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Abstract

Anthropogenic carbon dioxide (CO,) emissions are largely emitted from fossil fuel
combustion. In order to avoid global warming, one potential approach to reduce
the carbon footprint of industries could be the capture of CO, via membrane
technologies. This master thesis aims to study the potential interest of a novel
process for |carbon capture and utilisation (CCU)| using membrane contactors.
To do so, the environmental impacts will be evaluated in a |life cycle assessment)
. The LCA will focus on the CCU process operating in 3 major steps. Firstly,
membrane gas absorption uses a novel solvent composed of 0.5M sodium carbon-
ates (NayCOj3) and promoted by 0.5M arginine (ARG) or 0.3M sarcosine (SAR).
Chemical absorption fixes CO, in the form of sodium bircarbonates (NaHCOj3) in
an aqueous solution. Secondly, the solution is distilled and NaHCO3 crystallised
via jmembrane distillation-crystallisation (MDC)| 3 different and potential MDC
technologies will be studied: josmotic membrane distillation (OMD)} |direct contact
fmembrane distillation (DCMD)|and [vacuum membrane distillation (VMD)] Finally,
a post-treatment step allows the filtration of NaHCO; crystals and the recovery
of the remaining solution. These crystals could be reused for other commercial
purposes. The work of the thesis is 1) to model this CCU process as a continuous
process and to scale it up such that material and energy inventories can be collected
and 2) to identify key points of the process which are determinant with regards to
environmental impacts. For this purpose, the 4-step LCA methodology is followed.
The results show that the process, when environmentally optimised, is a possible
technology to reduce CO, emissions and achieve significant impact reduction in
other impact categories. Absorption is also proven to be a key step with regard to
emissions, with an emphasis on minimising the use of Na,COs3. Indeed, the use of
Na,COj5 in the solvent is a relatively important factor for environmental concerns.
To reduce its use, absorption must be carried out until the solvent is saturated.
This minimises the solvent flowrate and thus reduces emissions in the subsequent
MDC step. With regard to the preferred MDC, there is no consensus on all impact
categories. OMD and VMD have the highest emissions in several categories, whilst
DCMD depicts quantitatively intermediate emissions.
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Figure 1 The studied carbon capture and utilisation (CCU) process in 3 steps.
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Introduction

Mainly responsible for current environmental crises, our society is facing an emer-
gency regarding climate change. We are already aware of the great problem
surrounding it, and 195 countries signed the Paris agreement in 2015 to continue
their efforts to limit the temperature increase to 1.5°C by 2100.

To keep the temperature below this target, one of the key points is to significantly
reduce [greenhouse gas (GHG)| emissions. Carbon dioxide (CO,) is one of the most
present GHGs in the atmosphere (81% of GHGs) [I]. The presence of CO, in the
atmosphere is a natural phenomenon partially due to photosynthesis but today, we
have reached an extreme level, partially caused by the coal power sector, which, in
2021, accounts for 29% of global CO, emissions, while the industry and transport
sector each accounts for 23% [2]. In addition, in 2019, fossil fuels were used to
produce about 84% of the world’s electricity which illustrates their significant
contribution to CO, emissions into the atmosphere[3]. Global demand for energy
services and economic growth suggests that fossil fuels will continue to be widely
used in the future. Therefore, in order to reduce emissions whilst meeting the
growing demand for energy, technologies must be developed to capture CO, released
from fuel combustion and industrial activities. [4]

In this thesis, a |carbon capture and utilisation (CCU)| process is investigated
as a potential technology to reduce CO, emissions. The specific [CCU] process
analysed in this work is still under research in the laboratories of UCLouvain and
is based on membrane technologies. The process flowsheet studied in the present
document is outlined in Figure 2l The first step consists of carbon absorption
by a membrane contactor, promoted by amino acids and sodium carbonates
(NayCOg). In the second step, the captured carbon dioxide is revalorised into
sodium bicarbonates (NaHCO3) by membrane distillation-crystallisation (MDC).
Different MDC configurations (osmotic membrane distillation (OMD)| [direct contact|
fmembrane distillation (DCMD)| and [vacuum membrane distillation (VMD))) will
be developed and considered in this thesis. Finally, once the NaHCO; crystals are
concentrated and crystallised, a last post-treatment step allows them to grow and
to be filtered so that the dried crystals can be revalued for commercial uses.

In order to assess whether the [CCU| under development could indeed be a potential
and interesting technology to reduce CO, emissions, the environmental impacts
of the whole process are evaluated using the standardised method of
lassessment (LCA)|in 4 steps. The is carried out taking into account the
defined system boundaries of the process and are outlined in Figure [3




Consequently, the objective of this thesis is to evaluate and highlight potential
high environmental impact stages of the process. Several scenarii are studied by
varying the operating parameters and changing different baseline assumptions. By
doing so, different LCAs can be compared in order to present the best operating
conditions and recommendations for the [CCU| process with regard to environmental
concerns.

These recommendations are the result of the following research approach. First, a
literature review is carried out with respect to the process studied and the [LCA]
methodology, more specifically on CCU. In order to provide a theoretical background
to the process, Chapter I reviews conventional CO, absorption by columns and
NaHCOj; crystallisation. Additionally, it presents the operating principles of the
studied membrane technologies. The choice of solvent in absorption is detailed and
the different MDC configurations explained. After the process review, a description
of the [LCA] methodology and the [CCU]Jis presented in Chapter II, followed by a
state of the art on LCAs of [CCUL

Afterwards, the [LCA] methodology is applied to the current [CCU] process. The goal
and scope (Chapter are defined and life cycle inventories required for the process
and surrounding aspects are collected (Chapter . By this way, experimental data
from UCLouvain laboratories is taken into account as well as quantitative data
found in the scientific literature. The environmental impacts are then analysed and
interpreted in Chapter [V] This highlights the system boundaries’ stages and the
process’s operating conditions that have the most damaging environmental effects.
Finally, the limitations of the study as well as recommendations for future research
are presented and conclusions are drawn (Chapter [VI)).
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Chapter 1

Literature review of the process

The studied process is on one hand based on the absorption of CO, by a chemical
solvent, and on the other hand, it lays ground on the crystallisation of the NaHCO;4
crystals. Both technologies operate thanks to membrane contactors. A last process’s
step includes the recovery of NaHCOj crystals. A simplified flowsheet of the process
is shown on Figure [2] and a more detailed one is given at the end of this chapter
on Figure [11] and [12] where the composition of the flows and each devices are
indicated.

As a matter of fact, the interest of the studied process lies in the use of post-
combustion flue gases which are captured directly after the combustion stage and
produce a flow composed of 10 to 15% CO, at atmospheric pressure [5]. This gas
mixture is then sent as a gaseous feed to membrane gas absorption in order
to absorb CO, into a liquid mixture. To achieve this, a novel solvent mixture is
prepared with sodium carbonates (NayCO3) and famino acids (AAs)l Once the
solvent has chemically absorbed CO,, dissolved odium bicarbonates (NaHCO3) are
present in the solvent leaving the absorption membrane. However, membrane as an
absorption equipment is a novel technology compared to conventional absorption
columns. Moreover, the choice of the chemical solvent is crucial. Although a
imonoethanolamine (MEA)|solution is the most widely used solvent, carbonates
mixed with appear to be interesting alternatives. Therefore, research in
UCLouvain laboratories is performed to characterise absorption performances of
CO, absorption by membrane and using solvent of Na,COj3 promoted by
(arginine and sarcosine in the studied case).

After absorption, the aqueous solution is sent as feed to the membrane distillation-
crystallisation (MDC) to saturate the solution in NaHCOj. Distillation in the
membrane evaporates water of the feed to the permeate side, followed by crys-
tallisation of NaHCO3 until saturation is reached. Here again, the studied crys-
tallisation technology is still under development and could be a great alternative
to conventional crystalliser and conventional NaHCO; production by the Solvay
process.

This chapter presents a literature review in 2 sections of both the CO, absorption
step and the crystallisation of NaHCOj3. Firstly, the equipment and solvent for CO4



absorption are studied. Regarding the equipment, the conventional packed column
and the main concerns about it are described, whilst the membrane contactor studied
for the absorption and its operating principle are explained. Then, conventional
MEA as solvent is presented. In addition, advantages of the solvent mixture of
carbonates and AAs are listed, and the mass transfer coefficient of the studied
absorption process explained. Finally, [membrane distillation-crystallisation (MDC)|
is discussed at length. The conventional crystalliser and the Solvay process are
described, while the studied set-up is presented with its advantages, the operating
principles and the different membrane configurations studied in more detail in this
paper. For both absorption and [MDC| mass transfer coefficients and transmembrane
fluxes are described.

I.1 CO, absorption

CO, absorption by a chemical solvent is becoming one of the best available tech-
nologies [6]. However, two major bottlenecks must be solved to achieve technico-
economical targets: the reduction of the size of the installations and the energy
requirements. For this purpose, the choice of the equipment and the solvent are of
key importance and are discussed in the following sections. [6]

I.1.1 Equipment

Nowadays, the conventional industrial equipment is a packed column and is con-
sidered as the best available technology. However, given the important size of
these conventional columns, membrane contactors are seen as a solution to this
problem. [6]

This section presents the conventional and the studied membrane equipment,
defining their working principles, advantages and application’s limitations.

I.1.1.1 Conventional columns

The conventional packed column scheme of a post-combustion process is shown in
Figure[dl The data is taken for a coal-fired power plant with a flue gas composition
of 15% CO, by volume. The absorption unit (A) represents the packed column. On
the one hand, the solvent is pumped to the top of the column and sprayed through
it so that it also falls by gravity. On the other hand, the gas stream is introduced
at the bottom of the column. The gas-liquid contact between the CO, and the
solvent allows the CO, to be chemically absorbed by the solvent. [7} 6]

However, the conventional packed column has various disadvantages such as the
size of its installation. It follows from this that membrane contactors can replace
the absorption column, which has many advantages.
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Figure 4 Simple flowsheet with gas absorption in a chemical solvent. The ary/ouT gives
the solvent loading for the inlets and outlets respectively. [6]

1.1.1.2 Studied membrane contactors

The reduction in the size of the conventional installations can be achieved by
intensifying the process. To this end, membrane contactor’s technology is considered
as one of the most promising strategies for intensifying CO, capture in gas-liquid
absorption. [0]

Regarding the working principle, membrane contractor uses a porous membrane that
separates gas from liquid streams and induces gas absorption. The membrane acts
as an additional mass transfer resistance that must be taken into account, compared
to a conventional gas-liquid absorption column where the contact between the
two phases is direct. However, thanks to the membrane, the interfacial surface
area between the two phases is extremely increased and therefore counteracts the
decrease in mass transfer. The total and effective performance of the mass transfer
can lead to an interesting intensification of the post-combustion process.|[6]; 8] A
detailed description of the gas-liquid absorption process by membrane is shown in
Figure [5 whilst Figure shows the 3 mass transfer resistances due to the gas,
the membrane and liquid solvent [6]. The resistance of the gas phase in Figure
can be neglected in comparison to the liquid phase boundary. When the membrane
is porous, the resistance of the membrane is also relatively very low, as long as
the porous membrane is not wetted by the solvent. Nevertheless, the membrane
resistance becomes very visible when the pores are wetted, as shown in Figure

EB.

Two types of membranes are available: hydrophobic and hydrophilic. In order
to avoid the problem of wet pores, the hydrophobic membrane (allowing only the
vapour phase to pass through the membrane’s pores) must be used with a solvent
in aqueous solution. However, the problem of pore’s wetting always arises in case



of prolonged use.[8] In the present case of hydrophobic membrane, a "liquid in"
configuration is considered, i.e. the solvent flows inside the fibers and the gas
stream flows in the membrane shelter. [9].

In addition, the membrane contractor has several other advantages over conven-
tional gas absorption in a packed column [10; [6]:

(i) There is no fear of weeping and flooding, as there is no direct contact between
the liquid and gaseous phases. Operating conditions also have a larger range,
as the choice of gas and liquid flowrates is independent.

(ii) Solvent losses are usually due to aerosol formation and physical training is
considerably reduced.

(iii) The use of polymeric membranes can reduce the weight of the installation.
This argument could be very decisive for offshore applications.

(iv) The usual corrosion problems of packed columns can be avoided to a large
extent through the use of membranes.

For these different reasons, the membrane contactor was chosen as the absorption
equipment of the process studied.
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Figure 5 Principle gas—liquid absorption processes for membrane contactor. Array with
hollow fibers and made of microporous hydrophobic material. Liquid phase boundary layer
resistance with (A) nonwetted mode and (B) wetted mode. Inspired from [6] and [8]
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1.1.2 Solvent

CO, capture by gas-liquid contact widely uses amines as chemical solvent. As
a matter of fact, is the actual benchmark absorbent to absorb CO, [11].
However, there are still some gaps in this technology such as the high energy
required to regenerate MEA| [T; [6]. To address this, a solvent mixture of carbonates

promoted by is considered.

This section presents the conventional solvent by [MEA] and an alternative mixture
composed of carbonates and [AAk.

1.1.2.1 Conventional MEA

The chemical solvent is the actual benchmark absorbent (see structure on
Figure @ and has been widely synthesised in order to absorb CO,. The cost of
production is clearly an advantage for the commercial use of MEA, as it can be
synthesised from [ammonia (NHj3)| and |ethylene oxide (EO)| both chemicals are
ranked in the Top 50 of production by mass [12]. MEA has several advantages
for CO4 capture: high reactivity and absorption rates, high resistance to thermal
degradation, low solubility for hydrocarbons, low cost [8].

Ho/\
NH,

Figure 6 Structure of ethanolamine.[13]

Nevertheless, even if the most extensive capture method is absorption with MEA
solvent, this technology still presents some drawbacks. The process has a high
solvent loss during the process, a high heat demand for regeneration, a low CO,
loading, a high vapour pressure which leads to vaporisation losses and a high
viscosity. For instance, CO, packed columns currently requires 3.5 GJ/tonne of
CO,, whereas the EU target is 2 GJ/tonne of CO, [5]. MEA also exhibits equipment
corrosion, and with regard to the overall process, the production of MEA from [NHj
by the Haber-Bosch process emits a significant amount of CO,. From a safety point
of view, amines are highly toxic compounds. Moreover, the use of the solvent MEA
is intended for the sequestration and storage of the captured CO,, and does not
allow for any additional recovery. The presence of impurities in the flue gas, such
as SO, NO,, H,S, fly ash and heavy metals, could also cause the loss of amines
and thus reduce the efficiency of CO4 capture.[8} 12 [7; [14]

[.1.2.2 Studied carbonates promoted by amino acids

To address the drawbacks associated with the use of MEA, alternative technologies
using a new solvent must be considered as a key element in the development of a
process that allows the capture and reuse of residual CO, [7]. A potential alternative
solvent is studied in this document, being a mixture of sodium carbonate (Nay,CO3)
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promoted by [AAs| Indeed, "the combination of amine and carbonate solution offers
advantages for gas treating in terms of both efficiency (via the amines) and capacity
(via the carbonates) ".[15]

More specifically, the new solvent in question must have characteristics that will
allow it to replace the current MEA, such characteristics are [11]:

» Reactivity: high reactivity with CO, such that the absorption rate and
mass flows increase. But a balance must be found between high reactivity
and regeneration energy, because high solvent kinetics induce high energy
consumption for regeneration as well.

» Volatility: not too high, otherwise a high physical loss of the solvent will
result in the need for a high compensation.

o Impurity tolerance: the post-combustion gas to be treated contains impu-
rities (NO,, O, SO, and ashes). These can lead to the reaction of impurities
such as SO, with MEA and the formation of corrosive salts. In such a
situation of chemical degradation, the active solvent decreases and scrubbers
must be placed before the CO, is absorbed.

o Environment friendly: quality of rejected flows and waste treatment.
e Production cost: the solvent must be commercially affordable.

e Global carbon balance: the global production of the solvent and more
widely the whole capture system should have a positive final carbon balance.
These characteristics play key role in the LCA study of this thesis.

Regarding the carbonate’s choice, [potassium carbonate (K,COj3)|as a carbonate
agent is widespread, but the recycling level of this component is low. However, it
is widely accepted that K,CO3 has a higher absorption capacity and kinetics than
isodium carbonate (Na,CO3)l Despite these arguments, is more suitable
for large-scale industrial applications due to its lower cost. For this reason, this
document takes into account the use of Na,COj3 as a carbonate agent.[16]

Next, concerning the [AA] as the high selectivity with respect to CO, is the amine
group (primary-NHj, secondary -NH, see structure on Figure , the researchers are
studying an alternative solvent to with an amine group, non-volatile [§], and
which would best meet the above list of required characteristics. It appears that
in aqueous solution seem to present advantages such as good properties for CO4
absorption with a high CO, solubility [17]. such as glycine, alanine, proline
and taurine have a much lower vapour pressure than MEA, which reduces the loss
of solvent to the atmosphere. The lower toxicity, greater stability to oxidation
and better resistance to degradation make [AAf very interesting as alternatives to
MEA [18]. However, the use of an has the potential disadvantage of possible
precipitation when absorbing CO,. For this reason, working conditions play an
important role. [19]

In the case studied here, the absorption solvent is composed of Na,CO5 mixed
separately with 2 types of [AAs; [arginine (ARG)|and fsarcosine (SAR)l Both cases
have been developed and experimented within the laboratories of UCLouvain.
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The reaction mechanism of the chemical absorption is also described in Appendix

ATl

[ARG]is composed of an primary amino group as well as a guanidinium group. As
with previous MEA, the primary amino group reacts with CO,. The strong basic
chain is always positively charged. The nitrogen double bonds and single nitrogen
pairs in the guanidinium group allow the positive charge to be delocalised and
participate in many hydrogen bonds. This allows the association with water and
promotes the formation of carbamates and the absorption of CO,. Thanks to these
characteristics, arginine should work as well as MEA with comparable reactivity
and capacity, but with the advantage of easy regeneration.[20]

[SAR]is composed of a secondary amino group. In addition, sarcosine is cheaper than
arginine. [2I] Despite the economical advantage of SAR, it has been experimented
in UCLouvain laboratories that SAR shows lower absorption performances as
promoter than ARG. First, because a high concentration of SAR in the solution
can lead to a reduction of solubility and mass transfer. Secondly, ARG reacts
better than SAR thanks to its structure. As a matter of fact, primary amino acid
shows better absorption capacity than secondary amines [17]. [21]

To summarise, the studied absorption step is performed using a membrane contactor,
where the CO, gas is absorbed into a chemical solvent composed of Na,CO3 and

promoted by (ARG or SAR).

9
—_N—_— C —( — NH (0]
ljlminoN (|: C(:arbg))cyll_l )J\ O
Group R Group H2N N OH H \)J\
Side Chain H NH, - OH

(a) Structure amino acids.[22] (b) Structure arginine.[23]  (c) Structure sarcosine.[24].

