., 1 kg flue gas. A mass allocation approach is applied for LCIA 
of 1 kg flue gas reuse, e.g., in kg CO2e/kg flue gas for GWP. The func-
tional unit for the new system can also be 1 kg AE7 surfactant produc-
tion to compare against baseline systems e.g., in kg CO2e/kg AE7 for 
GWP, in which case, an economic allocation approach is applied. In the 
economic allocation, the total impacts in each category can be allocated 
to AE7 or the marketable products including AE7 and the co-product 
fuel. The other coproduct of flue gas utilization is a liquid fuel in the 
low-to-medium distillate range. Thus, the total impacts in each category 
can be allocated to AE7 and the co-product fuel, which is another eco-
nomic allocation approach. The LCIA of the baseline and new systems is 
shown for the cradle-to-gate systems. Later on, the gate-to-grave system 
is considered for the cradle-to-grave GWP of our novel system. For the 
gate-to-grave system, only the nature of the embedded carbon in the 
products, i.e., fossil-based (in the case of steel industries’ flue gas utili-
zation) or biogenic (in the case of paper industries’ flue gas utilization), 
has been considered, either to add the fossil-based carbon dioxide or 
subtract the biogenic carbon dioxide to the cradle-to-gate GWP of our 
novel system.

The foreground new system, discussed in Section 2.1, has been 
considered up to the plant gate, i.e., AE7 product. The foreground sys-
tem’s external energy and material flow requirements are assigned with 
cradle-to-grave background life cycle inventory data. The same system 
boundary principles are applied to the baseline systems. The scope of the 
systems under consideration is global meaning that the global supply 
chains are considered. In addition, consequential scenarios are drawn to 
show improvements in the environmental profiles of the new systems. 
Hot spots are analyzed for the various systems under consideration. As 
mentioned above, GWP is the main life cycle impact considered, while 
ReCiPe, Impact+ and Product Environmental Footprints are applied as 
appropriate to show any potential tradeoffs.

Life cycle inventory data are extracted from Ecoinvent 3.10. Addi-
tionally, Industry Data 2.0 is considered to evaluate two more systems as 
the baseline. There are 42 Ecoinvent 3.10 baseline databases identified 
for conventional AE production as the benchmark. The datasets range 
Europe (RER) and the rest of the world (ROW) systems in the cut-off 
(recycle streams carry no impact forward), at-the-point-of-substitution 
(APOS) (recycle streams carry impacts forward, and consequential 
(Conseq) (future supply chains) scenarios producing three types of AE 
(AE3, AE7 and AE11, where, in AE7, as shown in Table 4. Palm oil only 
gives AE11 among the given petrochemical, coconut oil, palm oil and 

Table 4 
Ecoinvent 3.10 AE production databases.

Context Type of AE Feedstock

RER or ROW AE3 petrochemical, coconut oil, and palm kernel oil
Cut-off or APOS AE7 petrochemical, coconut oil, and palm kernel oil
or Conseq AE11 palm oil
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palm kernel oil feedstocks under consideration for the baseline sce-
narios. Thus, for AE3 and AE7, there are 18 databases each, totalling 36 
databases. For AE11, there are 6 databases. They total to 42 databases.

As the study is based in the European region, RER-based systems are 
further analysed for GWP (21 databases). This means that the plant 
location is in the RER/EU region, while its supply chain scopes are 
global depending on where its raw material supplies are sourced from in 
the existing databases. The GWP results are analyzed for potential 
ranking between systems and hotspots within the systems (cradle-to- 
gate). Furthermore, 6 AE7-producing and 1 AE11-producing baseline 

systems in RER are zoomed into for the full LCIA profiles. These are: 

1) fatty alcohol and ethylene oxide from petrochemicals (AE7, Cut-off)
2) fatty alcohol from coconut oil and ethylene oxide from petrochemi-

cals (AE7, APOS)
3) fatty alcohol from palm kernel oil and ethylene oxide from petro-

chemicals (AE7, Cut-off)
4) fatty alcohol from palm oil and ethylene oxide from petrochemicals 

(AE11, Cut-off)

Fig. 2. GWP histogram of all 42 Ecoinvent 3.10 AE-producing databases.

Fig. 3. GWP histogram of 21 Ecoinvent 3.10 AE-producing (RER) databases.