Figure 7 Molecular structures

1.1.3 Mass transfer

Mass transfer in membrane-assisted absorption can be expressed in terms of
the overall mass transfer coefficient (K,, [m?/m?s]). The latter is theoretically
calculated and allows comparison with other absorption membrane’s systems and
operating conditions, whereas the transmembrane flux does not. The units of
K,, represent the volume of gas stream in m? per membrane are in m? and per
second.

The transmembrane flux Jus, [molco,/m?*s] represents the amount of CO, moles
passing through the membrane per active membrane area per second. The flux
Japso 18 related to the overall mass transfer coefficient and the driving force AC' (in
[mol/m?]) based on the CO, concentration gradient:

Jabso = Kov AC (1)
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Two extreme cases can be distinguished regarding calculations of AC" i) when the
solvent is fresh and far from saturation and on the other hand, ii) when the solvent
reaches saturation. In fact, when the solvent is used until saturation, chemical
absorption is almost non-existing and physical absorption takes over.

For a fresh solvent running continuously through the membrane contactor, the
concentration of COj in the solvent (i.e. Cy in [mol/ mQ]) is assumed negligible.
But when the solvent is saturated, physical absorption should be included in
the calculations and C becomes non-negligible. The calculation of Cy requires to
evaluate the solubility of CO, into the liquid solvent. Hence, the Henry constant
of CO, in aqueous solution is considered (neglecting AA, Na,CO3 or NaHCO4
present in the solvent). The latter in found in the literature to be worth H® =
3.4 % 107* [mol/m?Pa] [25]. In addition, the dimensionless Henry solubility H is

defined as [25]:
C
Hcc —_ S
Cy
where C and C, are the concentrations of CO, [mol/m?] in the liquid and gaseous
phase respectively. Considering ideal gases [25]:

H* =RT x H?

where R is the gas constant and 7' = 298 K. Thus, H* = 0.82 [-].

Subsequently, the driving force varies along the membrane since the concentrations
of CO4 are not the same between the inlet and outlet of the membrane contactor.
Therefore an average value of AC is calculated (via arithmetic or logarithmic

means). Such that:
Jabso = Kov AC (2)

In addition, on a physical point a view, it is known that a higher AC should be
observed for a fresh solvent than for a saturated solvent [26; 27]. In order to meet
these physical considerations with the mathematical model, arithmetic mean is
used for a continuous fresh solvent and logarithmic mean in the saturation case
(see Figure in Appendix) [20} 28; 29; [30]:

Aéfresh = W (3)

B Cyi = (Cyo = Cso)
A on = I\ H90 T o !
C'saturation In(Cgi/(Cyo — Cio)) "

Oy Cyl1 - H)
" 10 (Cli/ (Coo(1 — He)))

I.2 Crystallisation

The interest of crystallisation for the studied process is the recovery of sodium
bicarbonate (NaHCOj) solid crystals. This component is the product of the
chemical absorption of CO, by the chemical solvent composed of Na,CO5 and AAs

(see reaction mechanism of absorption in Appendix [A.1.1)). A detailed scheme of
the process’ flows and their composition is shown on Figure [11| at the end of the
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chapter. As a matter of fact, crystallisation is a solid-liquid separation technique
allowing the purification of a chemical species.[31]

In this section, conventional crystallisation is presented with respect to both the
conventional columns as equipment and the Solvay process for the production of
NaHCO3. Subsequently, the studied case of crystallisation technology by is
described in detail.

1.2.1 Conventional columns

Crystallisation and precipitation are often mixed and called by a generic term.
Indeed, both refer to a process where a solid is isolated from a supersaturated
liquid solution. Nevertheless, a distinction between the two separation techniques
must be made according to the speed of the process and the size of the particles
formed. Usually, precipitation refers to the rapid formation of small solids, while
crystallisation refers to the slow and strictly controlled growth of solid crystals
with the desired particle size distribution. Both processes take place in 3 steps:
supersaturation, nucleation and solid phase growth.[32]

Crystallisation technology has been widely used since the beginning of the 19th cen-
tury. Many different industrial sectors (the sugar industry, pharmaceuticals and fine
chemicals, microelectronics etc) have started to use this technology. Today, research
is being focused on the recovery and removal of crystals present in wastewater,
such as phenol, phosphorus or alkali phosphate concentrates. [33} [34]

Conventional crystallisation is traditionally carried out using crystallisers or
evaporators where precipitation is then generated by cooling or heating devices
respectively. However, this technology has the disadvantage of high energy
consumption, although advances in recent decades have made crystallisation less
energy-intensive. To be a sustainable technology, research on crystallisation has
increased with the aim of improving design, large-scale operations and increasing
efficiency. However, the lack of knowledge on crystallisation kinetics, modeling and
prediction of polymorphic crystallisation makes it difficult to improve conventional
crystallisation.

Concerning the practical case of NaHCO4 crystallisation, in 1863, Ernerst Solvay
discovered a new process to produce Nay,COj5 from sea salt, ammonia and carbonic
acid. With this new process, the Solvay group produces NaHCO3 of great purity
and is present in more than 55 countries, being the world leader in the production
of sodium carbonate and bicarbonate. Also known as BICAR®, NaHCOj; can be
used in many application sectors. It can neutralise acids in exhaust gases or even in
tomato sauce during cooking, reduce acidity in the stomach by preventing acidosis
or prevent corrosion of pipes. The BICAR® also works as a water softener when it
dissolves in water and makes it impossible to separate the calcium ion into lime,
thus avoiding the lime deposits. But NaHCO; is also used for daily applications as
a cleaning agent, toilet product, odour absorbent, food additive, etc.[35; [36]

Conventional production of refined NaHCQj5 is carried out in a large bubble column
(20 m high and 2.5 m wide), also known as a BIR column (Figure [§), where a
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gas mixture of CO, and air is dispersed in an aqueous solution of Na,CO5; and
NaHCOs3. The BIR column is nearly isothermal and is divided into two parts: at
the top of the column, the cylindrical core is equipped with trays, and at the lower
part; with circulation loops. The column works by counter-current injections: at
the top, the liquid brine enters the column while the gases are injected at the
bottom. [35} [36]

During the reaction, the gaseous CO, is transferred into the liquid phases. A
supersaturation of NaHCO; is created by the reactions and @, leading to the
continuous precipitation (fast crystal formation unlike crystallisation) of NaHCO4
at the bottom of the column.[35} 36]

COsg) = COyy
COQT])OH7 = HCO:; (5)
CO4 + H,0 = HCO; + OH" (6)

However, conventional production of NaHCO;3; by BIR columns has drawbacks
such as environmental concerns regarding the disposal of the main by-product
CaCl,, extraction of raw materials such as purified brines and CaCQO3, ammonia
losses, dust, etc.[37; [38]

In this context and taking into account the disadvantages of conventional crys-
tallisers and the conventional NaHCQO;3 process, a new technology such as mem-
brane crystallisation seems to be an innovative alternative to obtain a better
control of the crystallisation and a more environmentally friendly production of
NaHCOs3.[33} 34]

Gas phase outlet
(Il;iguid'in;gt i | ; (air — residual CO,)
rine rich in
Na,CO,)

Trays

. ) Cylindrical core

\\‘ /./ of the column
L]

Degassing loop

A\

Circulation loop \

Suspension outlet
| (liquid-refined NaHCO, )

Gas phase inlet
(air - CO,)

{_.

Figure 8 Schematic representation of a BIR column.[35]
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1.2.2 Studied membrane distillation-crystallisation

The use of a membrane for crystallisation allows its intrinsic advantages to be
exploited. Indeed, the porous surface of the membrane favours heterogeneous
nucleation mechanisms and the control of the supersaturated solution by regulat-
ing the mass transfer through the membrane. Membrane technology also allows
well-controlled nucleation and growth kinetics. Moreover, membrane-assisted crys-
tallisation allows nucleation and crystal growth to be induced in two separate
compartments, which significantly reduces the risk of membrane clogging. In addi-
tion, solid features such as size, shape and purity are easier to adjust than those of
conventional devices, and scale-up (or scale-down) the membrane crystallisation
process is simpler. Membranes are also very compact (membrane surface area per
unit volume) with a specific surface area > 1000 m?/m? for hollow fibre mem-
brane contactors. Finally, compared to conventional methods such as evaporators,
membrane-assisted crystallisation reduces energy consumption, as it can be used at
room temperature and with the possibility of using waste heat to increase the feed
temperature. These latter features play a key role in favour of membrane-assisted
crystallisation. [33; [39; [14]

In addition, there are two ways of classifying membrane-assisted crystallisation
operations. In the studied case, the focus is on the classification where only vapour
can pass through the pores. Indeed, the recovery of NaHCOj; crystals is made
possible by means of membrane distillation-based processes. In fact, membrane
distillation is first carried out and the water is evaporated until the supersaturation
level is reached. This is the jmembrane distillation (MD)| Once achieved, it
becomes a process.[39)]

In other words, during the first phase of [MD] "the solvent molecules evaporate on
the feed side, diffuse through a porous membrane and recondense at the opposite site,
under the action of a vapour pressure gradient as driving force" [39]. In this case,
is used to concentrate the feed for other applications but not for crystallisation.
As with membrane absorption, the membrane acts as a separation barrier between
two phases, such that 3 resistances appear: one from the liquid feed side, one from
the crystalline phase and the last resistance comes from the membrane itself. In
order to concentrate the feed solution, mass transfer occurs as a result of 3 different
phenomena: i) diffusion of water from the feed mass into the pores of the membrane,
ii) vaporisation and diffusion through the membrane, and iii) condensation and
diffusion into the permeate mass.

The permeate side varies according to the configuration of membrane. Therefore,
it may contain an aqueous solution, air/gas or be connected to a vacuum pump.
The type of permeate defines the sources of driving force, which can be caused by
temperature, osmosis or vacuum (see later in the Section). From an equipment
point of view, a hydrophobic membrane must be used to allow only vapour to
pass through and to keep the pores theoretically dry. Unfortunately, wetting of the
membrane occurs by decreasing the mass transfer and increasing the interfacial
area. [33} B34 [39)

Membrane distillation can continue up to very high concentration, "generating
supersaturation in the crystallisation solution", leading to the second phase of MDC|
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[39]. Heterogeneous nucleation on the feed side is triggered by the supersaturation
state of the solution, while crystal growth is carried out in a separate crystallisation
tank, followed finally by vacuum filtration to recover the solid crystals NaHCO3. In
addition to its role as a membrane barrier, the membrane acts as a "solid support
on which the solute molecules can converge forming clusters (nuclei) or growth
units, leading to a heterogeneous nucleation, which is desired when crystallising a
component since a higher crystal yield can be produced"[39]. The general process of
crystallisation is represented on Figure |§| [33; 345 [39]
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Figure 9 Scheme of membrane distillation and with crystalliser tank (missing here the
filtration unit).[39]

The use of the membrane brings an extra resistance which is highly dependent
on the type of membrane and the kind of configuration.[33] The type membrane,
as far as its morphology is concerned presents different characteristics that affect
crystallisation. For example, it depends on the thickness of the membrane, its
porosity, the inlet pressure of the liquid, the size of the pores and the thermal

conductivity. [33} 40]

In addition to the type of membrane, several configurations have been developed
for membrane-assisted crystallisation. The removal of water from the liquid feed
is highly dependent on this, which determines the sources of the driving force. In
the case studied in this document, the crystallisation of NaHCOj is achieved via 3
different configurations represented on Figure [10}

(i) Direct Contact Membrane Distillation (DCMD - Figure [10a): the
permeate side is composed of a cooler aqueous solution kept in contact with
the hotter feed by a hydrophobic membrane that prevents liquid water from
entering the pores. The temperature difference between the two sides of the
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membrane induces evaporation of the feed. Volatile molecules pass through
the pores of the membrane on the permeate side, where they condense. [41]

The driving force APjuq in [Pal enables the evaporation of water and is due
to a of vapor pressure gradient between the 2 two sides.

APiemd = QufPr — QupPp (7)

Where a,,; represents the water activities. The vapor pressure p depends on
the water temperature which can be calculated via the empirical Antoine’s
equation [42; [41]:

(8)

16,44
p(T) = exp (23, 1964 — 3816, >

46,13+ T

The vapor pressure in Antoine’s equation is given in [Pa] and the temperature
T in [K].

The water activity in the permeate side a,,, is worth 1, since it is pure water.
However, the water activity of the feed a,; which is an aqueous solution
containing 2 solutes is estimated by the following equation [43]:

Ay = G; X a; (9)

where a; and a; are the water activity of each component in the solution
respectively. Therefore, the water activity of the feed (a,f) entering
and being composed of [AAk and NaHCOj can be estimated by substituting
water activity of the pure aqueous solution with |ARG] (or [SAR)) (a;) and
with NaHCOj; (a;). These are found in the literature and are attached in

Appendix

Osmosis Membrane Distillation (OMD - Figure [L0a)): the process works
in a similar way to DCMD, but in this case an osmotic agent is used instead
of a cold permeate solution. In the present study, NaCl (non-volatile) is
used as an osmotic agent. OMD is an athermal process, which has the
advantage of operating under mild conditions. The driving force for the
mass transfer of water is induced by the difference in vapour pressure across
the membrane. The latter is made possible by the concentration gradient
between the feed and permeate sides. The latter enhanced by the lower water
activity in the permeate [44]. The water evaporates from the feed solution
with a higher vapour pressure, diffuses through the pores and condenses in
the demineralised solution at the permeate side.[45] The driving force AP,,q
is expressed:

AP,na =D (Awf — Qup) (10)

where the vapour pressure at the feed and permeate sides are equal since
the temperature is the same in both sides, such that p; = p, = p, and p is
obtained via Antoine’s equation (§). The water activities a,, of the osmotic
permeate is given in Figure and a,y is calculated like in DCMD.
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(iii) Vacuum Membrane Distillation (VMD - Figure [L0b)): The driving force
is induced by a vacuum pump system connected to the permeate side. In
order to create a driving force, the vacuum must be lower than the saturation
pressure of the volatile molecules on the feed side. Once the vapour passed
through the pores, it is sucked out of the permeate side and a condenser must
be added to further condense it.[33] Here again, the driving force AP, is
expressed [41]:

APyma = (awfps — Po) (11)

Do 1s the vacuum pressure [Pal, constant in the permeate side, p; obtained
via Antoine’s equation and a,s like explained in DCMD.

DCMC/OMD

Permeate in VMD

Permeate out
Feed in Feed out

Feed in Feed out

l Vacuum

(a) [direct contact membrane distillation (DCMD),  (b) jvacuum membrane distillation (VMD)|
[osmotic membrane distillation (OMD)|

Figure 10 Membrane distillation configurations.[33]

1.2.3 Mass transfer

Like for absorption, the overall mass transfer coefficient K, is a good indication
of the mass transfer of water between the feed and the permeate. It allows a fair
comparison of the 3 different MDC] configurations operating at different conditions
while excluding the effect of the driving force. K,, in expressed in [m?/m?s]
and represents the amount of water going through the pores per second and per
membrane active area. It can be obtained from the experimentally calculated
transmembrane flux. [2§]

The overall mass transfer coefficient linked with the driving force AP in [Pa]
(see above section for its full mathematical expression) varies for each
configuration and gives the transmembrane flux J,4. in [m?/m?sPa). However,
since the temperature of both sides and the concentrations of the feed change along
the membrane, an arithmetic mean of driving force is introduced, subsequently
noted AP [Pa]. The flux is therefore expressed as follows:

Af)in + AP(mt

dec = Kov AF = Kov 9

(12)

Note that the choice for an arithmetic mean of AP is explained in Appendix|[B.5.1]
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Chapter 11

Literature review of LCA on CCU
processes

In order to quantify the environmental impacts of the process described in the
previous chapter, it is possible to carry out an [life cycle assessment (LCA)| within
a structured methodology. As[LCA]is a standardised method. The ISO standards
provide a guiding framework and divide an method into different well-defined
steps. In addition, several LCAs of |carbon capture and utilisation (CCU)| have
already been carried out and are available in the scientific literature. It is then
interesting to look at LCAs on [CCUJas a basis and potential key references for the
case studied here.

This chapter first presents the general LCA methodology that will be followed to
carry out the LCA on the CCU of interest. Then, the concept is presented
and a state of the art on previous LCAs of [CCU]|is provided.

II.1 LCA methodology

In order to confirm the environmental benefit of recycling captured CO, into solid
sodium bicarbonates (NaHCO3), an environmental impact assessment must be
developed by means of a[LCA] is a structured, comprehensive and standardised
method for quantifying emissions and resource use taking into account the entire
life cycle (cradle-to-gate/cradle) of the studied product and focusing on the relevant
environmental impacts. [40]

As LCA is a standardised method, ISO standards 14040 and 14044 provide a
framework for guidance, but leave some flexibility to respond to the wide variety of
questions addressed in the LCA [46]. To be systematic, the ISO standards divide
LCA into 4 steps which are defined iteratively in time and effort [47; 48] :

(1) Goal and scope definition: the first step aims at describing the purpose
of the study and the conditions, assumptions and limitations of the system.
The |functional unit (FU)[and system boundaries are also defined during this
phase (Chapter [L1I).
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(2) Life Cycle Inventory Analysis (LCI): it quantifies the mass and energy
inputs and outputs of each process’s stage within the system boundaries

(Chapter [[V]).

(3) Life Cycle Impact Assessment (LCIA): the elementary flows of inputs
and outputs collected in the previous inventory stage are translated into
environmental impacts related to human health, the natural environment
and the depletion of resources [46]. Within the framework of this phase,
LCA requires mandatory steps: selection of impact categories, indicators and
methods, classification (into impact categories) and characterisation (use of
characterisation factors to express different pollutants of the same impact
categories as equivalent or the same pollutant) (Chapter .

Additional and optional steps can be allowed (in function of the LCA context):
normalisation (to express the results in relation to a reference), grouping and
weighting of impact categories (weighting factors, based on choices of values,
but involving a certain subjectivity).

(4) Interpretation: in the last phase, significant results are identified. Uncer-
tainties are studied, sensitivity studies can be examined. In addition, the
limits of the LCA are highlighted, and recommendations are drawn (Chapter

V).

II.2 Carbon capture and utilisation

Carbon capture utilisation differs from |carbon capture and storage (CCS)|
in the way that it aims to recycle the captured CO, as a raw material to produce
valuable chemicals or by-products, instead of permanent geothermal sequestration.
In other words, " CCU retains the benefits of CCS but additionally yields value-added
products" [47].

CCS is composed of different processes separated in three main stages: the capture
and compression of CO, through a separation process, followed by the transport
of the captured CO, (most often in a pipe) and geological storage [6]. A very
large number of studies are dedicated to address the unsolved challenges of storage,
such as "COy leaks, destruction of the saline solution, ground disturbance and the
triggering of an earthquake' [49]. In addition to the storage’ risk faced by CCS, this
CCS process presents a high and costly energy expenditure where the capture stage
represents 60 to 80% of the cost of the overall CCS chain [50]. Therefore, it is also
of major importance for engineers to design the most efficient process. For instance,
and in comparison with CCS, it is estimated that CCU reduces CO, emissions by
consuming less energy and being more financially attractive. [49]
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I1.3 State of the art about LCA of CCU
technologies

Several life cycle analyses have already been carried out on different carbon capture
and storage/utilisation techniques (CCS/CCU) by studying and comparing
in the case of different sources of CO4 and different uses of the captured COs.

A report published in 2018 by the enterprise CE Delft [51] has studied 9 different
routes of CCU and compared their environmental impacts based on "1 tonne of CO4
captured in 2030 and subsequent utilisation" (FU). The 9 pathways combine LCA
with three sources of CO, emissions (municipal waste incineration, blast furnaces,
fossil oil refining from a hydrogen plant (including a membrane separation unit in
the process)) with the use of CO, revalorisation in three different application sectors
(horticulture, mineralisation, methanol production). The study showed that the use
of CO, for methanol production avoids net CO, emissions when renewable energies
are used for methanol and hydrogen production. On the contrary, if fossil-based
electricity is used in the process, more CO, is emitted than captured (in total, more
than 1500 [kg COs-eq/tonne captured| emitted ). It should be noted, however, that
the use of CO4 in methanol production is not the only possible chemical industry
(e.g. ethylene, dimethyl carbonate [52], polyols for the production of polyurethanes).
Afterwards, the use of CO, for mineralisation gives the best emission reductions
(about 1000 [kg COs-eq/tonne of CO, captured]), which lead to a balanced CO,
emission-reduction. However, the 9 pathways have been compared to conventional
CCS from the different 3 CO4 sources. Their LCAs showed that CCS avoided more
CO, emissions than CCU for horticulture and methanol production. [51]

Next, other studies have compared several LCAs. This is the case of an article
by Cuéllar-France & Azapagic [53], published in 2015, that compares 11 studies
on CCSs and 16 on CCUs. On one hand, CCS studies suggest that the
warming potential (GWP)|of power plants could be reduced by 63-82%. Among the
others, the lowest reductions are achieved by post-combustion capture in combined
cycle gas turbine power plants, whilst the highest reductions are achieved by oxy-
fuel combustion in pulverised coal and integrated gasification combined cycle. In
the other hand, for CCU, CO, savings largely depends on utilisation option and
emission reductions on the impact category studied. For CCU in the production of
chemicals, in particular dimethylcarbonate, the use of CO, reduces [GWP] by 4.3
times and ozone depletion by 13 times compared to conventional dimethylcarbonate
production.[53] Finally, comparing CCS and CCU, the study pointed out that, on
average, the GWP of CCS is significantly lower than for CCU applications. But
other environmental impacts of CCS are higher than those of the CCU. Exception
should be noted for the production of dimethylcarbonate, with acidification being
320 times higher, ozone layer depletion and photochemical oxidants around 2.8
times higher and eutrophication 20% higher than average emissions of all CCS
options.[53]

For the 6th European Conference on Renewable Energy Systems (2018), results of
a LCA on CO, capture and revalorisation into sodium carbonates (Na,CO3) was
presented. The LCA compares 2 absorption technologies using the same solvent
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(NaOH): 1) packed columns and 2) membrane contactor. For both technologies, the
environmental impacts increase with increasing solvent concentration. In addition,
the study shows that the membrane contactor has higher environmental impacts
due to its lower CO, absorption efficiency compared to conventional packed columns.
Finally, the climate change gives the highest impact due to the need to produce
NaOH. [54]

Least recently, in 2006, Khoo & Tan compared membrane separations with cyrogenic
absorption, pressure swing absorption and monoethanolamine (MEA)| for CCS.
Two impacts were taken into account: GWP and fair pollution (AP)} The study
suggested that absorption with MEA has the lowest GWP but the second highest
AP (after cryogenic separation).[55]

A recent article of this year 2021 [56] showed through an in-depth review of
the literature on CCU a growing in publications since 2012 on the subject. It
demonstrated the increase in research and interest in this sector. Nonetheless, it
identified different methodological choices in LCA on CCU, making the results non-
comparable. The study highlighted the need to harmonise the LCA methodology on
CCU studies since different LCAs on the same CCU technology often give divergent
results. [56] Finally, even if researches on CCU increased the last decade, it should
be noticed that it is difficult to compare LCAs because of different assumptions,
system boundaries and life cycle stages (see Chapter [[II)).[47]
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Chapter 111

Goal and scope

As the LCA process and methodology have been described in the previous chapters,
the LCA can now be carried out on the process of interest.

In this chapter, following the first step of the LCA methodology, the goal and
scope of the process are defined. Indeed, the first phase of a [life cycle assessment]
aims to describe the purpose for the study and the conditions, assumptions
and limitations of the system. Therefore, the [functional unit (FU)[and the impact
categories must be defined in accordance with the goal of the study, while the system
boundaries are closely related to the definition of the scope. [47; 48; [57]

II1.1 Functional unit and reference flow

The [FU] is essential because it serves as a basis for the uniform comparison of the
different [carbon capture and utilisation (CCU)| pathways, for different famino acids
[AAs)| and different configurations of [nembrane distillation-crystallisation (MDC)|
Several can be chosen, but the final choice depends on the objective of the
[LCAL

For example, if the purpose is to produce NaHCO3; by an alternative process, it is
more common to use the mass of NaHCO3; produced in a given time periode as
(e.g. 1 kg of NaHCOj3 produced), since the structure and chemical composition
is identical to that of conventional NaHCO3. However, this FU focusing on the
product does not allow direct comparison of several LCAs on CCUs that would
produce different products. [47]

Moreover, another possible function of the CCU is to capture CO,. It is therefore
logical to consider the absorbed CO, as a FU and hence, makes it possible to
compare the CCS and the CCU. This has the advantage of being independent of
the final product and the source of the CO,. Therefore, the main function of the
LCA turns out to be a technology for capturing CO, and not NaHCOj itself.

The CCU being a multifunctional system, it provides 1) the service of capturing
CO,, and 2) the use by-products. Therefore, the FU will define how to demonstrate
the benefits of the technology [51]. In the present case, one of the objectives of the
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LCA is to allow the future comparison of LCA results with other [CCU]| (or CCS)
technologies, such as the study of LCA on a CCU by mineralisation of CO, [47].
In the latter, 1 tonne of stored CO, was taken for the [FU] For this reason, the
[F'U]in the present study is: 1 kg CO, absorbed per hour. Nevertheless, it should
be reminded that the comparison is a delicate task because the assumptions and
limitations of the system can differ according to the studies. Comparison of the
present CCU with other CCUs could be the focus of further research.

Next, the reference flows quantify needs and key parameters to fulfil the function
of defined FU [48]. They are given in Table [3}

Table 3 Functional unit and reference flows.

Function COg capture
Functional unit 1 kg CO4 absorbed per hour
Absorption by membrane contactor into a solution solvent of
0.5M Na2CO3and 0.5M ARG or 0.3M SAR, further revalorised
into NaHCO3 crystals. The solvent flowrate varies in function
Reference flows of the operating conditions. It ranges from 40 to 82 kg/h with
ARG. And the membrane lifetime is fixed at 5 years. In the
generic scenario, the flowrate are 82 kg/h with arginine
and 689 kg/h with sarcosine.

II1.2 System boundaries

The system boundaries in Figure [I3] define the stages of the [CCUJs life cycle that
are considered in the LCA to fill the previously defined FU. In general, the system
boundaries should cover the entire life cycle (from cradle-to-grave): from raw
material manufacture to the recycling stage. However, a cradle-to-gate approach is
considered sufficient. On the one hand, given the LCA goal defined in the above
section, NaHCOj3 is not the focus of CCU and can therefore be considered as a
by-product or a waste with commercial added value. And on the other hand,
when the use phase, technical performance and end-of-life treatment of the by-
product are similar to the conventional counterparts as well as the associated
environmental impacts, a cradle-to-gate approach is considered sufficient. This is
the case of NaHCO3 produced. This by-product obtained is assumed to be similar
to conventional NaHCOs3, so that the two products cannot be differentiated. [57]
Therefore, the use phase or end of life of NaHCO5 crystals is not relevant for the
defined objectives such that they are not included in the system boundaries.

Several raw materials are used as part of [CCU]| process. Air and CO, represent
together the gaseous mixture to be absorbed wherea the aqueous solution with
Na,CO3 and defines the solvent mixture supply. The latter is prepared in
the right quantities and concentrations. Upstream, the production step of [AAk is
part of the LCA scope.

In addition, the membrane manufacturing is included inside the system bound-
aries. These polymeric hollow fibers constitute the membrane. They are prepared

26



Energy ——— H20,
gy (DCMD + VMD) NaCl (oMD) NaHCO3

H20 (DcwmD)

Brine
treatment

Post-treatment

Na2CO3 Membrane Crystalliser tank
absorption Filtration

System boundaries "= --------*

H20 FoTTTTTTTToTTomTmoes ==
PAA i
| NaHCO3 1
Femmeeenseneee : --------------------------------- Nano filtration
1
1
1

Figure 13 System boundaries of the generic process.

by means of a spinning process [58] and a solvent is also required. Indeed this
stage’s consideration is important since CCU is based on membrane technologies.
This potential crucial differentiation from other CCUs should be environmentally
quantified. In addition, the hollow fibers membrane manufacturing is "far from
sustainable and environmentally friendly" [58]. For this other reason, the membrane
manufacturing is modelled in SimaPro in the foreground database.

It should be noted that other equipment is needed to operate the process (pumps,
stirring tank, heater, cooler, etc.) However, for these devices, only the energy
consumption is taken into account and their manufacture is left out.

In the membrane absorption’s stage, the energy consumption of stirring tank,
pumps, [mass flow controller (MFC)[and a CO, gas analyser is taken into account.
In addition, the capture stage includes materials of the membrane manufacturing
for a specific membrane’s size as well as its own lifetime.

In the next stage, MDC]| depends on membrane configurations types and the use
of an additional solvent at the inlet of the permeate side, the temperature gradient
or vacuum pump. Again, the membrane manufacturing and lifetime is taken into
account. Different types of permeate are also required for each [MDC] configurations
as well as energy inputs. To recall, there are 3 [MDC] processes studied in the
present document: josmotic membrane distillation (OMD)} [direct contact membrane|
[distillation (DCMD)|, [vacuum membrane distillation (VMD)|

As last stage, post-treatment of NaHCO3; summarises the steps required to
prepare the product for market. The crystallisation tank, filtration, and washing
are taken into account and enable NaHCOj3 crystals recovery. [47; [57]
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A brine treatment stage is also included within the system boundaries for saline
water leaving (more information about the type of brine treatment selected

in Section [IV.2.1)).

Note that, as shown in the process flowsheet (Figure and in the above Figure,
the whole process includes a nano-filtration step. But, as defined by the system
boundaries, this step is not considered in the LCA because it is not yet studied
and optimised. However, the recycling of materials has significant environmental
impacts. This is why recycling of AAs, from nano-filtration to absorption, is
included in the scope of the study and reduces the real material need in [AAk. Note
that water and residual NaHCOj5 particles are also recycled within the process in
order to minimise losses.

II1.3 Impact categories selection

The environmental impacts of each LCA step can be quantified and presented
in different forms or may be linked to different areas of emissions. Consequently,
the sorting of environmental impacts into impact categories is necessary and even
mandatory for the 3rd step of a LCA: the [life cycle impact assessment (LCIA)|

The main objective of CCU is to absorb 1 kg CO, while avoiding that the CCU
technology emits more than it absorbs. Therefore, the selection of the climate
change impact category (in kg COq-eq to air) is essential.

However, in order to have the most complete LCA analyse, other impact categories
must be studied. For instance, water consumption (m? water-eq consumed) or
materials or fossil resources (in kg CU-eq and kg-oil eq) are important aspects that
should be mentioned. The full list of impact categories oriented problem is given

in Appendix (Figure [B.2]).

Note that impact categories also depend on the magnitude of the impact. Therefore,
at a worldwide scale, impact categories like climate change, ozone layer depletion or
resources consumption (energy and materials) are considered. At continental scale,
acidification or eutrophication are more relevant. Finally, regarding the regional
scale (<100km), human toxicity, ecotoxicity are taken into account. [4§]
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Chapter 1V

Life cycle inventory

The [life cycle inventory (LCI)| quantifies the mass and energy inputs of each
stage within the system boundaries. Part of the data for is taken from the
Ecoinvent v.3 [59] database available in SimaPro. This database is considered
as background data. In this database, the natural gas consumption, the production
of the plant infrastructures, the consumption of substances for sub-operations are
included. In other words, background data are more generic data for materials,
transport, energy or waste treatment. In addition, different libraries are available in
Ecoinvent. The choice is made to use the APOS library, which is further described
in Appendix

Other required data for the LCA is found in the scientific literature or during
experiments carried out in the laboratories of UCLouvain. This is more specific
data needed to model the system and is called the foreground database. [47; [48}
59]

It is also important to note that the laboratory experiments were carried out at the
laboratory scale and in batch mode. Therefore, in order to use the laboratory data
in the LCA study, a transition to continuous mode and a scaling up to LCA-scale
must be carried out during the LCI.

In order to clearly define the LCIs, this chapter presents each step of effective
process inside the system boundaries (absorption, OMD, DCMD, VMD and post-
treatment). They are analysed in detail to collect all necessary data. Data
are collected with the consideration of a baseline case with specific assumptions.
Each section (absorption, MDC configurations and post-processing) details the
calculation steps, the assumptions made and presents the inventories in tables. In
addition, a final table (Table at the end of the chapter summarises all LCI
inputs entered into SimaPro. Tables outline technical data for calculations
of the LClIs.

IV.1 Absorption

The overall mass transfer coefficient and therefore the corresponding CO, load
in the solvent are 2 parameters fixed and known by experiments performed in
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UCLouvain laboratories. These parameters and the [functional unit (FU)| (i.e. 1
kg of CO, absorbed per hour) lead to the determination of the amount of solvent
mixture and the membrane surface area.

The generic and reference cases take the assumption of the highest K,,, such that
a fresh solvent is continuously running through the membrane. Two absorption
scenarii are derived for the two amino acids (AAs)| (arginine (ARG)|and [sarcosine|
, and are labelled absoA.s0O and absoS.s0 respectively.

Qgo (kg h™ Qgi (kg h™)
Cgo (molm™) Cgo (molm™)

NCOZ (mol h_l)

Qsi (kg h1) Qso (kg h1)

Figure 14 Absorption schema, symbols are summarised in the Glossary list and defined in
the following sections.

IV.1.1 Solvent mixture

In this section, solvent composition is defined as well as the inventories of
production. Moreover the amount of solvent flowrate (), is calculated based on the
CO, load in the solvent.

The solvent supply for absorption is an aqueous mixture of water (H,O) with
anhydrous sodium carbonate (0.5 mol/kguso NayCO3) and [AAd Two cases of ab-
sorption are studied with different AAs: 0.5 mol/kgga0 of and 0.3 mol/kgg20
of SAR] The mass composition of the solvent required by the [F'U]is shown in Table
i

Regarding the [AA] production, since they are not provided by Ecoinvent, their
production as part of the system boundaries was modelled in SimaPro as foreground
database. The choice of the production model is explained in detail in Appendix
Finally, the inputs required to produce 1 kg of ARG and SAR are indicated
in Tables [5] and [6] respectively.

Moreover, the solvent is recycled thanks to a post-treatment followed by a nanofil-
tration step. However, a small fraction of is lost during these steps such that
losses in the generic case is about 1 %/h [60]. Indeed, the recovery x from
post-treatment and nanofiltration is worth 99%.

In addition, note that Nay,COs in the background database of Ecoinvent exists as
NayCO;4 - 7H50, such that it is composed by 46%wt of NayCO5. The amount of
Na,CO3 - 7TH50 entered in SimaPro is therefore higher, but at the same time less
pure water is also needed.

Finally, the solvent flowrate is calculated. During laboratories experiments, the
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solvent was running under batch mode in a loop through the membrane. To transit
to a continuous mode, the CO, load of the solvent (k) is used as well as the natural
logarithmic mean (In) of K,,. Indeed, the absorption performance varies along the
membrane so that overall mass transfer coefficient K,, is not constant. For this
reason, the logarithmic mean of K, is considered. Furthermore, the associated
COg load in the solvent « in [mol/kg] represents the cumulative amount of CO,
that the solvent can absorb. These 2 experimental parameters are presented in
Figure [15]

For the reference case, the maximum K,, and its corresponding x are considered.
The values are presented in Table 20 With this reference scenario, one tries to
operate absorption with the maximum absorption performance. Finally, the total
inlet solvent flowrate Qg (in [kg/h]) required to absorb 1 kg CO, per hour is
obtained by:

_ Ncoa
K

where N¢oq refers to the amount of moles CO, absorbed per hour [mol/h]. It can
be computed by the following equation and by remembering the [FU}
1000

NCOQ = I =22.73 [mOl/h}

As a result, the total composition and amount of the solvent mixture required by
the FU are shown in Table {4] for absoA.s0 and absoS.s0 respectively. It should
be noted that a difference must be made between the actual composition of the
solvent mixture required by the process and the hypothetical inputs into the LCA
model. Indeed, due to the recycling of AAs and different types of carbonates, the
LCI in SimaPro does not represent the actual mass balance that takes place during
gas absorption in the membrane. Therefore, ),; does not represent the sum of all
LCI entries in SimaPro but represents the total flowrate of the real and effective
absorption process.

Table 4 LCl inputs for the production of solvent mixture. The generic scenario considers the
maximum value for K,,. The AA loss is 1 %/h. One column represents the composition
of the solvent in the real effective absorption process. The second column is the case is
dedicated to the LCA case.

Component Amount process Amount LCA Unit
H,O 71.44 66.8 kg/h
Nay,COs5 3.78 - kg/h
Na,CO3 - 7H,0 - 8.3 kg/h
ARG 6.22 0.062 kg/h
Qs absoA.s0 81.5 81.5 kg/h
H,0O 638 596 kg/h
Na,COs4 33.75 - kg/h
Na,CO5 - 7H50 - 73.9 kg/h
SAR 17.22 0.172 kg/h
Qs; absoS.s0 689 689 kg/h
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Figure 15 Experimental data of absorption, K, vs CO, load x, obtained from UCLouvain
experiments. The solid lines stand for the natural logarithmic mean of K,, along the
membrane contactor. The dotted lines are the values of K,, at a given CO, load in the
solvent and along the membrane.