Fig. 4. GWP of 21 Ecoinvent 3.10 AE-producing (RER) databases.
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5) fatty alcohol from palm kernel oil and green (bio-based) ethylene 
oxide (AE7, Cut-off)

6) fatty alcohol from coconut oil and green (bio-based) ethylene oxide 
(AE7, Conseq)

7) fatty alcohol from petrochemicals and green (bio-based) ethylene 
oxide (AE7, Cut-off) 

The new green (bio-based) ethylene oxide inventory data is given 
in the Supplementary Information. The two databases from Industry 
Data 2.0, C12–14 Alcohol (oleo) Ethoxylate and C12–15 Alcohol 
(petro) Ethoxylate, are also added to the baseline cases. The Sup-
plementary Information shows their assumption bases, such as hot-
spots and their geographic locations. The Industry Data 2.0 databases 
are:

8) “Alcohol (oleo) Ethoxylate, 7 moles EO (No. 10 - Matrix), at plant, 
100 % active ingredient /EU-27”

9) “C12–15 Alcohol (petro) Ethoxylate, 7 moles EO (No. 12 - Matrix), at 
plant, 100 % active ingredient/EU-27”

3. Results and discussion

3.1. LCIA of baseline cradle-to-gate systems

This subsection shows the LCIA of the baseline cradle-to-gate systems 
considered in this study. GWP is predicted for the 42 Ecoinvent 3.10 AE- 
producing databases. Fig. 2 shows the GWP histogram of 42 cases. There 
are 7 systems with GWP values greater than 3.3 kg CO2e/kg AE, 16 
systems with 2.93–3.3 kg CO2e/kg AE, 13 systems with 2.56–2.93 kg 

Fig. 5. Environmental profile comparisons between seven baseline systems for AE7 production in RER (ReCiPe (M) (H)).

Fig. 6. Environmental profile comparisons between seven baseline systems for AE7 production in RER (Impact+).
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CO2e/kg AE, and 6 systems with 2.19–2.56 kg CO2e/kg AE.
Fig. 3 shows the GWP histogram of 21 RER cases. There are 4 systems 

with GWP values greater than 3.11 kg CO2e/kg AE, 8 systems with 
2.65–3.11 kg CO2e/kg AE, and 9 systems with 2.19–2.65 kg CO2e/kg 
AE.

The following observations are made. 

1) AE7-producing systems have the least GWP.
2) The increasing order of GWP impacts per kg of AE is: 

AE7 < AE3 < AE11.
3) AE11 is only produced from palm oil.
4) The increasing order of GWP impacts in the context of the systems is: 

Cut-off < APOS < Conseq.
5) The increasing order of GWP impacts for various feedstocks is: 

petrochemical < coconut oil < palm kernel oil < palm oil (Fig. 4).

The hotspot analyses, illustrated in the Supplementary Information, 
show the following observations. 

1) Similar GWP contributions between the two reactants (fatty alcohol 
and ethylene oxide) for the petrochemical-based systems (Figure A1)

2) Similar GWP contributions between the two reactants, fatty alcohol 
from coconut oil and ethylene oxide from petrochemicals (Figure A2) 
a. Within the coconut oil production, land use changes due to clear- 

cutting primary and secondary forests have the highest GWP 
contribution (Figure A3)

3) Fatty alcohol from palm kernel oil has a higher GWP than ethylene 
oxide from petrochemicals making up AE7 (Figure A4) 
a. Within the palm kernel oil production, palm fruit bunch produc-

tion impacting land use change has the highest GWP contribution 
(Figure A5)

4) Similar GWP contributions between the two reactants (fatty alcohol 
and ethylene oxide) for AE11 production (Figure A6) 
a. Within the palm oil production, palm fruit bunch production 

impacting land use changes has the highest GWP contribution 
(Figure A7)

Fig. 5 shows the ReCiPe (M) (H) methodology-derived environ-
mental profiles (in 0–100 scales) of the seven baseline systems in RER. 
Fig. 6 shows the Impact+ methodology-derived environmental profiles 

(in 0–100 scales) of the seven baseline systems in RER. Fig. 7 shows the 
Environmental Footprint methodology-derived environmental profiles 
(in 0–100 scales) of the seven baseline systems in RER. The results in 
terms of trends of these three LCIA methodologies are aligned, despite 
the differences in units of their impact categories. The results thus show 
the robustness. GWP is the lowest for fatty alcohol from petrochemicals 
and green (bio-based) ethylene oxide – this case is also better performing 
in land use and water consumption compared to most systems. In the 
fossil resource depletion and ozone formation categories, the AE7 pro-
duction system from fatty alcohol from palm kernel oil and green (bio- 
based) ethylene oxide has the least impact. The AE7 production systems 
from fatty alcohol from coconut oil and green (bio-based) or 
petrochemical-based ethylene oxide are not attractive in any environ-
mental categories. The AE11 production system from fatty alcohol from 
palm oil and petrochemical-based ethylene oxide has the least impact in 
the human toxicity, marine ecotoxicity and freshwater eutrophication 
categories.