Table 5 LCl inputs for the production of 1kg ARG by lysine.[61]

Component Amount Unit
Sugar 1 kg
Maize starch 0.5 kg
Wheat starch 0.5 kg
Liquid ammonia 0.3 kg
Energy

Electricity mix 18 MJ
Natural gas 18 MJ

Table 6 LCl inputs for the production of 1kg SAR by methionine.[61]

Component Amount Unit
Propylene 0.43 kg
Hydrogene sulfide 0.27 kg
Methanol 0.39 kg
Hydrogen cyanide 0.21 kg
Energy

Electricity mix 3.7 MJ
Natural gas 3.7 MJ

IV.1.2 Gaseous mixture

The objective here is to evaluate the LCI of the gaseous stream. Therefore, the
composition of the gaseous mixture at the inlet in terms of CO4 and air with respect
to K,, and the FU is computed. Furthermore, the concentrations of CO, at the
inlet and outlet of the membrane are respectively noted Cy; and Cy, are computed
for further use (see later in the next Section [[V.1.3).
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For each given logarithmic mean K,,, an overall CO4 absorption efficiency € along
the membrane is given and presented in Figure [16] e represents the percentage
of CO, in the gas stream absorbed by the liquid solution and averaged along the
membrane length. Moreover the molar composition v of CO, in the gaseous inlet
stream is fixed at 15%. With these operating conditions, the gaseous composition
can be determined.

The generic case takes the maximum K,, where the corresponding ¢ is close to
100% for ARG and SAR. Then the amount of moles of CO, and air entering the
membrane is expressed as (in [mol/h]):

_ Nco2
Ngi,co2 =
€
Ngi,CO2
gi,
Ngi,air = T 1 - V)

Ngo,cO2 = Ngi.coz (1 — ¢€)

With this, the LCI of the total gaseous mixture required to absorb 1 kg of CO, per
hour is given in Table [7], using the molar mass of CO, and air.

Then, the total gaseous volume at the inlet and outlet respectively noted Vi; and
Vyo ([m3/h]) is computed :

V;]i - (ngi,air + ngi,COZ) Vm
V;Jo = (ngi,air + Ngi,co2 (1 - 5)) Vm

where taking the V,,, as the molar volume for the temperature 25°C" and the pressure
1 atm:

T
= —— =0.0248 [m?*/mol]

Vin = iz

s|<

CO, concentrations are hence obtained (in [mol/m?]):
Ngi,CO2
C J— gt
gt ‘/gz

C - Ngo,CO2
go \V
go

The calculated data of the volumes and concentrations of the reference case is
resumed in Table R0

Table 7 LCl inputs in production of the gaseous feed for the reference case absoA.s0O (with
ARG) and absoS.s0 (with SAR). The CO, molar composition is v = 15%.

absoA.sO absoS.s0

Component Amount Amount Unit
COq 1000 1010 g
Air 3728 3766 g
Total 4728 4776 g
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Figure 16 Absorption experimental data, K,, vs the overall absorption efficiency €.

IV.1.3 Membrane gas absorption

In this section, the rest of inventories for the absorption step are computed. Indeed,
the membrane area is calculated and the materials and energy inputs required by
the PP membrane manufacturing is derived. In addition, the energy consumption
of secondary devices is considered.

The solvent and gaseous streams enter the membrane contactor in a counter-current
mode (see Figure . But, to absorb the amount of CO, defined by FU, the
membrane area A,,, in [m?] must be adjusted. To do so, the relation between
Ao and the transmembrane flux Jys, is expressed as follows:

Am a — & (14)
’ Jabso * 3600

The flux Jys, is obtained as described in Section by the equation ({2)) via the
driving force Aéf,,esh and K,,. As a reminder, Aéfresh is obtained considering a
fresh solvent. Indeed, the reference scenario of absorption considers the maximum
value of K,,. The latter is ensured at the beginning of the experiments when the
solvent is still fresh. Aéfresh is defined by the equation below. CO, concentrations
C,i and Cy, in [mol/m?| respectively at the inlet and outlet of the membrane, are
considered using the data defined in the above Section Data is summarised
in Table 20

Cyi + Cyo

Aéf'resh - 9

In addition, the membrane lifetime is considered to be worth 5 years [62]. Therefore,
the actual surface area of the membrane as LCI is less than the calculated area
A, . which is divided by the total number of working hours of the membrane over
its lifetime (5 years x 365 days x 24 hours). This final area input in the LCI is
presented in Table [10]

Afterwards, the hollow fibers membrane manufacturing is modelled in SimaPro
in the foreground data base. The production of polymeric membrane involves
energy and solvents with important environmental impacts. In the present case of
Ipolypropylene (PP )| membranes, a possible solvent for the spinning of the fibers is
[dimethylacetamide (DMAC)| [63; [58]. The total inputs required for the production
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of a polymeric membrane with a membrane area of 1000 m? are available in Table .
The mass of polymer is adjusted to the studied case taking the PP density and
with the membrane characteristics given in Table [B.T] of Appendix [B.3

My = pp Ama(ro — i) = 900 % 1000 * (150 — 120) * 107% =27  [kg]

Table 8 LCl inputs of membrane manufacturing. Production of 1000 m? hollow fibers
membrane [58].

Component Amount Unit
Tap water 3000 L
Polymer 27 kg
Solvent 320 kg
Nitrogen 0.561 L
Electricity 2832 kWh

In the absorption step, CaCl, granulars are also used on the equipment as water
trapping. During the running of the process, water evaporates from the solvent and
can affect the performance of the process. To avoid this, the membrane contactor is
connected to a water trap filled with CaCl, granulars to absorb the excess vapour.
After 4 to 5 experiments each of 8 hours and conducted in UCLouvain laboratories,
for a membrane having an active surface area of 0.18 m?, an average mass of
5.5 g CaCl, must be replaced in the water trap. Therefore, it is considered that
0.85 g/m? h of fresh CaCl, are necessary.

Finally, energy is required to move and to control the membrane gas absorption
step. Two [mass flow controllers (MFCs)| are placed to control the gas flows and
a gas analyser measures the CO, concentration. A stirring system also mixes the
solvent solution which is moved with a pump. The total energy inputs are given in
Table O

Note that concerning pumps, moving in and out the the solvent could concerns
bigger amounts closer to industrial pumps. Consequently, pumping power EP can
be estimated based on a heuristic expression as follows [64]:

_PQ
o

Er (W]

where P in [Pa] is the pressure (1 atm), @ is the flowrate in [m?3/s] to be displaced
and 7 is the pump efficiency (about 0.5-0.85) [64]. However, this expression gives a
lower energy consumption for absoA.s0 and absoS.s0 than the pump’s data sheet
(80 W). The latter is considered as the wort case and taken into account for the
following. As a result, it should be noted that this pump can move from 0.3 to
360 L/h, so that the application range is considered suitable for the studied cases
[65].

At the end, material and energy inputs required for the membrane gas absorption
step are summarised in Table [I0] Note that Qs, represents the output solvent of
membrane gas absorption step that absorbed 1 kg of COs,.
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Table 9 Devices and power required for absorption step.

Device Amount Unit
MFC [66] 16 W
Gas analyser [67; [68] 60 W
Pump [65] 80 W
Stirring [69} [70] 370 W

Table 10 LCl inputs and outputs of membrane absorption process for ARG and SAR (absoA.s0
and absoS.s0), during 1 hour and for the generic case with maximum K,,. The membrane
lifetime is 5 years [62].

absoA.sO absoS.s0

Component Amount Amount Unit
Inputs

Solvent mixture Q; 81.5 689 kg
Gas mixture 4728 4776 g
Membrane area A,, , 2.4 8.8 em?
CaCl, 8.86 33 g
Electricity 1896 1896 kJ
Output

Solvent Qs 82.5 690 kg

IV.2 Distillation-crystallisation

In this section, inventories of membrane distillation-crystallisation (MDC)| are
provided for each configuration (OMD, DCMD, VMD). The objective is to determine
solution flowrates at the permeate inlet/outlet, energy inputs and the membrane
area. These are obtained by determining the desired final NaHCOj5 crystals and
using experimental data.

After absorption step, a liquid stream composed of water, [sodium bicarbonate

(NaHCOs3)| and deactivated leaves the membrane and is directly sent to the
[MDC] step as feed. Therefore, the leaving solvent flowrate from absorption is the

entering feed flowrate of MDC. It can be written as:

in = Qso

The objective of is to concentrate the feed solution into NaHCO3; up to the
desired level (CY,). Indeed, during the running of , water evaporated from
feed solution such that the solution becomes more concentrated with NaHCO5. For
this purpose, the initial concentration of NaHCOj in the feed inlet C'y; [mol/kgp20]
needs to be determined. The latter depends on the CO, load x and the solvent
flowrate (), in the absorption stage. To facilitate calculations, the following reaction
is considered as source of NaHCOj3 production in the solvent (see Appendix
for the full reaction mechanism):

COQ + HQO + NaQCO3 Ea 2NaHC03
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Given that Nops = 22.73 mol/h of CO,, the final concentration of solvent leaving
the membrane and entering is then expressed as follows:

2 % NCOQ

LH20 Qso

Cyi (15)
where x 90 is the mass fraction of water in the solvent stream, and is worth 88%
and 93% for the ARG and SAR case respectively. For the reference scenario, only
the MDC with former absoA.sO as feed stream is considered, i.e. with ARG instead
of SAR, since the SAR case follows the same logic. Hence, the concentration is

worth Cp; = 0.64 mol/kgpso. Further, the generic cases are noted as omd.sO0,
dcmd.sO and vimd.s0 for OMD, DCMD and VMD respectively.

Note that in function of the CO, load k in the solvent in the gas absorption, the
solvent mixture may contain residual Na,CO3 components. However, these are not

considered in (e.g for the water activities calculations).

Regarding the final desired concentration of NaHCOj in the feed leaving the
membrane (C},), the latter is determined thanks to the relation between the
outlet temperature of the feed 7%, and NaHCOj saturation concentration on

Figure [17]
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1.00

NaHCO3 saturation conc. [mol/L]

0.50
0 10 20 30 40

Temperature [°C]

Figure 17 Saturation NaHCOj3 concentration as a function of temperature [71].

Then, knowing the feed flowrate Qy; entering [MDC] its initial concentration of
NaHCOj; (Cy;) and the final desired saturation concentration at the outlet feed
(Cy,), the required amount of water to be evaporated to the permeate side can be
calculated. The latter is noted Nyop in [kgpoo/h] :

Cy;
Cr,

) (16)

Nu2o =m0 Qi (1 —

To evaporate Np20, the membrane area A,, ;4. in [m?] must be adjusted. The
relation between Ngoo, Apmde and the transmembrane flux J,,4. is expressed
as:

N0
Jmde pr20 * 3600

The transmembrane flux J,,,4. is described in the Section and depends on the
overall mass transfer coefficient K, and the driving force AP, whose expression

Am,mdc = ( 1 7)
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differs for each configuration. Each AP are given in Section In the
following sections, a LCI is derived for each MDC configuration.

Ty, P,

Qpo (kg h™) po PeoPl (kg h™h)
p P

Qfi (kgh™) Qfo (kgh™)
Cri (molkg™) Trv Pri Tro-Fro Cro (molkg™)

Figure 18 schema, symbols are summarised in the Glossary list and defined in the
following sections.

IV.2.1 Osmotic membrane distillation

Feed side

The feed ); comes directly from the previous step, the membrane gas absorption
absoA.s0 and is at room temperature (25 °C). As mentioned above, the stream is
composed of NaHCO3 and (here ARG). For the generic case, the NaHCOj3
concentration at the feed inlet is C'y; = 0.64 mol/kgm20, whilst the outlet concen-
tration at room temperature (Figure is fixed at 1.23 mol/kgmoo. Given these
concentrations, the amount of water evaporated from the feed side to the permeate
side, Ng90, is computed by the equation and presented in Table .

Permeate side

The osmotic solution entering the permeate side is composed of a 300 g/kgu20
NaCl solution and its material inputs for the LCA are presented in Table [I1]

Table 11 LCl inputs in production of 1.3 kg of osmotic permeate OMD.

Component Amount Unit
NaCl 0.3 kg

The flowrate at the permeate inlet must also be scaled-up. In experiments, inlet
flowrates of the feed and permeate are similar. Therefore:

Qpi = in
which is worth 83 kg/h for omd.s0.

Membrane distillation-crystallisation

To reach the level of saturation, the transmembrane flux J,,,,4 is expressed as given
by the equation , depending on both the overall mass transfer coefficient K,,
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and the driving force AP,,,; and permits calculations of Ao by the equation
).

Concerning the overall mass transfer coefficient K,,, this is obtained through
laboratory experiments. Indeed, the K,, with the presence of AAs and for the
given CY; are not yet experienced. However, it is known that in the case of OMD,
the K,, with 1 mol/kgrao NaHCOj3 and 0.5 mol/kgma0 ARG is 86% about the
one with only 1 mol/kgps0 NaHCOj3. This ratio is used to obtain K, with other
operating conditions. Hence, in the case of Cf; = 0.64 mol/kgH20 and with
0.5 mol/kgus0 ARG, the associated K,, is worth:

K, =086%6.0610"" =5.18107""  [m*®/m?s Pa]

Regarding calculations of AP, as expressed in equation , it is assumed that
the temperature:
T=T,=T,="T=Ti,=25 [°C|

such that from Antoine’s equation ({g]):

P = Ppi = Ppo = Pfi = Pfo = 3155 [P&]

Further, with both feed and permeate concentrations at the inlet and outlet known,
the water activities of each components can be found in Appendix [B.5.2] The
water activities of each mixture is computed and presented in Table 21 Finally,
by equations and , the mean driving force AP,,,q and J,,,q are obtained,
and by equation the total membrane area A,,, is computed. The values are
presented in Table 21} In addition, the membrane lifetime must be taken into
account (5 years [62]).

Subsequently, the manufacturing of the membrane is similar to that of the absorp-
tion, such that inputs for the production of an hollow fibers membrane in Table
are considered valid for membranes used in [MDC|

Lastly, to complete the inputs required in OMD), the energy inputs are collected.
3 pumps are used to move the feed and permeate solution in and out the membrane,
each having a power about 80 W [65].

At the end, total material and energy inputs required for OMD are summarised in
Table 121

Table 12 LCl inputs and outputs of OMD for ARG (omd.s0), during 1 hour. absoA.s0 is
taken as the previous absorption step and C'y; = 0.64 mol/kgu20. The membrane lifetime is
5 years [62].

Component Amount Unit
Inputs

Feed side Q; 83 kg
Permeate side @ 83 kg
Membrane area 79 cm?
Electricity 864 kJ
Output

Feed side Q ¢, 48 kg
Permeate side Qpo 116 kg
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Brine treatment

A post-treatment is considered regarding the permeate leaving the membrane. The
latter forms a diluted brine that should be treated before its discharge since it is
a very saline solution. The amount of osmotic solution leaving OMD is given by
Qpo = (Qpi + Nu2o) in [kg/h] and is entered in SimaPro datasheet as outputs to
technosphere: discharge of water from oil extraction. The choice of this treatment
is extensively explained in Appendix [B.6]

IV.2.2 Direct contact membrane distillation

Feed side

Like for josmotic membrane distillation (OMD)| the feed Q)y; in a |direct contact]
membrane distillation (DCMD)| configuration comes directly from the membrane
gas absorption (83 kg/h with absoA.s0). The feed is heated up to 40°C. How-
ever, the outlet temperature is lower and worth 19°C. The generic case also
takes C'y; = 0.64 mol/kgp20, and the final saturation concentration here is about
Cto=1.12 mol/kgm20 (from Figure , taken for the outlet feed temperature at
19°C). Ngoo is also computed and given in Table .

Permeate side

The solution at the inlet permeate side of [ DCMD]is composed of pure water entering
the membrane in a counter current mode and at 7}, = 5°C. Its leaving temperature
is fixed by experiments in laboratories and is worth 7}, = 27°C.

The required amount of flowrate Q),; in [kg/h] is estimated thanks to an energy
balance : the permeate side is heated up by the energy released by the feed
side. Indeed, the feed has a temperature gradient known from experiments, such
that:

Qri cp (Tri = To) = Qi ¢p (Tpi — Tpo)
with ¢, being the heat specific capacity of water about 4.18 kJ/kg K. The inlet
flowrate at the permeate side is expressed as:

(Tyi — To)

Qpi = in (sz — Tpo)

(18)

Finally, note that the outgoing permeate is pure water, so it can partially be recycled
directly to the inlet of permeate side (see Figure (12| of the process flowsheet).

Membrane distillation-crystallisation

Again, like in[OMD], the objective is to compute the required membrane area A, 4 to
reach the evaporation performance and thus, the desired saturation concentration.
A4 is expressed in function of Npyso and Jgema by the equation ((17). The
transmembrane flux Jy.,q is given by the equation depending on K,, and the
driving force AP jema-

Concerning K,,, this is obtained through laboratories experiments. Indeed, for
DCMD and VMD, the K,, with the presence of AAs are not yet experienced.
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However, it is known that in the case of OMD, the K,, with 1 mol/kgH20
NaHCOj3; and 0.5 mol/kgH20 ARG is 86% about the one with 1 mol/kgH20
NaHCO;. This ratio is used to obtain K, of the other MDC configurations. As a
result and when C/; is about 0.64 mol/kgu20:

K, =086%2310"" =1.97107""  [m*®/m?s Pad]

Regarding calculations of APg.mq by the equation , different temperatures are
summarised in Table [22| as well as their corresponding vapour pressures obtained
via Antoine’s equation . Further, with feed concentrations given in Table ,
water activities of each components are found in Appendix and the water
activities of the mixtures is obtained. Finally, by equations and , the driving
force AP jema and Jyemq are obtained as well as the total membrane area A,, 4 by
the equation . The values are presented in Table . Note that the membrane
lifetime is considered about 5 years.

Lastly, to complete the LCI of DCMD], the energy inputs are collected. 3 pumps
are used to move the feed and permeate in and out the membrane contactor,
as well as heating and cooling systems of the feed and permeate inlet streams.
Regarding the pumps, they have a power of about 80W, which is found in the pump
data sheet [65]. Moreover, the streams must be heated (E};) or cooled (E5").
Concerning the permeate, the outlet permeate can be partially recycled and sent to
the inlet permeate side. Therefore the cooling of solution at the inlet of permeate
side depends on its outlet temperature. The required energies are expressed as
follows:

E;LZ = in Cp (Tf, - 25) [k?(]}
Ep' = Qpicy (Tyo — Tpi)  [kJ]

The total energy inputs for each equipment are available in Table [13]

Table 13 Devices and energy required for DCMD}{

Components Amount Unit
Pump (3x) 864 kJ
El; 4473 kJ
E5ooler 7299 kJ

At the end, the total material and energy inputs required for the DCMD] step are
summarised in Table [14]
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Table 14 LCl inputs and outputs of DCMD for ARG (decmd.s0.1), during 1 hour. absoA.sO
is taken as the previous absorption step and C'y; = 0.64 mol/kgr20. The membrane lifetime
is 5 years [62].