The GWP of the cradle-to-grave petrochemical-based AE7 system is 
however inevitably greater than that of the bio-based AE7 system 
because of the release of fossil-based carbon dioxide to the atmosphere 
at the end-of-life of AE7 in the former system and the release of biogenic 
carbon dioxide to the atmosphere at the end-of-life of AE7 in the latter 
system. The biogenic carbon dioxide released into the atmosphere has a 
faster sequestration cycle during biomass growth, neutralising the at-
mospheric carbon dioxide. Thus, the fossil-based carbon dioxide 
released into the atmosphere at the end-of-life of AE7 is added to the 
cradle-to-gate GWP of the petrochemical-based AE7 system, while the 
biogenic carbon dioxide released into the atmosphere at the end-of-life 
of AE7 is subtracted to the cradle-to-gate GWP of the bio-based AE7 
system, ultimately resulting in a lower GWP for the cradle-to-grave bio- 
based AE7 system compared to the cradle-to-grave fossil-based AE7 
system. Thus, despite greater land use potential impacts, the cradle-to- 
grave bio-based AE7 system is an overall winner (best) baseline sys-
tem. Neither the Ecoinvent nor the Industry 2.0 indicates the gate-to- 
grave life cycle inventories of AE7 systems. To complement this data 
gap, this study accounts for the embedded carbon content in AE7 (fossil- 
based or biogenic) to calculate the gate-to-grave embodied GWP of our 
new AE7 system, shown in the final discussion of the next section.

Furthermore, Table A2 shows the ReCiPe (M) (H) LCIA results of two 
AE7-producing baseline systems from Industry Data 2.0 in the 

Fig. 7. Environmental profile comparisons between seven baseline systems for AE7 production in RER (Environmental Footprint).
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Supplementary Information. The two datasets selected are C12–14 
“Alcohol (oleo) Ethoxylate, 7 moles EO (No. 10 - Matrix), at plant, 100 % 
active ingredient /EU-27” and “C12–15 Alcohol (petro) Ethoxylate, 7 
moles EO (No. 12 - Matrix), at plant, 100 % active ingredient/EU-27”. 
Their GWP is 3.36 and 2.38 kg CO2e/kg AE, which are within the range 
of the Ecoinvent 3.10 databases’ GWP predictions (Fig. 4). Their 
normalized comparison is shown in Figure A8 in the Supplementary 

Information. Except for some categories, the fossil-based AE7 produc-
tion system is better than the oleo-based AE7 production system (cradle- 
to-gate). It must be noted that the cradle-to-grave fossil-based AE7 
production system is not better than the cradle-to-grave (bio) oleo-based 
AE7 production system. Because the former releases fossil-based carbon 
dioxide upon post-life biodegradability, which is a regulatory require-
ment for surfactants (AE7). The latter releases biogenic carbon dioxide 
upon post-life biodegradability and the biogenic carbon dioxide from 
the atmosphere is sequestered during biomass growth, thus closing the 
cycle. Overall, considering all the database systems for AE production as 
a baseline/benchmark ensures the comprehensiveness of comparing the 
new system’s LCIA.

3.2. LCIA of AE production from this study’s novel flue gas systems

This section discusses the LCIA of the new AE production system, i.e., 
AE7 production from industrial flue gas systems sourced from the paper 
and steel industries. The net input-output foreground flow inventory 
data of the AE7 production systems from industrial flue gas extracted 
from our previous process simulation, optimization and techno- 
economic analysis study [33] are shown in Table 5.

For each net input inventory flow needed including the flue gas, the 
cradle-to-grave life cycle inventory data is extracted from Ecoinvent 
3.10 Cut-off to conduct the LCIA. The overall system is thus cradle-to- 
gate up to the production of AE7. The functional units selected to 
report the LCIA results are 1 kg of flue gas utilization as its use to added- 
value production for a circular economy is a driver for this study (mass 
allocation), and 1 kg of marketable products bearing all the burden and 

Table 5 
The net input-output flow inventory data of the AE7 production system (Fig. 1) 
from 1 kg industrial flue gas.

Paper Industry Steel Industry Unit

Input
Ethylene oxide 0.01 0.066 kg
Carbon dioxide 0.2086 0.3102 kg
Oxygen 0.1499 0.6063 kg
Monoethanolamine solvent 0.0032 0.0119 kg
Electricity 13.37 33.33 kWh
Emissions
To Air
Carbon dioxide 0.0076 0.1134 kg
Nitrogen dioxide 7.90E− 06 kg
Sulphur dioxide 8.50E− 06 kg
To Water
Chemically polluted water 0.1443 0.7121 kg
Carbon dioxide 0.00226 0.00385 kg
To soil
Silicon 2.50E− 07 kg
Aluminium 2.50E− 07 kg
Calcium 2.50E− 07 kg

Fig. 8. Overall block diagram (top) and a summary of the main flows (bottom).
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1 kg of AE7 production as it is a target product bearing all the burden 
(economic allocation). Moreover, the least environmental impact 
incurring energy systems are selected, i.e., wind electricity [68,69], heat 
from electrolytic hydrogen run with wind electricity [70,71], and wind 
electricity to supply electrolytic hydrogen as a reactant or raw material 
for the reactions. Wind electricity is the least impact renewable energy 
to provide not only electricity but also heat and hydrogen, through 
electrolytic hydrogen production [60]. Net emissions (Output – Input) or 
net raw material inputs after in-process recycling are considered for each 
material. Net amine input or make-up is considered. Monoethanolamine 
is the solvent to recover carbon dioxide from the flue gas [38]. Thus, 
energy-integrated absorption and solvent regeneration/recovery units 
are considered [38]. Similarly, make-up ethylene oxide after in-process 
recycling is considered. The net input and output inventory flow data 
mapping against Ecoinvent 3.10 Cut-off databases for 1 kg AE7 surfac-
tant production from the industrial flue gas is shown in the Supple-
mentary Information (Figs. A9–10 for paper and steel industry flue 
gases, respectively) (the basis is 1 kg industrial flue gas). For the 
embedded environmental footprint of the flue gas input to the systems, 
the global average market data of Ecoinvent has been considered. All the 
input databases selected are cut-off databases. Fig. 8 shows the overall 
block diagram (a simplified version of Fig. 1) and overall marketable 
product (AE7 surfactant and liquid fuel range) yields. To simplify, the 
block diagram does not show the heat and water recovery units’ in-
teractions with other units (as in Fig. 1), detailed in our earlier publi-
cation [33]. The table below the block diagram shows the flue gas, 
product, and net energy specifications.

It can be noted that the carbon utilization factor (ratio between 
carbon in the products and carbon in carbon dioxide and carbon mon-
oxide in the flue gas) is higher in the case of the paper industry (0.97) 
than in the case of the steel industry (0.75), despite the greater carbon 
input via carbon monoxide in the latter. The energy requirement is also 
lower in the former. The energy requirement increases considerably 
with higher carbon input to make the products. To calculate the energy 
requirements, the plants are assumed to run on the least impact 
renewable energy system, i.e., wind electricity [60]. Fuel gas generated 
has been utilized in-process to supply combined heat and power and 
internal process-to-process heat recovery has also been considered [72, 
73]. External energy, utility, and raw material requirements are mini-
mized [38,74]. The unmet heat, hydrogen and electricity requirements 
are met by external wind electricity. The net electricity needed to run 
the paper and steel industries’ flue gas utilization systems is 13.37 and 
33.33 kWh/kg flue gas. Fig. 9 shows the distribution of electrical energy 
to meet the heat, hydrogen, and electricity required by the two systems. 
Heat and hydrogen requirements are the electrical energy-consuming 
hotspots 72–78 % and 20–26 %, respectively. Overall, the paper in-
dustry flue gas utilization system is seen to be more efficient. In addition, 
carbon in the paper industry flue gas is biogenic contrary to fossil-based 
carbon in the steel industry flue gas.

The location of the plant is assumed to be in the UK (wind electricity 
supply), while the net input flows’ supply chains are global [60]. The 
impact assessment was performed using ReCiPe (M) (H). As for the 
baseline systems, the ReCiPe (M) (H), Impact+ and Product Environ-
mental Footprint methodologies generated aligned LCIA profiles, in this 

Fig. 9. Electrical energy distributions to meet the heat, hydrogen, and electricity requirements.

Fig. 10. GWP comparison between the paper and steel industries’ 1 kg flue gas utilization cradle-to-gate systems. The figure shows the detailed breakup of GWP 
contributions (kg CO2e/kg flue gas) of the input materials and energy and output emissions. The GHG emission can be seen in Table 5.
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case, the globally accepted ReCiPe (M) (H) has been applied. The results 
of the full LCIA ReCiPe (M) (H) profiles for the paper and steel in-
dustries’ flue gas utilization systems are shown in the Supplementary 
Information (Table A3). Fig. 10 shows the GWP comparison between the 
paper and steel industries’ 1 kg flue gas utilization systems. The steel 
industries’ flue gas utilization system incurs greater GWP than the paper 
industries’ flue gas utilization system. The hotspots are electricity 
> oxygen > ethylene oxide > emissions > monoethanolamine. The CO2 
global market Ecoinvent cut-off data carries no burden from the 
upstream.

3.3. Interpretation: allocation and uncertainty analysis

The results of the mass and economic allocation approaches are 
summarized in Table 6. The quantities of marketable useful products, 
AE7 and low-to-medium range fuel, from the paper and steel industries’ 
flue gas utilization systems, are 0.07 and 0.18 kg/kg flue gas (Fig. 8). 
With mass-based allocation, the total GWP impacts of the paper and steel 
industries’ flue gas utilization systems are viable (0.4 and 1.32 kg CO2e/ 
kg flue gas). With the economic allocation of the total GWP to the 
marketable products (assumed to have similar market price), the GWP is 

Table 6 
GWP comparisons between the paper and steel industries’ flue gas utilization systems. The allocations that show lower GWP than the baseline scenarios are highlighted 
in green.