Component Amount Unit
Inputs

Feed side Q¢; 83 kg
Permeate side @ 78 kg
Membrane area 37 cm?
Electricity 12 MJ
Output

Feed side Q ¢, 51 kg
Permeate side @, 109 kg

IV.2.3 Vacuum membrane distillation

Feed side

The feed coming from absorption, as for is heated up to 40°C. Con-
trary to DCMD, the outlet temperature of the feed is worth 37.5°C and the
corresponding saturated concentration is Cy, = 1.47mol/kgpso (see Figure
where C; = 0.64 mol/kgmoo. Hence, Nyso can be calculated and is given in

Table 231

Permeate side

The permeate side of the membrane is connected to a vacuum pump, so that
the vacuum pressure p, on the permeate side is set to 30 mbar as established in
laboratory experiments, and @), = 0. At the outlet of the permeate side, the
flowrate (), in [kg/h] represents the total evaporated water though the pores:

on = NH2O

Membrane distillation-crystallisation

Here again, the approach is to compute A,,, required to evaporate the amount
Npso of water. A,,, is expressed in function of Npyo and the transmembrane
flux Jymq by the equation which itself depends on K,, and the driving force
A?vmd-

On the one hand, the K,, is given by experiments and via the ratio obtained in
OMD:
Ko =086%48107" =4.10107"  [m*®/m? s Pad]

On the other hand, AP, is calculated by the equation and based on the
vapour pressures p and water activities presented in Table Indeed, in the same
way as DCMD, water activities of the feed can be found in Appendix [B.5.2] based
on feed concentrations presented in Table . By equations and the
AP g and J,,,q are obtained as well as the total membrane area by the equation
. These values are shown in Table .
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Then, the energy inventories are evaluated. Two pumps, each having a power
about 80W [65], are used to move the feed inlet stream and evacuate the condensed
permeate stream. Regarding the energy used to operate the vacuum pump, a
heuristic expression could be used to express its energy consumption as a function
of Nyoo. However, this method is more suitable for commercial scales. For this
reason, the data sheet from the scaled up vacuum pump is used which consumes
40W [72]. A heater also raises the temperature of the feed inlet, while a condensing
device condenses the evaporated water into the permeate:

Efi = Qricy(Tpi —25)  [kJ]
Ezgnd = AHyap Qpo [k J] (19)

where AH,q, is the heat of vaporisation about 2257 kJ/kg [73]. The details of each
energy input per device are shown in Table

Table 15 Devices and energy required for |vacuum membrane distillation (VMD)l.

Components Amount Unit
Pump (2x) 576 kJ
EUCLC’LL’U,T)’L 144 kJ
El; 4473 kJ
Egon 92 550 kJ

Finally, the total material and energy inputs required for [VMD] are summarised
below in Table [6l

Table 16 LCI inputs and outputs of VMD (Vmd.s0), during 1 hour. AbsoA.sO is taken
as previous absorption step operating with ARG and at maximum K,,. Initial NaHCO;
concentration is Cy; = 0.64 mol/kgm20. The membrane lifetime is 5 years [62].

Component Amount Unit
Inputs

Feed side Q y; 83 kg
Membrane area 18 cm?
Electricity 98 MJ
Output

Feed side Q, 42 kg
Permeate side @), 41 kg

IV.3 Post-treatment

The post-treatment inventories mainly include energy inputs and the production of
marketable NaHCOj5 crystals. It is assumed that crystals recovery is about 99%.
This generic situation is noted post.s0. However, it should be noted that post-
processing experiences at UCLouvain laboratories have not yet been thoroughly
investigated and optimised to maximise the recovery of crystals of NaHCOj;.

Regarding energy, the post-treatment involves a crystallisation tank, followed by
a scroll decanter [74; [75] for the filtration and washing stages [76] (see Figure
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of the process flowsheet). Pumps, each with a power of about 80 W [65], are also
required to move the streams. The energy of the crystalliser tank is taken into
account by its agitation system [77]. Note that in industrial applications, filtration
and washing are usually carried out in one step by one piece of equipment [76].
The total energy inputs are described in Table [17] and their energy consumption is
found as an indication of the total energy supply.

Afterwards, the washing step includes water as a washing agent which is decided
to be worth 10 kg of HyO.

Finally, the percentage of crystals recovery even if not yet optimised, is assumed
to be x = 99%. Where NaHCO; crystals not yet recovered in the first process
cycle are recycled and returned to the absorption’s or MDC’s stage. This product
is assessed in the inventories (as avoided products). Also, the mass of NaHCOj;
produced (Myq.ncos in [kg/h]) depends on the solvent flowrate in the absorption
step ()5, the initial concentration C; considered in the MDC and the percentage
of recovery x of the post-treatment step:

Mpast,NaHCO?) =X sz TH20 Qso Mm,NaHCOB (20)

where M., yarcos is the molar mass of NaHCO3 and is 0.084 kg/mol. Moreover,
a recycled stream mainly composed of residual H,O, AAs and some NaHCO;
particles is recovered at the end of the post-treatment. This could be reused for the
absorption step. The AAs recycling has already been considered in the membrane
absorption stage, whilst the amount of water recovery My in [kg/h] is taken into
account as an avoided product in the post-treatment stage for more clarity of the
results (i.e. the amount of recycled HyO depends on the MDC configurations).

Mpost,HQO :(IHQO Qso - NHQO,mdc + Qwashing) * X

The total inputs to the post-treatment step are shown in Table [I8]

Table 17 Devices and energy required for post-treatment.

Components Amount Unit
Pump (4 x) [65] 1152 kJ
Crystalliser tank [69; [70] 432 kJ
Scroll decanter [75] 8640 kJ
Washing [76] 8640 kJ

Table 18 LCl inputs and outputs of post-treatment post.sO, during 1 hour. The recovery is
X = 99%, and the amount of water recovered M, 20 is based on DCMD data (demd.s0).

Component Amount Unit
Inputs

Water Qwashing 10 kg
Electricity 18.86 MJ
Output

NaHCO37 Mpost,NaHCO3 3.82 kg
Recycled water, Mpost, 20 50 kg
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Table 19 LCI total inputs of all processes. The membrane lifetime is 5 years, and the recovery

rate x = 99%.

Process stage Name Amount | Unit
s CcO2 1000 3
Gaseous mixture absoA.sO Material inputs Air 3728 §
Outputs Gaseous mixture 4728 g
. CcO2 1010
Gaseous mixture absoS.s0 Material inputs Air 3766 i
Outputs Gaseous mixture 4776 g
Sugar 1 kg
Materials inputs | Maize starch 1 kg
. Liquid ammonia 0.3 kg
ARG production I ) Electricity high voltage, production mix 18 MJ
Energy inputs Electricity high voltage, natural gas 18 MJ
Outputs Arginine 1 kg
Propylene 0.43 kg
Materials inputs Hydrogen sulﬁ(.le 0.27 kg
SAR production Hydrogen cyanide 0.?1 kg
Methanol 0.39 kg
Energy inputs Electricity high voltage, production mix 3.7 MJ
’ Electricity high voltage, natural gas 3.7 MJ
Outputs Sarcosine 1 kg
Deionised water 66.8 kg
L | NayCOs, soda ash light heptahydrate 8.3 ki
Solvent mixture with ARG Materials inputs Arginine ¢ v 0.062 k§
Outputs Solvent mixture 81.5 kg
Deionised water 638 kg
P Na,CO3, soda ash light heptahydrate 73.6 kg
Solvent mixture with SAR Materials inputs Sarcosine 0.172 kg
Outputs Solvent mixture 689 kg
Tap water, conventional 3000 kg
s | Polypropylene, granulate 27 kg
Membrane manufacturing Materials inputs Dimethylacetamide (DMAC) 320 kg
Nitrogen liquid 0.451 kg
Energy inputs Electricity medium voltage 2832 kWh
Outputs Membrane area 1000 m2
Solvent mixture with ARG 82 kg
Gaseous mixture 4728 kg
Materials inputs | Membrane area A, , 2.4 cm?
Membrane absorption CaCl2 8.86 g
(absoA.s0 for 1 hr) Energy inputs Electricity medium voltage, production mix 1896 kJ
Outputs absoA.s0 83 kg
Solvent mixture with SAR 689 kg
Gaseous mixture 4776 kg
Materials inputs | Membrane area A, , 8.8 cm?
Membrane absorption CaCl2 33 g
(absoS.s0 for 1 hr) Energy inputs Electricity medium voltage, production mix 1896 kJ
Outputs absoS.s0 690 kg
Materials inputs Deionised water 1 kg
Osmotic permeate Sodium chloride powder 300 g
Outputs Osmotic permeate 1.3 kg
absoA.s0 83 kg
OMD Materials inputs Qsmotic permeate 83 kg ,
. Membrane area A, , 79 cm
(omd.s0 for 1 hr —— - e s . " : .
from absoA.s0 ) Energy inputs Electricity medium voltage, production mix 864 kJ
Outputs Fee'!d out OMD ' ' 48 kg
Brine waste, Water discharge from petroleum extraction | 116 kg
absoA.s0 83 kg
DCMD Materials inputs | Deionised water, permeate 78 kg ,
Membrane area A, 4 37 cm
(demd.sO for 1 hr - o L . .
from absoA.s0) Energy inputs Electricity medium voltage, production mix 12 MJ
Outputs Feed out DCMD 51 kg
Deionised water, avoided product 109 kg
o absoA.s0 83 k
VMD Materials inputs Membrane area A, , 18 crgn2
(vind.sO for 1 hr Energy inputs Electricity medium voltage, production mix 98 MJ
from absoA.s0) Outputs Feed out VMD 42 L
) Deionised water, avoided product 41 kg
Post-treatment Matcria}s inputs D(\,ioni’s?d W&Lt(‘,lj ' ‘ 10 kg
Energy inputs Electricity medium voltage, production mix 18.86 MJ
post.s0 Outputs NaHCO3 crystals 3.82 kg
Deionised water, avoided product 50 kg
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Table 20 Data for the calculation of the LCl of membrane gas absorption. The reference
and generic case is considered, taking the maximum K, and is noted absoA.s0 (with ARG)
and absoS.s0 (with SAR). The molar CO, composition in the gaseous stream at the inlet is
v = 15%. The solvent is composed with 0.5 mol/kgrao NayCO3 and 0.5 mol/kgra0 ARG
or 0.3 mol/kgr20 SAR.

absoA.s0 absoS.s0
Component Amount Amount | Unit
Overall mass transfer coef. | K, 1.21072 321073 | m3/m?min
Solvent CO, load K 0.280 0.033 mol kg
Solvent flowrate Qs 81 689 kg/h
Overall abso. efficiency € ~ 100 99 %
CO, absorption Ncoo 22.73 22.73 mol/h
Moles gas mixture ngi,co2 | 22.73 22.96 mol/h
Ngo,co2 | ~ 0 0.23 mol/h
Ngi, air 128.79 130.09 mol/h
Volume gas mixture Vi 3.76 3.80 m3/h
Vo 3.19 3.23 m3/h
Conc. CO, gas mixture Cyi 6.05 6.05 mol /m?
Cyi ~0 0.071 mol/m3
Driving force AC fresh | 3.02 3.06 mol /m?
Transmembrane flux Jabso 6.05107%  1.6310~* | mol/m?s
Membrane area Ama 10.44 39 m?

Table 21 Data for the calculation of the LCl of OMD noted omd.s0. The feed comes from
the previous reference absorption case, absoA.s0, taking the maximum K,,. The final feed
concentration C', corresponds to the saturation concentration.

omd.s0
Component Amount Unit
Inlet flowrate feed side Qi 82 kg/h
Inlet flowrate permeate side Qpi 82 kg/h
NaHCO3 feed side concentration Cti 0.64 mol [kgma0
Cto 1.23 mol [kgr20
ARG feed side concentration Carg,i 0.5 mol [kgmra0
Carg,o 0.96 mol [kgr20
NaCl permeate side concentration | C; 5.17 mol [kgma0
Cho 3.45 mol [kgro0
Water activities feed side Ao, fi 0.973 -
Ay, fo 0.953 -
Water activities permeate side Qo pi 0.742 -
Qw po 0.848 -
Temperature T 25 °C
Vapour pressure P 3155 Pa
H50 evaporation Nyao 34 kgmoo/h
Overall mass transfer coef Koy 5.18 1011 m? / m? s Pa
Driving force APyna | 524 Pa
Transmembrane flux Jomd 2.721078 m3/m? s
Membrane area Ao 352 m?




Table 22 Data for the calculation of the LCl of DCMD noted decmd.sO0. The feed comes
from the previous reference absorption case, absoA.sO, taking the maximum K,,. The final
concentration Cf, corresponds to the saturation concentration.

dcmd.s0

Component Amount Unit
Inlet flowrate feed side Qi 83 kg/h
Inlet flowrate permeate side Qpi 71 kg/h
NaHCOj feed side concentration | Cy; 0.64 mol /kgm20

Cfo 1.12 mol/k:gHgo
ARG feed side concentration Carg,i 0.5 mol [kgma0

Carg,o 0.88 mol /kgm20
Water activities feed side A, fi 0.973 -

Ay, fo 0.940 -
Temperature feed side Ty 40 °C

Ty, 19 °C
Temperature permeate side Ty ) °C

Tpo 27 °C
Vapour pressure feed side Dfi 7300 Pa

Pro 2152 Pa
Vapour pressure permeate side Dpi 843 Pa

Dpo 3510 Pa
H50 evaporation Nyao 31 kgmoo/h
Overall mass transfer coef K, 2.2210~ 1 m3/m? s Pa
Driving force AP jgema | 2400 Pa
Transmembrane flux Jomd 5.311078 m? / m? s
Membrane area Apd 162 m?

47



Table 23 Data for the calculation of the LCl of VMD noted vmd.sO. The feed comes
from the previous reference absorption case, absoA.sO, taking the maximum K,,. The final
concentration Cf, corresponds to the saturation concentration.

vimd.s0

Component Amount Unit
Inlet flowrate feed side Qi 83 kg/h
NaHCOj feed side concentration | Cy; 0.64 mol /kgma0

Cto 1.47 mol [kgra0
ARG feed side concentration Carg,i 0.5 mol /kgma0

Carg,o 1.18 mol [kgma0
Water activities feed side Ay, fi 0.973 -

A, fo 0.951 -
Temperature feed side Ty 40 °C

Ty, 37.5 °C
Temperature permeate side Tho 37.5 °C
Vapour pressure feed side Dfi 7300 Pa

Dfo 6377 Pa
Permeate side vacuum pressure Dp 30 mbar
H,O evaporation Ngoo 41 kgmeo/h
Overall mass transfer coef K,y 4.1010~ 1 m3 / m? s Pa
Driving force APgema | 3586 Pa
Transmembrane flux Jomd 1.471077 m3/m? s
Membrane area A 77 m?

48




Chapter V

Impact assessment and interpreta-
tion

In this chapter, the 3rd and 4th steps of the LCA methodology are applied to
the process studied: i) the [life cycle impact assessments (LCIAs)| are provided
and ii) interpretations of these results are made. This is made possible using the
SimpaPro software. This chapter presents the LCIA results and discussions where
assumptions are varied to optimise the whole carbon capture and utilisation (CCU)|
process from an environmental point of view.

The 3rd phase of an LCA is the [LCTA] It translates the elementary flows of inputs
and outputs collected in the previous inventory stage into environmental impacts
related to human health, the natural environment and the depletion of resources
[46].

Within the framework of the [LCTA] mandatory steps are required: classification
and characterisation, where a method is selected which is designed to carry out
LCAs. The one used for the present LCA is Recipe 2016 (H) at midpoint
[78; 48], so that the impact categories and environmental impacts are examined in
accordance with the previously defined goal and scope described in Section [[T]] of
Chapter [[T] More information on the method selection is described in Appendix

Classification consists in the selection of a method consistent with the goal and
scope of the LCA. Characterisation uses characterisation factors to express different
pollutants of the same impact categories as equivalent or the same pollutant.
These characterisation factors can be derived in 2 mainstreams : at midpoint or
endpoint. [78} 48]

Additional and optional steps are allowed in the [LCIA} normalisation (to express
the results in relation to a reference), grouping and weighting of impact categories
(weighting factors, based on choices of values, but involving a certain subjectivity).
These 2 last steps are not included in the Recipe midpoint method and are not
shown in this document. [47; [4§]

The last phase of the LCA methodology is interpretation, comparable to a discus-
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sion of the previous life cycle results. Here, significant results and key parameters
are identified. A sensitivity analysis based on the choice of the LCA method can be
performed. This analysis is outlined in Appendix [C.2.1] Interpretation is also used
to check whether the conclusions are well drawn. To do this, uncertainty analyses
are carried out concerning either uncertainties in the data (i.e. the maximum or
minimum initial concentration of NaHCO3) or variations in the models (such as
energy source or desalination plants for OMD). [59]

As recommended by Pré Sustainability [59], an additional sensitivity analysis on
assumptions can be performed. Assumptions on the operating conditions are
changed and the LCA is recalculated. For this purpose, the use of parameters in
SimaPro throughout the LCA is of great help. [59]

In this chapter, global LCIAs of the generic LCIs is firstly presented in order to
have an overview on the trend of the whole LCA. Next, the 2nd Section provides
a focus on each step of the process where LCIAs and interpretation are carried
out. At the same time, the main influencing factors are highlighted and several
potential optimisation routes specific to each process’ step are proposed in order to
reduce environmental impacts. Afterwards, all steps are resumed with their specific
optimisation routes. Subsequently in the 3rd Section, some general assumptions
are changed on the whole process to further reduce environmental emissions. Once,
the LCA (with specific and general optimisations) is finally optimised, each step is
summarised.

In addition and based in the references cases, a sensitivity analysis of the choice of
the LCA method is also provided in Appendix with, among others, a focus
on the global warming indicator.

Note that for better readability on the LCIA graphs, the names of the impact
categories are displayed with abbreviations defined in Table [24]

Finally, note that, taking into account the defined FU, the whole process would
be interesting regarding carbon footprint, if the total emissions in [kgCO,-eq] of
the full LCA (absorption + MDC + post-processing) are lower than 1 kgCOs-eq.
However, other environmental concerns are highlighted in conjunction with global
warming.

Table 24 Impact categories abbreviations

Abbreviation | Impact category Abbreviation | Impact category

GW Global warming TEco Terrestrial ecotoxicity

03Depl Stratospheric ozone depletion FEco Freshwater ecotoxicity

IR Tonizing radiation MEco Marine ecotoxicity

O3F-HH Ozone formation, Human health HTCarc Human carcinogenic toxicity
finePM Fine particulate matter formation HTnCarc Human non-carcinogenic toxicity
O3F-TE Ozone formation, Terrestrial ecosystems || Land use Land use

TAcid Terrestrial acidification MRS Mineral resource scarcity
FEutro Freshwater eutrophication FRS Fossil resource scarcity

MEutro Marine eutrophication H20Cons Water consumption

50



V.1 Overview of the generic LCI

In this section, the environmental impacts of the generic life cycle inventories studied
in Chapter [IV]are assessed using Recipe 2016 from a hierarchical (H) and midpoint
perspective. Figures to present a breakdown of the results in all impact
categories considering generic absorption, the 3 different configurations of
distillation-crystallisation (MDC)|and the post-treatment. The characterisation
and normalisation steps are indicated. LCIA results by Recipe (H) endpoint are
shown in Appendix [C.2.2] Note that each step of the generic scenarii is redefined
in Table 25

Table 25 Abbreviations of generic LCls with the operating conditions considered.

absoA.s0O | Absorption considering ARG and the maximum K.
absoS.s0 | Absorption considering SAR and the maximum K,,.
omd.s0 | OMD treating the previous absoA.s0.
dcmd.s0 | DCMD treating the previous absoA.s0.
vmd.s0 | VMD treating the previous absoA.s0.
Post.s0 | Post-treatment considering a recovery x = 99%.