Table 7 
Monte Carlo simulation results of full ReCiPe (M) (H) LCIA profile of cradle-to-gate flue gas utilization systems. Basis: 1 kg flue gas (top: steel industry; bottom: paper 
industry).

Impact category Unit Mean Median SD CV 2.50 % 97.50 % SEM

Steel industry

Fine particulate matter formation kg PM2.5 eq 2.21E− 03 2.20E− 03 1.07E− 03 4.86E+ 01 9.38E− 05 4.33E− 03 1.07E− 05
Fossil resource scarcity kg oil eq 3.63E− 01 3.59E− 01 7.79E− 01 2.14E+ 02 − 1.17E+ 00 1.91E+ 00 7.79E− 03
Freshwater ecotoxicity kg 1,4-DCB 1.60E+ 00 1.60E+ 00 4.50E− 02 2.81E+ 00 1.51E+ 00 1.69E+ 00 4.50E− 04
Freshwater eutrophication kg P eq 1.10E− 03 1.10E− 03 4.45E− 04 4.06E+ 01 2.17E− 04 1.97E− 03 4.45E− 06
Global warming kg CO2 eq 1.33E+ 00 1.32E+ 00 1.20E+ 00 9.05E+ 01 − 1.02E+ 00 3.70E+ 00 1.20E− 02
Human carcinogenic toxicity kg 1,4-DCB 6.37E− 01 6.37E− 01 5.42E− 02 8.51E+ 00 5.30E− 01 7.45E− 01 5.42E− 04
Human non-carcinogenic toxicity kg 1,4-DCB 6.31E+ 00 6.31E+ 00 7.57E− 01 1.20E+ 01 4.82E+ 00 7.80E+ 00 7.57E− 03
Ionizing radiation kBq Co− 60 eq 2.29E− 01 2.30E− 01 2.20E− 01 9.63E+ 01 − 2.08E− 01 6.58E− 01 2.20E− 03
Land use m2a crop eq 5.20E− 02 5.19E− 02 1.29E− 02 2.48E+ 01 2.67E− 02 7.74E− 02 1.29E− 04
Marine ecotoxicity kg 1,4-DCB 1.94E+ 00 1.94E+ 00 5.68E− 02 2.93E+ 00 1.83E+ 00 2.05E+ 00 5.68E− 04
Marine eutrophication kg N eq 1.11E− 04 1.11E− 04 3.14E− 05 2.84E+ 01 4.85E− 05 1.72E− 04 3.14E− 07
Mineral resource scarcity kg Cu eq 3.05E− 02 3.05E− 02 1.96E− 03 6.43E+ 00 2.66E− 02 3.44E− 02 1.96E− 05
Ozone formation, Human health kg NOx eq 3.38E− 03 3.38E− 03 2.04E− 03 6.03E+ 01 − 6.17E− 04 7.42E− 03 2.04E− 05
Ozone formation, Terrestrial ecosystems kg NOx eq 3.50E− 03 3.49E− 03 2.20E− 03 6.30E+ 01 − 8.32E− 04 7.85E− 03 2.20E− 05
Stratospheric ozone depletion kg CFC11 eq 5.14E− 07 5.15E− 07 2.13E− 07 4.13E+ 01 9.35E− 08 9.29E− 07 2.13E− 09
Terrestrial acidification kg SO2 eq 4.71E− 03 4.70E− 03 2.88E− 03 6.11E+ 01 − 9.42E− 04 1.04E− 02 2.88E− 05
Terrestrial ecotoxicity kg 1,4-DCB 6.06E+ 00 6.06E+ 00 6.07E− 01 1.00E+ 01 4.86E+ 00 7.27E+ 00 6.07E− 03
Water consumption m3 2.93E− 02 2.92E− 02 2.45E− 02 8.37E+ 01 − 1.91E− 02 7.74E− 02 2.45E− 04