Particular attention is paid to the global warming of each step in Figure It
can be seen that the recovery of NaHCO; crystals has a truly reducing effect on
carbon footprint (with avoided product approach). However, the full process from
absorption to post-treatment would emit more CO, than it absorbs it. Indeed,
starting with absorption, for 1 kgCO, absorbed, 3.39 kgCOqy-eq are emitted. The
latter accumulated with MDC, makes the net carbon balance positive. For example,
the absorption followed by DCMD emits in total 3.39 + 3.36 kgCO4-eq. However,
note that the whole process by DCMD (i.e. absoA.sO followed by demd.sO and
post.s0) has a net carbon balance about 1.81 kgCOy-eq. This represents until now,
the best scenario, even if it does not yet lead the CCU to a net negative carbon

balance (i.e <1 kgCOy-eq).

0

-3.00
absoA.s0 Eomd.sO dcmd.sO vmd.sO M post.s0

Figure 19 LCIA of the generic steps, global warming - characterisation. The 5 steps refer to
reference cases. AbsoA.sO is absorption considering ARG and the maximum K,,. Omd.s0,
decmd.sO and vmd.sO are for OMD, DCMD and VMD treating the former absoA.s0O. Post.sO

is post-treatment with a recovery x = 99%.

As mentioned earlier, a combination of several emissions categories provides a more
complete life cycle analysis. This is why the other impact categories of the Recipe
method are presented in Figures 20 and 21}
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In Figure [20] and with regard to the characterisation results, it can be seen that
in general, omd.s0 is the worst process step in many impact categories (8). Nev-
ertheless, vind.s0 also scores in some categories (6) whilst post.sO has the best
positive impact in other categories (3). This confirms the importance of selecting
several impact categories in a LCA study. Indeed, on the one hand, if only global
warming is considered, it could be concluded that the selection of VMD as a step
in the MDC should be excluded. On the other hand, if several impact categories
are considered, the choice of OMD would be excluded. Note that Figure [C.23]in
Appendix compares LCIAs of OMD, DCMD and VMD processes together.

Afterwards, impact categories are normalised in Figure 21} Although this step is
not mandatory in the LCA methodology. Normalisation of results can be used to
simplify the interpretation of results. It extends an impact category to show its
relative high or low value in relation to a baseline. This additional step in the LCA
methodology also solves the problem of incompatible units [59]. LCA normalisation
translates scores for every impact categories to a reference situation. Recipe 2016
considers the year 2000 as reference year and 2 geographic level: European and
global level. [79)

The Recipe 2016 normalisation factors were used for Figure 21| and reveal that
marine ecotoxicity (MEco) has the highest impact, followed by freshwater ecotoxicity
(FEco), mainly for the OMD. Indeed, MEco with regard to OMD is impacted by
the discharge of saline water in the seawater (by 41%) and by the use of NaCl (by
59%). For FEco, NaCl in the osmotic solution is responsible for almost 100% in
this category. Therefore, the use of NaCl and discharge to the seawater generate
this difference between OMD and other MDC configurations.

In addition, the presence of Nay,COj5 particles in the absorption solvent has a global
high impact on MEco and FEco too.

Note that NaCl in OMD and Na,CO;3 in absoA.s0O also causes the high impact
in human toxicity carcinogenity (HTCarc) accounted by the chemical factory
construction in Ecoinvent database.

A first conclusion would therefore suggest that in the generic case, absoA.s0
as a common step with respect to any MDC configurations, should be strongly
optimised. DCMD has the best environmental results in the most impact categories
compared to OMD and VMD. However, to conclude that DCMD is environmentally
better than other MDC, DCMD should have the lowest emissions in every impact
categories. Lastly, even if a focus is given on carbon footprint, when normalised,
LCIA results show that ecotoxicity (marine and fresh) and carcinogenicity have
relatively way higher environmental impacts compared to global warming and other
categories.
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Figure 20 LCIA of the generic LCA for each step - characterisation. The 5 steps refer to
reference cases. AbsoA.sO is absorption considering ARG and the maximum K,,. Omd.s0,
dcmd.sO and vmd.sO are for OMD, DCMD and VMD treating the former absoA.s0O. Post.sO
is post-treatment with a recovery x = 99%. Abbreviations on the x-axis refer to Table
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Figure 21 LCIA of generic LCA per steps - normalisation. The 5 steps refer to reference cases.
AbsoA.s0 is absorption considering ARG and the maximum K,,. Omd.s0, dcmd.s0O and vmd.sO
are for OMD, DCMD and VMD treating the former absoA.s0. Post.sO is post-treatment with
a recovery x = 99%. Abbreviations on the x-axis refer to Table
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Figure 22 LCIA of generic LCA per steps - zoom on normalisation of global warming. The 5
steps refer to reference cases. AbsoA.sQ is absorption considering ARG and the maximum
K,,. Omd.s0, demd.sO and vmd.sO are for OMD, DCMD and VMD treating the former
absoA.s0. Post.s0O is post-treatment with a recovery y = 99%.
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V.2 Analysis of each LCA step

Starting from the baseline scenarios, environmental impacts of each step are studied.
At the same time, different optimisation paths specific to each process’s step are
proposed. This allows later for a comparison of the optimised OMD, DCMD and
VMD in order to determine the technology with the least environmental impacts. In
addition, this section is concluded with a summary of the LCA on CCU including all
possible optimisation pathways per step. As such, an overall comparison highlights
the main environmental issues of the [CCUL

V.2.1 Membrane gas absorption

The first step of the process being CO, absorption, it is one of the key points
for the whole LCA on a technology. It this therefore of key importance to
obtain the most environmentally friendly membrane absorption process regarding
simultaneously global warming and other emissions categories.

Firstly, the generic LCI on absoA.s0 (i.e. with ARG and maximum K,,) is analysed.
The environmental impacts are presented based on characterisation factors and
showing the most important input factors. Points of attention are highlighted in
order to optimise the process step, with particular attention to solvent mixture.
Optimisation of absorption is then provided based on the solvent load. Finally,
absorption with ARG and SAR is compared with respect to the generic and most
optimised cases.

V.2.1.1 Reference case absoA.sO analysis

Here, absoA.s0 is analysed in order to highlight important spots in membrane gas
absorption. This is intended to establish potential further optimisations of the
process’s stage.

First of all and with regard to the reference case of absoA.s0 with ARG and the
maximum K,,, Figure [23| shows that in terms of global warming, gas absorption
by membrane is mainly impacted by the solvent mixture inputs (Qs=81 kg). It
represents 96% of the total emissions (or 3.25 kgCOy-eq). The impacts due to the
production of the membrane are almost negligible, as it was assumed in the LCI
chapter that membranes have a lifetime of 5 years. In other impact categories, the
solvent also seems to be the determining factor. An exception is ionising radiation
(IR). As will be explained later, these emissions are mainly due to nuclear power
generation.

Afterwards, the environmental impacts of the solvent mixture are studied in
Figure The use of Na,CO3 as a promoter is found to be the main contributor
in almost all impact categories. For the LCI, Na,COj is taken in SimaPro from the
Ecoinvent background database as soda ash produced by the Solvay process. The
Ecoinvent Unit database allows to analyse the network and the different actors
behind the production of Nay,COs. For example, in the global warming category,
the components of Na,CO3 have a significant participation due by 61% to the
production of energy and heat by the coal-fired furnaces, 21% to the use of NaCl
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and to 18% to the construction of the chemical plant (Figure .

Nevertheless, it appears from Figure [24] that, with respect to marine eutrophication
(MEutro), the most contributing factor is ARG and not Nay;COs3. From the network
produced by SimaPro in this impact category (Figure , the use of maize starch
for the production of ARG is responsible for 50% of these emissions in [kg N-eq].
Indeed, the production of maize starch requires maize grains and green manure.
The latter contains nitrogen-fixing agent. The excess of nitrogen can be washed
from farm field during rain days or snow melts and ends up in oceans causing
marine eutrophication [80].

Ionising radiation (IR) is nonetheless proportionally more impacted by electricity
than in other categories. Electricity represents a Belgian electricity mix partially
composed of nuclear generation. In the mix, this nuclear power is greatly responsible
for IR emission (see SimaPro network in Figure [C.43).

Stratospheric ozone depletion (O3Depl) is relatively more influenced by ARG than
in other categories like IR and MEutro. This is due to the use of sugar beet starch
and maize requiring green manure. The latter participates in the increase of N,O
contributes to the destruction of the stratospheric ozone [81].

With these LCIA results, it can be estimated that a significant way to decrease the
impacts generated by absorption would be to reduce the amount of Na,CO; in the
solvent mixture. However, the concentration being fixed (0.5M), the solvent flowrate
(Qs; should thus be the parameter to decrease. This optimisation is presented in
the following sections.
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Figure 23 LCIA of absoA.s0, standing for absorption with ARG and maximum K,,. The
data label on the bar chart represents the total global warming emissions in [kgCO,-eq].
Abbreviations on the x-axis refer to Table .
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Figure 24 LCIA of solvent mixture for absoA.sO, standing for absorption with ARG and
maximum K,,. The amount of solvent mixture is worth 81 kg (see LCl Table . The
data label on the bar chart represents the total global warming emissions in [kgCO,-eq].
Abbreviations on the x-axis refer to Table .

V.2.1.2 Saturation of the solvent

In order to reduce the amount of solvent mixture entering the membrane gas
absorption step, and given equation (13), CO, load « in [mol/kg] should be
maximised. This would also lead to an absorption saturation of the solvent. This
section presents the LCI followed by the LCIA of an absorption scenario promoted
by ARG with the maximum x. This scenario is noted absoA.kMax. In addition,
absorption with fresh solvent (i.e. the generic case with a maximum K,,) is
compared to absorption with saturated solvent.

As a reminder, k (in [molcoz/kGsoution]) Tepresents the cumulative amount of CO,
absorbed and loaded into the solvent solution. In other words, x indicates the
saturation level of the solvent to absorb CO,.

The generic cases initially considered maximising the absorption performance
by taking operating conditions with the highest K,, (in [m3/m*min]). A fresh
solvent was therefore always running through the membrane contactor keeping the
absorption performance at the most. Being always fresh, the solvent could not
reach saturation before leaving the contactor. However, it emerged in the previous
section that the solvent flowrate is a key parameter for environmental concerns.
In order to reduce the flowrate, this section suggests running the absorption at
high  (i.e until saturation). In fact, to technically reach a high x (i.e saturation),
the residence time of the solvent inside the membrane must be as high as possible.
This simultaneously results in a decrease of absorption performance due to a lower
K,,. The relationship between x and K,, is illustrated in Figure [L5]

From a physical point of view, when k increases, more AAs are deactivated in the
solvent. In addition, sodium salts of AAs are formed in the solution. These salts
increase the viscosity of the solvent, which in turn increases the resistance to mass
transfer. Therefore, as a solvent becomes more saturated and x increases, the K,

decreases. [21]

Nevertheless, when the solvent is used until saturation, chemical absorption becomes
almost non-existing and physical absorption takes over. In the generic case with
maximum kK ,,, it has been considered that the solvent is far from saturation since it
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is continuously fresh. Hence, in calculation of AC'j,.s, by the equation , the CO,
concentration in the solvent (Cy) was assumed negligible. But when the solvent
is saturated, physical absorption should be included in the calculations. And C,
becomes non-negligible. Therefore the driving force AC sururation is calculated via
equation . For more information, the driving force calculation was more fully
described in Section Note than only 2 extreme scenarii are considered (fresh
and saturated solvent), since the in-between solution is not known with competition
between chemical and physical absorption. For this reason, no in-between value of
 are taken into account.

Consequently, absorption with ARG is first optimised by performing the LCI for
maximum £ (see Table . Then, the LCAs is run on SimaPro and the LCIA is
presented in Figure [25]

In Table [26] one observed that for a high &, the amount of required solvent mixture
decreases whilst the incoming gaseous mixture increases. Indeed, for the maximum
k, the overall absorption efficiency £ decreases. Hence, to keep the FU’s goal
(absorb 1 kg of CO4 per hour), more CO, must be introduced at the inlet of the
membrane contactor. Moreover, as the molar concentration of CO, in the fresh gas
mixture is kept constant (v=15%), the inputs of CO, and air are adapted to e.
According to Figures [15] and [16], when maximising the load of CO,, K,, decreases
as well as the overall absorption efficiency €. Indeed, if the solvent is used up to
its maximum cumulative CO4 load, absorption will start in the membrane with
abundant fresh solvent and with an initial high K,, and . However, the more the
solvent absorbs CO,, the more saturated the solvent and therefore the less efficient
the overall gas absorption along the membrane. Note that, as shown in Figure
15 an average K, is calculated along the membrane. Since K,, varies along the
contactor, so that is it high at the beginning and lower at the end, an average
value is calculated between these 2 extremes. These averaged values were taken
into account in Table

Additionally, based on Table[26] membrane area A,, , shows a increasing trend with
high k. As a matter of fact, A,,, is calculated via equation which depends
on the transmembrane flux J,,,. The latter is computed via K,, and the driving
force AC;sauration (equation ) And both decrease with a higher k, leading to an
increase of A,,.

Afterwards, Figure 25| shows the LCIA for these 2 different x. The general trend
in all categories is the same: all environmental impacts are positively impacted
by the augmentation of x and the reduction of solvent mixture, and thus by the
use of Nay,COj3. Note that the IR category (ionising radiation) decreases less than
the others. IR is mainly influenced by the production of electricity. For absoA.s0,
67% of the IR impacts are due to the production of the solvent mixture, and
the remaining 33% due to the electricity needed to operate the membrane gas
absorption. Then, for the absoA.kMax, IR is caused by 51% from the solvent and
49% from the electricity of the absorption LCI. As the electricity input to the LCI
is considered constant (1896 kJ, see Table , the reduction of IR emissions is
slightly different than of other categories.

As a matter of fact, the electricity source selected in Ecoinvent is an Belgian

o7



electricity mixed composed of different generation technologies: hard coal, nuclear
energy, natural gas, heat and power co-generation, importation and treatment of
the wasted gas from blast furnace (see Figure [C.43|and |C.42). And IR is causes
by electricity generation from nuclear power (see Figure where uranium
milling and mining, electricity generation from power reactor and fuel reprocessing
contributes to radiation exposures [82].

In summary, the primary interest in absorption was the maximisation of absorption
performance by a high K,,. However, from an environmental point of view, the CO4
load in the solvent turns out to be the key point. Indeed, to reduce emissions, the
solvent must be used up to saturation. This leads to a high CO, load « associated
to a lower K.

A link can be established with the results of the LCA study of CCU based on
membrane absorption promoted by NaOH for CO, revalorisation. [54]. The study
concluded that minimising the amount of NaOH in the solvent was the key point
for reducing environmental impacts. To do this, the concentration could be reduced
in the case of the article. But in our case studied, the concentration of Na,CO5 in
the solvent is fixed at 0.5M. Therefore, in the same logic of minimising the amount
of solvent, the flow rate of the solvent must be reduced here.
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Figure 25 LCIA of absorption with ARG and fresh solvent or saturation. AbsoA.sO stands
for absorption with ARG and maximum K,, where x = 0.280 [mol/kg] (fresh solvent).
AbsoA.kMax stands for optimised absorption with ARG and maximum CO, load x = 0.561
[mol/kg] (saturation). Abbreviations on the x-axis refer to Table .
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Table 26 Characterisation data for calculation of the LCIA and LCI inputs for absorption
with ARG or SAR and with solvent saturation. Membrane lifetime is 5 years.

Characterisation data for calculation

Component absoA.s0 absoA.kMax | absoS.s0 absoS.kMax | Unit
fresh saturation fresh saturation

CO, load & 0.280 0.561 0.033 0.412 mol/kg
Overall mass transf. coef. K,, | 1.20E-02  2.75E-03 3.20E-03  7.53E-04 m3/m?s
Driving force AP 3.02 2.87 3.06 2.87 m3/m? s
Overall abso. efficiency ¢ ~100 81.8 99 63 %

LCI
Inputs
Solvent mixture Q) 82 41 689 55 kg
Gas mixture 4728 5780 4776 7505 g
Membrane area A,, , 2.4 11 8.8 40 cm?
CaCl, 8.9 41 33 149 g
Electricity 1896 1896 1896 1896 kJ
Output
Solvent Qs, 83 42 690 56 kg

V.2.1.3 Comparison of absorption with ARG and SAR

Since it has been proven in the previous sections that the amount of Nay,COj5 is
the main problem of absorption, it can easily be deducted that for the generic case
absoS.s0, where the maximum value of K, is considered to lead to a solvent flow
of 699 kg (and 74 kg of Na,CO3), absoS.s0 will definitely not be a feasible and
applicable case from an environmental and operational point of view. Indeed, by
using nearly 700 kg of solvent for the absorption of 1 kg of CO,, the environmental
effects are devastating compared to absoA.sO (Figure . However, this section
presents a comparison between ARG and SAR regarding the generic cases and the
most optimised scenarii regarding x.

Figure presents among other things, a comparison of the generic LCIs for
absorption with ARG (absoA.s0) and SAR (SAR.max), and optimised cases where
x was maximised for both AA scenarii (absoA.kMax and absoS.kMax). As a
result, the preferred situation in almost all environmental categories was observed
for absoA.kMax where the minimum solvent flowrate Q)y; is obtained (Table .
Nevertheless, absoS.kMax shows lower emissions in marine eutrophication (MEutro).
In addition, the gap between optimised absoA.kMax and absoS.kMax is less
significant than between absoA.s0 and absoS.s0, such that absoS.kMax could
eventually be intended.

Regarding global warming of the best scenario absoA.kMax, for 1 kg CO4 absorbed,
the net emissions balance would be worth 0.79 kgCOy-eq. Therefore, the isolated
absorption step as a [CCU]| technology still would need improvements to reach a
negative net carbon balance.

Finally, marine eutrophication (MEutro) is substantially less impacted by a decrease
of solvent flowrate. Indeed, optimised absorption with ARG (absoA.kMax) becomes
worse than optimised SAR (absoS.kMax) in this category. Indeed, ARG is produced
by fermentation using maize starch requiring green manure and nitrogen-fixing
bacteria whilst SAR is chemically synthesised generating lower MEutro (more
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explanation on AA production in Appendix . This is shown by SimaPro
networks on Figures [C.34] and [C.35] As general remark, it should be noticed
that in ARG production, the chemical organic factory construction contributes
to emissions, whereas the latter is not considered in SAR production (i.e. the
chemical compounds inputs for SAR production from Ecoinvent database does not
include infrastructure). Consequently, it could be suggest that if infrastructure
uses were included in the background database [83], SAR production would emit
slightly more than in presents results.

A physical explanation can also highlight the reasons for a lower maximum  for
SAR compared to ARG. As a reminder, x represents the cumulative load of chCO2
in the solvent, where CO, is absorbed in the solution by chemical and/or physical
absorption [19]. Therefore, for a higher &, the solvent is more saturated. And ARG
has a higher maximum «, showing a higher absorption capacity compared to the
SAR. This phenomenon can have different explanations.

First of all, less active SAR is initially present in the solution (0.3M SAR versus
0.5M ARG). It should be noted that these AA concentrations were fixed in the
laboratory in order to maximise the K,,. For example, it was observed that a high
concentration of SAR (0.5M) decreased the mass transfer due to a reduction of
solubility in the aqueous solution. Therefore, the optimal concentration of SAR
was set at 0.3M (against to 0.5M for ARG).

Secondly, ARG has a better absorption capacity due to its chemical structure.
Indeed, ARG has a primary amine group which has a better absorption performance
compared to secondary amines as for SAR. [21]

A solvent with 0.5M ARG is thereby able to absorb more CO, leading to a
higher x. Hence, less solvent is required for absorption by ARG, leading to lower
environmental impacts.

In conclusion, the best membrane gas absorption scenario regarding environmental
concerns should work with the lowest solvent flowrate. Therefore, solvent with
ARG should be preferred to SAR. Indeed, its loading of CO, can reach a higher
value such that less solvent is needed to absorb the same amount of kgCO,. To
conclude that optimised ARG is better than SAR scenario in every categories, it
should be assumed that infrastructure contribution in the latter scenarii would
exceed absoA.kMax emissions.
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Figure 26 LCIA comparison of absorption with ARG and SAR and solvent saturation.
AbsoA.s0 and absoS.sO stand for reference absorption with ARG and SAR respectively
and maximum K, where x = 0.280 and x = 0.033 [mol/kg] respectively (fresh solvent).
AbsoA.kMax and absoS.kMax denominate absorption with ARG and SAR respectively and
maximum CO, load x = 0.561 and x = 0.412 [mol/kg] respectively (saturation). The data
labels on the bar chart represent the CO, emissions in [kgCO,-eq]. Abbreviations on the
x-axis refer to Table 24

V.2.2 Osmotic membrane distillation

This section presents the results of the LCIA and the potential optimisation
pathways specific to OMD. The generic case of the OMD (noted omd.s0) treating
the previous absoA.s0 is analysed in order to determine the main key points of the
environmental emissions. Results also compare the distillation by OMD of different
absorption up-streams like the generic case (absoA.s0) and the optimised one
(absoS.kMax). Only optimised absorption promoted by SAR can be described given
the saturation concentration decided in the first assumptions. Indeed, absoA.kMax
generates an already highly concentrated solution in NaHCO3; so that OMD noed
not need to distil it more. Subsequently, an optimisation scenario is proposed by
coupling OMD with desalination plants.

V.2.2.1 Reference case omd.sO analysis

Here, omd.s0 is analysed to highlight the important points of OMD, which appears
to be mainly the osmotic solution. This section also aims to establish potential
further optimisations of the process step. As a reminder, the generic omd.s0 deals
with a Qy; feed flowrate coming from the generic absorption’s stage, absoA.s0.

To begin with, the global warming category is given in Figure 27, The different
contributions to the COqy-eq are illustrated such that the osmotic solution is the main
component of the carbon footprint. It accounts for 98% of carbon emissions.

Hence, a focus on the LCIA of the osmotic solution at the permeate inlet is
provided in Figure 28, The use of NaCl is the main reason for environmental
impacts generated by the use of osmotic permeate in OMD. NaCl powder was
taken from the Ecoinvent database available in SimaPro. Further analysis with the
Ecoinvent Unit database shows that heat (10%, energy (51%) and the chemical
factory construction (34%) are the main reasons for the CO, emissions caused by
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the use of NaCl compounds. The network of NaCl emissions on global warming
is represented in Figure [C.36] In view of these results, the use of OMD would
make sense if a mixture of pure NaCl and pure water were not used, but if it were
coupled to a recycled brine. This scenario is studied in Section [V.2.2.2]

In addition, the LCIA of the omd.sO can be studied in depth with regard to other
impact categories. In Figure 27] the influence of the saline solution leaving the
membrane is shown (more information on the selection of the brine post-treatment in
Appendix [B.6). As a result, marine ecotoxicity (MEco) is strongly impacted by the
discharge of brine into seawater and the production NaCl for the osmotic solution.
Moreover, normalised LCIA of OMD shows that MEutro is the most important
category. Normalisation on LCIA results of omd.s0 are shown in Appendix (Figure
. In fact, and as mentioned before, absorption also has a high normalised
impact on MEco (Figure due to the use of Nay,COj3 in the solvent. This can be
explained by the fact that Na,COj3 also requires the production of NaCl (Figure
C.33)).

Afterwards, it is interesting to display the LCIA results of OMD treating solutions
from an optimised absorption (i.e. absoA.kMax and absoS.kMax). However,
absoA.kMax produces a solution already highly concentrated in NaHCO3 with C'y; =
1.26 mol/kgua0. The calculations of C'y; were extensively explained in Section m
Hence it reaches before passing through the MDC, the final saturation concentration
set at Cf, = 1.23mol/kgm20 for a room temperature. For absoS.kMax, this does
not represent a problem since Cy; = 0.89mol/kgr20. The LCIA of the OMD
with previous absoS.kMax is given in Figure 29} The final concentration Cf, is
nevertheless a parameter of interest that can be modified to provide a sensitivity
analysis and where an LCIA of the OMD coupled to the absoA.kMax can be

performed (see later in Section [V.2.6]).

In the end, it was found that since the osmotic solution is the key point of
environmental impacts, a potential optimisation would be to apply OMD to a
previous absorption stage producing a relatively small amount of feed solution Q);.
By doing so, thanks to the osmotic flowrate @),; correlated to @), the osmotic
flowrate @,; would also reduce. In addition, it could be suggested to use recycled
brine made of high saline solution to minimise the effects of permeate (see next
Section).
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Figure 27 LCIA of generic OMD (i.e omd.s0) treating previous absoA.sO that represents
absorption with ARG and maximum K,, - characterisation. The data label on the bar chart
represents the overall CO, emissions in [kgCOx-eq]. Abbreviations on the x-axis refer to Table
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V.2.2.2 Coupling OMD with desalination plant

The production of the osmotic solution from NaCl powder is not relevant from an
environmental point of view when we know that in other industrial fields, after
freverse osmosis (RO)|in a desalination plant, very salty brines are obtained. Indeed,
during desalination, a seawater supply is separated into two streams: fresh water
(the marketable product) and brine (by-product). Generally, these very high salinity
brines are released into the environment. [84] In the context of desalination, brine
as a by-product or waste could be revalorised and used as osmotic permeate for
OMD. Consequently, this section assessed the environmental impacts of OMD when
coupled to a desalination plant.

For sake of consistency with the selected library model (APOS, see Appendix
for more information on the library selection), the recycling of brine from
desalination plant must be credited by allocation factors. Brine being a secondary
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product of desalination plants, upstream activities should be allocated to the brine
with a certain factor. Economic allocation is the most common in Ecoinvent [83].
Therefore brine and produced drinking water from desalination plants have an
allocation factor about 90% and 10% respectively [85; [86]. Regarding mass balance,
it is known that drinking water is produced with 40% recovery from seawater. The
remaining 60% is considered as a brine.[83] Given this, it is possible to calculated
allocated emissions of brine from an equivalent amount of tap water produced by
[RO] The material "tap water produced by RO" is already available in Ecoinvent
database.

From the amount of brine required for OMD (@),;), the amount of produced tap
water (Qtapuwater) can be computed as:

0

6
Qtapwater = Qpi * ZO

Next, it is assumed that the Ecoinvent database allocates 100% of the emissions
to tap water by [RO] since no information on the allocation factor is detailed
[83]. Therefore, the equivalent emissions allocated to brine recovery are about
Qtapwater * 0.90 of the emissions from tap water production.

Finally, brine post-treatment can be removed from the LCI when considering OMD
coupled with desalination plants. Indeed, the production of tap water by RO
already takes into account brine removal. The same is true for the credits allocated
to brine recovery in tap water production.

The LCIA results are presented in Figure[29] so that OMD combined with desalina-
tion plants is an environmentally and globally attractive MDC option. Nevertheless,
stratospheric ozone depletion (O3Depl) emits more when considering recycled brine
from desalination than with freshly prepared osmotic solution. Indeed, the produc-
tion of tap water by requires polyvinylidene chloride (Figure for all the
water pre-treatment stages (chlorination, coagulation, flocculation, clarification,
sludge sedimentation, etc.) [83]. Thus, polyvinylidene chloride introduces CFC
particles increasing O3Depl emissions. Finally, note that in these LCIA results,
no transport emissions have been taken into account, since it is assumed that the
CCU process would take place on the desalination site, and in the vicinity of the
sea coast (for access to seawater for the desalination plant and for the discharge of
the permeate).

64



T w o E E [+] o [} = = uvg ") wy w
P 3 fF§oSoEEogpopiEoed
w2 0m o oo@ 4 = B 2 % <]
o &= [e] = T l]-: ~
- X
M omd.s0 1 omd.sO.desal momd.s1 @ omd.s1.desal

Figure 29 LCIA of different OMD cases (with a fresh osmotic solution and with recycled brine
from desalination plants) with different previous absorption cases (s0 or s1). Omd.s0 is OMD
treating generic absorption absoA.sO with ARG and maximum K,,. Omd.s0.desal is omd.s0O
with same previous absorption step and coupled with a desalination plant. Omd.s1 represents
OMD treating previous absorption absoS.kMax, with SAR and maximum x = 0.412 [mol/kg].
omd.sl.desal is omd.sl coupled with a desalination plant. Abbreviations on the x-axis refer

to Table .

V.2.3 Direct contact membrane distillation

Different distillation and crystallisation processes to concentrate Nay,CO5 are consid-
ered in this document. After OMD, [direct contact membrane distillation (DCMD)|
is assessed based on the generic demd.sO case derived in the previous chapter. In
addition, environmental impacts are compared when the temperatures of the feed
and permeate inlet sides are varied.

V.2.3.1 Reference case dcmd.s0 analysis

The LCIA results of the generic LCI on [DCMD] noted demd.s0, with the pre-
vious absoA.sO in absorption, are presented in this section. The key points on
environmental emissions are highlighted.

First, Figure outlines the global warming due to demd.s0. In fact, water
recovery and the recirculation of the permeate inside DCMD appears to have a real
positive impact on the carbon footprint. Moreover, the energy demand provided as
electricity shows to be the most consequent part (by 83%) of the CO5-eq emissions.
This electricity is required to heat (to T;) and cool (to Ty,) the feed and permeate
streams respectively and entering the membrane.

In addition, other impact categories resulting from the demd.sO are presented in
Figure 30} Electricity inputs score as expected in almost all impact categories,
whilst permeate and HyO recovery are the main factors in the category concerning
water consumption (H20Cons). Water recovery is one of the main difference
between DCMD and OMD. In DCMD pure water is collected from the permeate,
whilst brine solution in OMD must undergo a waste-treatment.

A first conclusion on the environmental results suggests that, in order to further
reduce emissions, electricity demands should be minimised. To achieve this, a
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sensitivity analysis can be carried out by varying the temperature of the feed and
permeate inputs, denoted T; and T}, respectively (see the following 2 Sections
IV.2.3.2(and [V.2.3.3]) as well as the source of electricity (see Section [V.3.3).
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Figure 30 LCIA of reference DCMD (i.e decmd.s0) with previous absoA.sO that represents
absorption with ARG and maximum K,, (see LCl Table [14)) - characterisation. The data
label on the bar chart represents the overall CO, emissions in [kgCO,-eq]. Abbreviations on
the x-axis refer to Table 24

V.2.3.2 Temperature at feed inlet T},

In the laboratory, the set ups of DCMD operating with different feed inlet temper-
atures T't; have been experimented, whilst the associated K, has been recorded.
Therefore, T; can be considered as a parameter to vary in order to reduce environ-
mental emissions. A sensitivity analysis on TY; is performed considering different
values of T;: 40 (reference case noted demd.sO or demd.s0.t£i40), 35, 30 and room
temperature 25 °C.

When TY; is reduced, different operating conditions are accordingly changed. New
feed and permeate outlet temperatures (7%, and 7T),,) are measured during the
laboratory experiments, so that the final NaHCOj; concentration Cy, (Figure
and thus the amount of water to be evaporated Ngso (equation ) changes.
Moreover, the different vapour pressures p (equation ) lead to a new driving
force. With the adapted driving force AP and K,,, the flux J,, is also impacted
as well as the membrane area (equation ([17))). Then, the amount of permeate flow
Qpi entering the membrane at 7),,=5°C is also influenced by the modification of
Ty, since it is calculated via equation ([18)).

From experimental data, one observes that for different 7Y;, K,, shows a relatively
constant profile, suggesting that temperature polarisation can be neglected in this
range of temperatures [28]. However, it could be expected that with a lower T},
the driving force decreases because of equation ([7)).

The different scenarii with T%; are calculated taking the previous absoA.s0 case as
absorption. The different data such as temperatures and C'y, needed to determine
the LCI is all presented in Table The resulting LCIAs from this table are
presented in Figure 31} It appears that reducing TY; significantly reduces the
electrical inputs, resulting in a reduction in environmental impacts. However,
the lower T7y; is, the lower K,, (and the driving force) becomes. Leading to an
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expansion of the membrane area (equation ((17))). Even if this last factor is less
important than electricity, attention should be paid to it if the membrane lifetime
is assumed to be shorter (5 years in the present calculations [62]). This membrane
lifetime is subject to a sensitivity analysis later in Section

In Figure , it is observed that for a decreasing T%;, the emissions reduction from
water consumption (H20) varies relatively less than other impacts. A detailed
graph on water consumption is shown in Figure [C.27] In fact, compared to the
other categories, electricity has less influence on the overall H20Cons. Therefore,
since water recovery decreases only slightly with lower T%; and the contribution
of electricity is relatively smaller, the overall decreases in H20Cons show a flatter
profile.

In fact, the lower T';, the lower T}, and C}, and thus the lower @), and Ngs0o.
Consequently, the recovery of water leaving the permeate Qp, = @Qpi + Nm20
decreases H20Cons with a decreasing T;,. However, H20Cons is also sensible
to water demand from electricity production. Indeed, the contribution of a high
electricity consumption causes by a high T; increases the water consumption.
Therefore, the overall H20Cons decreases slower when electricity consumption is
slightly changed.

Finally, we note that marine eutrophication (MEutro) decreases relatively less for
Tt = 25°C than for other temperatures. In this case, MEutro emissions due to
membrane production become significant, whereas for other higher 7';, MEUtro is
mainly impacted by electricity (see Figure .

Table 27 Data and LCI for sensitivity analysis of DCMD when changing T;. The LCls
are calculated with absoA.sQ as previous absorption step and considering 1 hour of running.
Membrane lifetime is 5 years [62]. The different temperatures were experimentally measured.

Components dcmd.sO dcmd.s0.t£i35 dcmd.s0.tfi30 dcmd.s0.tfi25 Unit

Ty; 40.00 35.00 30.00 25.00 °C

Tt 19.00 16.63 14.39 12.24 °C

Tpsi 5.00 5.00 5.00 5.00 °c

Tpo 27.00 24.28 21.46 18.47 °c

Ko 2.22E-11 1.88E-11 2.14E-11 1.71E-11 Tn‘“’/m2 Pas

Cto 1.12 1.08 1.04 1.01 mol/kgr20
LCI

Inputs

Feed Qy; 83 83 83 83 kg

Permeate Qp; 78 78 78 78 kg

Membrane area 37 59 74 137 em?

Electricity 12 9.6 7.2 4.7 MJ

Outputs

Feed Q¢, 51 53 54 56 kg

Permeate Qpo 109 108 106 104 kg
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Figure 31 LCIA of DCMD with different feed inlet temperature T; - characterisation. The
previous absorption step of all DCMD cases is absoA.sO with ARG and maximum K,,.
dcmd.sO represents the reference case of DCMD working at 40°C. The data labels on the bar
charts represent CO, emissions in [kgCO,-eq]. Abbreviations on the x-axis refer to Table

V.2.3.3 Temperature at permeate inlet 7,

Further experiments were carried out in the laboratory to characterise DCMD. The
inlet temperature of the aqueous permeate T},; was modified and the associated
K,, was recorded. T,; can be considered, like T%;, as a parameter to be varied in
order to reduce emissions. A sensitivity analysis is carried out by taking different
Tpi: 5 (reference case noted demd.sO or demd.s0.tpib), 10, 15 and 20°C.

The impact of a changing 7}, on the other operating parameters is similar to that
of T; in the previous Section. Different inlet and outlet temperatures are measured
during the laboratory experiments. The saturation concentration changes. The
amount of water to be evaporated as well as the surface area of the membrane. In
addition, the permeate flowrate Q,; (equation ) and the electricity to cool it
must be adjusted. It also follows from laboratory experiments that K,, remains
constant with a variation of T,;.

The results are calculated by taking the previous generic absorption case absoA.s0
with ARG and its maximum K,,. The different data allowing to calculate the
LCI are presented in Table 28, Figure [32] presents the resulting LCIs. It appears
that the reduction of T),; has a positive impact on the environment. This is mainly
due to the reduction in electricity needed to cool the permeate. Therefore, the
preferred T),; is the highest at 20°C. However, this case is still less cost effective than
a lower inlet temperature Ty; = 25°. Therefore, the DCMD should be optimised by
decreasing T'y; rather than increasing 7.
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Table 28 Data and LCI for sensitivity analysis of DCMD when changing T);. The LCls
are calculated with absoA.sO as previous absorption step and considering 1 hour of running.
Membrane lifetime is 5 years [62]. The different temperatures were experimentally measured.

Components dcmd.sO dcmd.s0.tpil0 dcmd.s0.tpilb dcmd.s0.tpi20 Unit

Tps 5.00 10.00 15.00 20.00 °C

Tpo 27.00 28.81 30.37 31.54 °C

Tpq 40.00 40.00 40.00 40.00 °C

Tro 19.00 21.08 22.39 25.79 °c

Kou 2.22E-11 1.97-11 1.97E-11 1.97E-11 m3/m? Pas

Cto 1.12 1.16 1.18 1.24 mol/kgpa0
LCI

Inputs

Feed side Qy; 83 83 83 83 kg

Permeate side Qp; 78 82 94 101 kg

Membrane area 37 48 57 67 em?