Paper industry

Fine particulate matter formation kg PM2.5 eq 7.87E− 04 7.79E− 04 1.07E− 03 1.36E+ 02 − 1.30E− 03 2.89E− 03 1.07E− 05
Fossil resource scarcity kg oil eq 1.14E− 01 1.11E− 01 7.85E− 01 6.91E+ 02 − 1.44E+ 00 1.64E+ 00 7.85E− 03
Freshwater ecotoxicity kg 1,4-DCB 6.39E− 01 6.40E− 01 4.47E− 02 6.99E+ 00 5.50E− 01 7.26E− 01 4.47E− 04
Freshwater eutrophication kg P eq 3.82E− 04 3.83E− 04 4.42E− 04 1.16E+ 02 − 4.93E− 04 1.25E− 03 4.42E− 06
Global warming kg CO2 eq 4.14E− 01 4.02E− 01 1.20E+ 00 2.91E+ 02 − 1.95E+ 00 2.76E+ 00 1.20E− 02
Human carcinogenic toxicity kg 1,4-DCB 2.51E− 01 2.51E− 01 5.40E− 02 2.15E+ 01 1.44E− 01 3.57E− 01 5.40E− 04
Human non-carcinogenic toxicity kg 1,4-DCB 2.45E+ 00 2.45E+ 00 7.53E− 01 3.07E+ 01 9.72E− 01 3.93E+ 00 7.53E− 03
Ionizing radiation kBq Co− 60 eq 6.25E− 02 6.32E− 02 2.19E− 01 3.50E+ 02 − 3.69E− 01 4.90E− 01 2.19E− 03
Land use m2a crop eq 1.94E− 02 1.94E− 02 1.28E− 02 6.63E+ 01 − 5.80E− 03 4.45E− 02 1.28E− 04
Marine ecotoxicity kg 1,4-DCB 7.75E− 01 7.75E− 01 5.65E− 02 7.29E+ 00 6.63E− 01 8.83E− 01 5.65E− 04
Marine eutrophication kg N eq 3.59E− 05 3.59E− 05 3.12E− 05 8.68E+ 01 − 2.58E− 05 9.71E− 05 3.12E− 07
Mineral resource scarcity kg Cu eq 1.21E− 02 1.21E− 02 1.97E− 03 1.62E+ 01 8.24E− 03 1.60E− 02 1.97E− 05
Ozone formation, Human health kg NOx eq 1.22E− 03 1.20E− 03 2.04E− 03 1.67E+ 02 − 2.81E− 03 5.22E− 03 2.04E− 05
Ozone formation, Terrestrial ecosystems kg NOx eq 1.26E− 03 1.24E− 03 2.21E− 03 1.75E+ 02 − 3.10E− 03 5.57E− 03 2.21E− 05
Stratospheric ozone depletion kg CFC11 eq 1.78E− 07 1.78E− 07 2.11E− 07 1.19E+ 02 − 2.39E− 07 5.92E− 07 2.11E− 09
Terrestrial acidification kg SO2 eq 1.64E− 03 1.62E− 03 2.88E− 03 1.75E+ 02 − 3.92E− 03 7.28E− 03 2.88E− 05
Terrestrial ecotoxicity kg 1,4-DCB 2.37E+ 00 2.37E+ 00 6.05E− 01 2.55E+ 01 1.18E+ 00 3.57E+ 00 6.05E− 03
Water consumption m3 8.75E− 03 8.71E− 03 2.43E− 02 2.78E+ 02 − 3.92E− 02 5.66E− 02 2.43E− 04
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5.57 and 7.51 kg CO2e/kg products for the paper and steel industries’ 
flue gas utilization systems. With the economic allocation of the total 
GWP to AE7, the GWP becomes 11.6 and 16.3 kg CO2e/kg AE7 for the 
paper and steel industries’ flue gas utilization systems. Thus, the eco-
nomic allocation results are unfeasible compared to the baseline systems 
ranging 2.19–3.6 kg CO2e/kg surfactant (Fig. 3).

As the mass allocation model makes the CO2 reuse to produce AE7 
viable, further mass allocation scenarios are explored per unit carbon 
utilization (Eq. 3). The total GWP is presented per unit of CO2 and CO in 
the flue gas. Then, the carbon utilization factor is incorporated to pre-
sent GWP per unit of CO2 and CO utilization. 

GWP(kgCO2eper kg ofCO2and CO utilisation)

=
Total GWP in kgCO2e

kg flue gas
×

kg flue gas
kgCO2and CO in flue gas

× Carbon utilization factor (3) 

The allocations that show lower GWP than the baseline scenarios are 
highlighted in green. The steel industry’s flue gas utilization system has 
higher environmental impacts due to the higher energy used for heating 
to make the reactants for AE7 synthesis. As the new systems are inte-
grated into the supply chains, the apparent mass loss, waste, or emission 
would decrease. Emissions or waste would become feedstock to another 
industry. The economically allocated LCIA results would then be closer 
to the mass allocation results, making the system more viable in the 
future.

A Monte Carlo (MC) simulation with 10,000 runs [75] has been 
conducted to show their impact on GWP and other impact categories and 
to what extent these impacts can be lowered. The multi-variate 

uncertainty analysis is conducted on the most significant flows or hot-
spots because of their greater influences on the life cycle impacts. The 
amounts of oxygen, ethylene oxide, carbon dioxide and electricity inputs 
were varied according to the normal distribution with a ±10 % standard 
deviation. Table 7 shows the full MC simulation results in terms of 
standard deviation (SD), coefficient of variance (CV) and standard error 
mean (SEM) of ReCiPe (M) (H) profiles of the steel and paper industry. 
SD is a measure of how spread out the numbers in a set are. It shows how 
much the values differ from the average (mean) value. A low standard 
deviation means the numbers are close to the average, while a high 
standard deviation means they are spread out over a wider range. CV 
measures how much variation or spread there is in a set of data, relative 
to the average (mean). It’s calculated by dividing the SD by the mean 
and multiplying by 100 to get a percentage. In simple terms, the CV 
helps compare the variability between different sets of data, even if they 
have different units or scales. A lower CV means less variability, while a 
higher CV means more variability relative to the average. SEM is a 
measure of how much the average (mean) of a sample is likely to differ 
from the true average of the entire population. It shows the accuracy of 
the sample mean in estimating the population mean. In simple terms, 
SEM tells how reliable the sample mean is. A smaller SEM means the 
sample mean is closer to the true population mean, while a larger SEM 
suggests more variation or less reliability in the estimate. It’s calculated 
by dividing the standard deviation of the sample by the square root of 
the sample size.

It can be seen from Table 7 that apart from GWP, the other ReCiPe 
(M) (H) LCIA values are robust or certain. Thus, the GWP distributions 
are further examined. The amounts of electricity, ethylene oxide, oxygen 
and carbon dioxide inputs were varied simultaneously according to the 
normal distribution with a ±10 % standard deviation to generate the 
GWP distribution profile in Fig. 11. As a consequence, GWP (kg CO2e/kg 
flue gas) would vary significantly between − 1.05 and 3.73 (at ±97.5 % 
SD) for the steel industry and − 1.95 and 2.76 (at ±97.5 % SD) for the 
paper industry. The results give the confidence that the GWP reduction 
can fall within the baseline systems’ range (<3.6 kg CO2e/kg 
surfactant).

The paper industries’ flue gas utilization system has a higher spread 
or greater uncertainty than the steel industries’ flue gas utilization 
system. Thus, the CV is greater in the former than in the latter. There is a 
90 % probability of steel industries’ cradle-to-gate flue gas utilization 
system’s GWP falling below 2.1 kg CO2e/kg flue gas. There is an 85 % 
probability of paper industries’ cradle-to-gate flue gas utilization sys-
tem’s GWP falling below − 0.6 kg CO2e/kg flue gas. The probability of 
having a negative GWP is lower than the probability of having a positive 
GWP for both the cradle-to-gate systems.

Gate-to-grave GWP: Surfactants are designed to biodegrade after use 
completely, according to regulations. The AE7 product contains biode-
gradable molecules. Thus, when commercialized, the process would lead 
to marketable biodegradable surfactants. For such products, product 

Fig. 11. GWP Monte Carlo simulation results due to variations in the amounts 
of electricity, ethylene oxide, oxygen and carbon dioxide inputs (with normal 
distribution with ±10 % standard deviation) for the paper and steel industries’ 
cradle-to-gate flue gas utilization systems.

Fig. 12. Cradle-to-grave GWP per unit flue gas of paper and steel industries’ flue gas utilization systems.
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environmental footprint requires cradle-to-grave GWP as per the regu-
lations. Thus, the gate-to-grave GWP is calculated and added to the 
cradle-to-gate GWP (Fig. 10 and Table 6) to obtain the cradle-to-grave 
GWP. The calculation of the gate-to-grave GWP is as follows. Fig. 8
shows 60 kg and 180 kg of carbon present in the paper and steel in-
dustries’ flue gases, respectively. Their total carbon utilization is 0.97 
and 0.75 (Fig. 8), thus, leading to (60 times 0.97 or) 58.2 kg and (180 
times 0.75 or) 135 kg carbon in the useful products (surfactant and fuel), 
respectively. These amounts correspond to 213.4 and 495 kg CO2e per 
tonne flue gas GWP, from their gate-to-grave systems, respectively. The 
former system’s embedded carbon (paper industries’ flue gas) is 
biogenic, while the latter system (steel industries’ flue gas) is fossil- 
based. The biogenic carbon cycle is faster than the fossil-based carbon 
cycle, as carbon dioxide released into the atmosphere is sequestered 
during biomass growth closing the biogenic carbon dioxide cycle. The 
cradle-to-grave GWP of the flue gas system is thus (0.4 (from Fig. 10 and 
Table 6) subtracted by 0.2134 or) 0.18 and (1.32 (from Fig. 10 and 
Table 6) added to 0.495 or) 1.82 kg CO2e GWP per kg flue gas, respec-
tively. Fig. 12 illustrates the negative biogenic carbon dioxide impact 
resulting in an overall reduced GWP for the cradle-to-grave paper 
industry’s flue gas utilization system (0.18 kg CO2e GWP per kg flue gas) 
and the fossil-based carbon dioxide impact resulting in an overall 
increased GWP for the cradle-to-grave steel industry’s flue gas utiliza-
tion system (1.82 kg CO2e GWP per kg flue gas). Fig. 12 additionally lays 
the gate-to-grave GWP on the top of cradle-to-gate GWP in Fig. 10.

Allocating the GWP to the marketable products (surfactant + fuel) 
makes the paper industries’ flue gas utilization via this route still viable, 
with 2.56 kg CO2e GWP per kg product because of the biogenic carbon 
in the product. The steel industries’ flue gas utilization via this route 
becomes infeasible, with 10.33 kg CO2e GWP per kg product. Table 8
highlights the feasible GWP of the steel and paper industries’ flue gas 
utilization systems.

Thus, both paper and steel CCU/CDU systems are environmentally 
viable from a flue gas utilisation perspective. From the products’ 
perspective, the paper industry’s utilization system is environmentally 
feasible compared to the baseline systems due to the presence of 
biogenic carbon dioxide in the feedstock. The comprehensive LCA shows 
the criticality of biogenic carbon in the product (Table 8) and carbon 
utilization in the products (Table 6). Biogenic carbon and greater carbon 
utilization make the paper industries’ flue gas system feasible and 
competitive against baseline existing surfactant production systems.

4. Conclusions

This study presents a novel LCA of alcohol ethoxylate (AE7) pro-
duction from industrial flue gas. The sustainable process consists of 
Fischer-Tropsch (FT) technology from our previous work exploiting the 
Anderson-Schulz-Flory (ASF) distribution model. Flue gas containing 
carbon dioxide (and carbon monoxide) is converted into produce syn-
gas, which is fed to FT synthesis and hydroprocessing primarily pro-
ducing C11-C13 alkanes. Alkanes are converted into C12-C14 fatty 
alcohols via dehydrogenation into olefins, hydroformylation into alde-
hydes and hydrogenation. A part of the syngas is also converted into 
ethylene oxide by thermocatalytic conversion via ethanol. Ethylene 
oxide and C12-C14 fatty alcohols react to make AE7. A middle distillate 

range gasoline-to-diesel fraction is also extracted from FT. Detailed and 
comprehensive LCA analyses of baseline cases are shown to note their 
cradle-to-gate GWP range, 2.19–3.6 kg CO2e/kg surfactant. They cap-
ture all plausible baseline systems creating a range of impacts to 
benchmark against. For the new AE7 production system, the LCIA has 
been reported from CO2 reuse and AE7 and AE7 plus fuel production 
perspectives, using mass and economic allocations. Mass-allocated LCIA 
justifies CO2 reuse for AE7 synthesis, i.e., the cradle-to-gate for the paper 
and steel industries’ utilization systems (0.4 and 1.32 kg CO2e/kg flue 
gas). They are also viable based on plausible mass allocation, i.e., per kg 
CO2 and CO in flue gas or utilization. Economically, LCIA allocated to 
the product (AE7 plus fuel) shows feasibility for paper industry CO2 
utilization within baseline scenarios. Given the added-value AE7 sur-
factant product’s yield is very low, co-product recovery is key for the 
system’s environmental feasibility. The hotspots in the new AE7 pro-
duction system are electricity use for heat and reactant hydrogen sup-
plies required to produce the C12-C14 fatty alcohol and ethylene oxide 
for AE7 synthesis. Biogenic CO2 present in the industrial flue gas makes 
AE7 production more environmentally benign. The paper industry’s flue 
gas system is biogenic, while the steel industry’s is fossil-based, resulting 
in 2.56 kg CO2e and 10.33 kg CO2e GWP per kg product (AE7 +Fuel), 
respectively, for the cradle-to-grave systems. Thus, biogenic CDU/CCU 
is a climate-efficient way to displace fossil-based commodities.
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[31] J. Palomo, M.Á. Rodríguez-Cano, J. Rodríguez-Mirasol, T. Cordero, Biomass- 
derived activated carbon catalysts for the direct dimethyl ether synthesis from 
syngas, Fuel 365 (2024) 131264.

[32] L. Vaquerizo, A.A. Kiss, Thermally self-sufficient process for single-step 
coproduction of methanol and dimethyl ether by CO2 hydrogenation, J. Clean. 
Prod. 441 (2024) 140949.

[33] O.J. Fisher, J. Sadhukhan, T. Daniel, J. Xuan, Techno-economic analysis and 
process simulation of alkoxylated surfactant production in a circular carbon 
economy framework, Digit. Chem. Eng. (2024) 100199, https://doi.org/10.1016/j. 
dche.2024.100199.

[34] K. Onarheim, S. Santos, P. Kangas, V. Hankalin, Int. J. Greenh. Gas. Control 59 
(2017) 58–73.

[35] J. Collis, T. Strunge, B. Steubing, A. Zimmermann, R. Schomäcker, Front Energy 
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