Electricity 12 11.3 10.9 9.7 MJ

Outputs

Feed side Qfo 51 50 49 47 kg

Permeate side Qpo 109 115 127 136 kg
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Figure 32 LCIA of DCMD with different feed inlet temperature T},; - characterisation. The
previous absorption step of all DCMD cases is absoA.sO with ARG and maximum K,,.
dcmd.sO represents the reference case of DCMD working at Tt; = 40°C and T,; = 5°C.
dcmd.s0.tfi25 represents DCMD working at Ty; = 25°C and T); = 5°C. The data labels on
the bar charts represent CO, emissions in [kgCO,-eq]. Abbreviations on the x-axis refer to

Table

V.2.4 Vacuum membrane distillation

As the last MDC configuration studied, vacuum membrane distillation (VMD)|is
here evaluated. First, the generic case of VMD, vimd.s0, is analysed and compared
with different upstream absorption cases: absoA.sO and the optimised case ab-
soS.kMax. Afterwards, a first optimisation of VMD consisting in decreasing the
inlet temperature T%; is presented.

V.2.4.1 Reference case vind.s0 analysis

Here, environmental impacts of vind.sO are studied in order to understand key
points on this process stage. Vmd.s0 is the reference case of VMD where the LCI
is given in Table and where it is assumed that the upstream feed solution from
absorption is the generic case absoA.s0.

To begin with, global warming impacts are available in Figure [33] where it clearly
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appears that electricity has a major responsibility in carbon emissions. This
electricity demand is required to heat the feed stream but mostly to condense the
vapour permeate leaving the membrane (equation ) which represents near 94%
of energy inputs.

Further, a larger view on all impact categories is outlined is Figure where
the effect of electricity consumption is widely confirmed. However, it should be
noted that the overall water consumption (H20Cons) is positive. In this way, the
recovery of water from the permeate does not compensate for the upstream water
consumption required for electricity generation. This makes a difference between
DCMD and VMD, where DCMD showed in figure a negative overall water
consumption.

A potential way to reduce emissions generated by energy, would be to reduce T';
and the amount @),, = Np2o of water to be condensed, or to change the energy
source to renewable energies (see Section [V.3.3)). Note that in order to decrease
N0, the initial and final NaHCOj3 concentrations (C'y; and Cf, respectively) play
an important role by the equation ([16]).

For instance, VMD with upstream absoA.s0 (generic absorption with ARG) and
absoS.kMax (optimised absorption with SAR) are compared in Figure 34, In
this figure, vind.sO refers to the upstream absoA.s0. Vmd.s1.tfi40 refers to the
upstream absoS.kMax. The main point here is that each scenario produces a feed
solution with a different flowrate Qf; (82 vs 55 kg/h for absoA.s0 and absoS.kMax
respectively) and different C'y; (0.64 and 0.89 mol/kgu20 for absoA.s0 and ab-
soS.kMax respectively). As a result, absoS.kMax represents only 50% of absoA.s0
emissions since Nya0o is lower with absoS.kMax (41 vs 20 kggoo/h). Optimisation
of absorption is thus a win-win situation in order to reduce emissions of VMD and
absorption at the same time.
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Figure 33 LCIA of reference VMD (i.e vmd.s0) treating previous absoA.s0 that denominate
absorption with ARG and maximum K, (see LCI Table - characterisation. Abbreviations
on the x-axis refer to Table

V.2.4.2 Temperature at feed inlet

As for DCMD, a first optimisation pathway for VMD consists of decreasing T7;,
which has an impact on the inputs of LCI with regard to electricity, membrane area
and flowrates Qf, and @, at the outlet. A sensitivity analysis on T%; is performed
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in this section, taking different values of T';: 40 (generic case noted vmd.sO or
vind.s0.tfi40), 35 and 30 °C. Note that in the laboratory, VMD was also performed
for Ty, = 25°C. However, the experimental feed solution was composed only of
water and NaHCO4 such that no AA were present. Nevertheless, when considering
AAs in the feed stream, the overall driving force in the membrane becomes negative
due to the consideration of AA water activities in the driving force calculations

(see equations (9) and (11))).

As explained in Section [V.2.3.2] when T}; is changed, many operating parameters
are also changed. The different T; are calculated taking into account the absoA.s0
reference case as previous absorption scenario. The different temperatures and
Cyo needed to calculate the LCIs are presented in Table [29] It can be observed
that the reduction of T}; decreases the final desired concentration C'y, (Figure [17)).
Therefore, less water Nyoo must be evaporated, less membrane area is required
and less water must be condensed. Indeed, in Table 29 LCI inputs of electricity
are constantly decreasing. However, membrane area increases with the reduction of
TY%;. In fact, although Npoo decreases, the transmembrane flux J,,q decreases due
to a lower driving force AP,,,q (equation ([11])) and requires a higher membrane
area. Note that K,, keeps a constant profile.

Figure [34] quantifies the LCI entries of Table 27]in terms of environmental impacts.
It shows a reduction in emissions when VMD is operated at a lower T';. In addition,
as with DCMD, it should be noted that as the membrane area increases, the process
could emit more when the membrane lifetime is assumed to be shorter. This is
discussed further in the following section [V.3.2] Furthermore, Figure [34] compares
a reduction of Ty; with VMD in the case of an optimised upstream absorption,
noted vimmd.sl . Consequently, it can be concluded that it would be interesting
to integrate the two optimisations: an optimised absorption producing less feed
solution Q; and VMD operating at a lower T';. This is shown on Figure [34] with
vind.s1.tfi30 showing the lowest emissions (39% of vmd.s0).

Table 29 Data and LCI for sensitivity analysis of VMD when changing T;. The LCls of
vmd.sO are calculated with absoA.sO as previous absorption step and considering 1 hour
running. For vmd.sl, LCI are based on optimised absorption absoS.kMax. Membrane lifetime
is 5 years [62].

Component vmd.s0.tfi40 vmd.s0.tfi35 vmd.s0.tfi30 vmd.s1.tfi40 vmd.s1.tfi30 Unit

Ty 40.00 35.00 30.00 40 30 °C

Tyo 37.5 33.39 29.39 37.5 29.39 °c

Koy 4.10E-11 4.28E-11 3.93E-11 4.10E-11 3.93E-11 7113/1%2 Pas

Cro 1.39 1.22 1.17 1.39 1.31 mol /kgr20
LCI

Inputs

Feed side Q ¢; 83 83 83 55 55 kg

Membrane area 18 27 62 11 39 cm?

Electricity 98 91 85 49 38 MJ

Outputs

Feed side Q ¢, 42 48 43 35 39 kg

Permeate side Qpo 41 39 37 20 16 kg
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Figure 34 LCIA of VMD with different feed inlet temperature Tf; - characterisation. The
data labels on the bar charts represent CO, emissions in [kgCO5-eq]. VMD cases with s0O
treat the generic absorption solution noted absoA.sO, operating with ARG at maximum K,,.
Vmd.s1.tfi40 and vmd.s1.tfi30 outline VMD operating at T'y; = 40 or T'y; = 30°C with former
optimised absorption (absoS.kMax), with SAR and maximum x = 0.412 [mol/kg]. Data
labels on the bar charts represent global warming emissions in [kgCOy-eq] Abbreviations on
the x-axis refer to Table 24

V.2.5 Post-treatment Post.sO

This section gives an indication on the emissions due to post-treatment of the
NaHCOj5 concentrated solution and the benefits of crystals recovery. As a reminder,
this step is not yet experimentally optimised and NaHCO3 produced crystals are
credited via avoided product in SimaPro.

In the last step of the process, NaHCO; crystals are further crystallised in a
crystalliser tank, filtered and recovered for marketable uses. Water is also recovered
and sent back to absorption. However, for simplicity, credits of water recovery are
accounted in this step. Indeed the amount of recovered water depends on the MDC
technology. Here generic DCMD (i.e. demd.s0) was considered. Nevertheless, it
appears on Figure |35 that water recovery does not influence emissions as much as
NaHCOj; recovery does. As a matter of fact, revalorisation of CO, into NaHCOg
has a significant positive influence regarding environmental concerns. Therefore,
maximimisation of this recovery could be interesting. This is investigated in Section

V.31l

In Figure ionising radiation (IR) accounts for more emissions due to the high
contribution of electricity. However, it should be recalled that the LCI model
considers energy inputs as indicative and independent of the previous MDC step
(Section. Indeed, the post-treatment is not yet optimised. Furthermore, these
energy inputs are independent of the amount of flowrate to be treated. It can thus
be expected that smaller equipment will be used to treat a lower solution flowrate.
Therefore, the LCIA of post-treatment should result in effective lower IR emissions
by incorporating energy consumption adapted to the incoming flowrate.

Future work may suggest that LCA should focus on CO, recovery (and on post-
treatment) rather than CO, capture as is the case here. By doing so, the FU should
be adapted. For example, it could be: 1 kg of NaHCO3 produced per hour.
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Figure 35 LCIA of Post.sO standing for post-treatment with a water and crystals recovery
of x = 99% - characterisation. The data label on the bar charts represents the total CO,
emissions in [kgCO,-eq]. Abbreviations on the x-axis refer to Table 24]

V.2.6 Saturation concentration Cf,

In this section, the 3 processes are studied and compared with regard to the
environmental influence of the final desired concentration of NaHCOj3; (CY, in
[mol/kgma0]) when leaving MDC. Indeed, in the previous LCAs, it was assumed
that MDC stops when the feed reaches the saturation level. The latter is defined
in Figure [I7] for different T};. Here, LCAs of the full processes via either OMD,
DCMD or VMD were performed for a saturation level of 0, 30 and 50% above
the saturation level (i.e. supersaturation). Results are available in Figure 36| to

On one hand, OMD and DCMD presented in Figures [36] and [37] show that the
increase of C, has only a significant impact on the water consumption (H20Cons).
Indeed, for higher Cf,, more water evaporates from the feed to the permeate side
and is recovered by seawater discharge for the OMD, and as pure water for the
DCMD. For DCMD, the human carcinogenic toxicity (HTCarc) shows a decrease
in emissions due to the higher water recovery (see Figure |30| for the water recovery
contribution in DCMD). From the Ecoinvent Unit database, pure deionised water
provokes HTCarc emissions due to the water supply network construction (see
LCTIA network of deionised water in Figure . For OMD, it should be noted
that for marine ecotoxicity (MEco) in OMD, a higher C}, would increase emissions
in this impact category, as shown in Figure [36] In fact, the outgoing permeate
reaches a higher flowrate, which is accounted for in SimaPro as a higher brine
discharge to the sea. But in practice, a higher Cy, will only dilute the brine
permeate further and not increase MEco. Finally, Cf, would have an impact on
the surface area of OMD and DCMD membranes. The latter increases with Cy,.
Therefore, variations in Cy, could have a significant impact on the LCIA if the
membrane lifetime becomes shorter (here the membrane lifetime is assumed to be
about 5 years [62]). The membrane lifetimes are varied in Section [V.3.2]

On the other hand, VMD gives significant results in Figure . The parameter C,
has an impact on both the membrane area and electricity. High distillation and
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crystallisation of NaHCOg crystals in the feed should be avoided for environmental
reasons. Indeed, the higher the Cy,, the greater the quantity of permeate to be
condensed (equation ([19))) and the higher the electricity demand. It should be
noted that water, as in the DCMD, is recovered after condensation of the permeate.
However, the overall water footprint emissions (H20Cons) are positive as the water
demand for electricity generation exceeds the negative contribution of the permeate

recovery.

Finally, it should be noted that the level of supersaturation must be carefully
determined. Allowing a too high CY, can induce higher crystal growth and leads to
the risk of membrane clogging [39]. A final remark could highlight the correlation
between the MDC and the post-treatment (more precisely the crystalliser tank).
With a highly crystallised solution coming out of the MDC, energy should be saved
in the post-processing. However, this correlation has not been modelled in this

thesis.

In conclusion, C, does not play a significant role in OMD and DCMD emissions
when the membrane lifetime remains relatively long. However, the lowest Cf,
should be selected for VMD in order to minimise the electricity required by the

permeate condenser.
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Figure 36 LCIA of OMD with different feed outlet NaHCO3 concentrations CY, - characteri-
sation. The previous absorption step of all OMD cases is absoA.sO with ARG and maximum
Koy. omd.sO represents the reference case where C'y, is 100% the saturation level omd.s0.130
and omd.s0.150 represents OMD with Cf, respectively 130 and 150% times the saturation
level. Abbreviations on the x-axis refer to Table [24]
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Figure 37 LCIA of DCMD with different feed outlet NaHCOj3 concentrations Cy, - char-
acterisation. The previous absorption step of all DCMD cases is absoA.sO with ARG and
maximum K. decmd.sO represents the reference case where Cf, is 100% the saturation level
dcmd.s0.130 and demd.s0.150 represents DCMD with Cf, respectively 130 and 150% times
the saturation level. Abbreviations on the x-axis refer to Table
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Figure 38 LCIA of VMD with different feed outlet NaHCO3 concentrations Cf,, - characteri-
sation. The previous absorption step of all VMD cases is absoA.sO with ARG and maximum
K,,. vmd.s0 represents the reference case where Cy, is 100% the saturation level vmd.s0.130
and vmd.s0.150 represents DCMD with Cf, respectively 130 and 150% times the saturation
level. Abbreviations on the x-axis refer to Table [24]

V.2.7 Comparison of optimised OMD, DCMD and
VMD

In the present document, different membrane technologies are investigated in
order to concentrate and crystallise NaHCO3 from the solution leaving membrane
gas absorption. OMD, DCMD and VMD were optimised in previous sections.
Therefore, in this section, there are compared with regards to their environmental
impacts. LCIA results are available in Figure

First, regarding global warming (GW), Figure [39shows that OMD and DCMD have
equivalent emissions and that VMD obtains a higher carbon footprint. However,
other environmental impacts should be considered. Therefore, it appears that VMD
scores in 12 categories, but OMD also emits more compared to DCMD and VMD
in many impact categories (7).

As a result, this shows the importance of a LCA treating several impact categories
in order to qualify conclusions and resulting environmental decisions. Moreover,
it is interesting to remind that conversely to optimised scenarii, in the generic
scenario, VMD scored in 7 impact categories, and OMD in 11 (see Figure .
As a matter of fact, OMD was greatly improved when coupled with desalination
plants, decreasing subsequently emissions in many categories.

However, when OMD emits more in some impact categories, the difference of
emissions between OMD and VMD is relatively small. Exception should be noticed
regarding stratospheric ozone depletion (O3Depl). Indeed, the difference of O3Depl
emissions for OMD and VMD is relatively important. OMD emits significantly more
[kgCFC11-eq] due to tap water considerations when using brine from desalination
plants.

Afterwards, DCMD recovers more water (H20Cons) than other MDC process.
Compared to OMD, the permeate composed of pure water is continuously recycled
inside DCMD. In comparison to VMD, a higher C, enables more water evaporation
and recovery.

Next, if VMD has high scores in certain categories compared to OMD and DCMD,
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this is largely explained by its higher electricity demands to condense the perme-
ate.

To conclude, with regard to carbon footprint, OMD and DCMD have equivalent the
lowest emissions (0.21 kgCOy-eq) and VMD the higest (0.34 kgCO,-eq). However,
taking into account other types of emissions, DCMD proves to have less impact in
the most categories compared.
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Figure 39 LCIA of the optimised (OMD, DCMD and VMD) with operating conditions
- characterisation. Previous optimised absorption step is absoA.kmax and operates with ARG
and maximum x = 0.561 [mol/kg]. OMD is working until 50% above the saturation level
and is coupled with desalination plant. DCMD is working until 50% above the saturation
level and with Ts; = 25°C". VMD works at T'y; = 30°C and up the the saturation level. Data
labels on the bar charts represent global warming emissions of each MDC step in [kgCOy-eq].
Abbreviations on the x-axis refer to Table

V.2.8 Resume of best scenarii per LCA step

Here the different optimisation routes per LCA step that were described earlier
are resumed. These optimisation routes aims to minimise as much as possible
environmental emissions. Several operating conditions for absorption and the
different MDC processes are chosen in order to obtain the lowest emissions. Results
are presented in Figure [0 and (1]

The different optimised scenarii should be remined. First, regarding absorption,
absorption with the maximum CO, load x in the solvent is chosen as the best
option. Therefore, absorption with ARG is selected, which results in a solvent
flowrate about 42 kg/h.

Afterwards, the different optimised [MDC]| processes were developped. All of them
treat the former feed solution from optimised absorption. Optimised OMD is
coupled with desalination plants to recycle brine by-product and optimised DCMD
works at inlet feed temperature Ty; = 25°C. In addition OMD and DCMD
distillate and crystallise NaHCOj3 up to a supersaturation level being 50% above
the saturation level. Lastly, VMD operates at T}; = 30°C' and at saturation level.
Finally, post-treatment is considered with a recovery percentage around 99%.

The amount of recovered water in post-treatment is also based on the optimised
DCMD.

With these optimised scenarii, it clearly results in Figure [40] that the whole CO,
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capture and utilisation process would be environmentally interesting regarding
global warming (GW) and many other environmental impacts. Indeed, by summing
emissions from absorption with one MDC process and post-treatment, all 3 processes’
carbon footprint would be below 1 kgCO2-eq. For instance, for 1 kg CO, captured,
the process via VMD would additionally save 0.24 kgCOg-eq. In other words, a
total of 1.24 kgCO,-eq are avoided.

However, in Figure [0] several impact categories do not show a global emissions
reduction. These different results between impact categories have several explana-
tions.

First, looking simultaneously at Figure [40] and A1} it can be seen that marine
eutrophication (MEutro) has overall positive emissions. This is again explained by
absorption and the use of ARG in the solvent mixture, which requires grains and
manure for a fermentative production of ARG.

Regarding positive emissions of ionising radiation (IR) in Figure , the post-
treatment step emits the most although it has the lowest emissions in every other
impact categories. In fact, electricity demand as the most contributor factor to
IR emissions in post-treatment, is considered constant regardless of the previous
absorption and MDC steps.

In addition, fossil resource scarcity (FRS) presents overall positive emissions in
Figure 0] and particularly for the process by VMD. This is explained again by
the NayCO3 production for the absorption’ solvent and by a high electricity use in
VMD.

Moreover, ozone depletion (O3Depl) is scoring in absorption and OMD due to
Na,CO3 and tap water production respectively and their associated CFC emis-
sions.

Afterwards, and comparing the 5 steps, Figure 41| shows that absorption is the
most negative impactful step in all categories (except ionising radiation (IR)). This
is due to the use of NayCOs.

In Figure [42] the optimised LCIA results are normalised by the mean of the
Recipe (H) midpoint method. This figure can be compared to the normalised
results of the reference LCI (Figure 21)). The focus is on the carbon footprint
because the purpose of the process studied is carbon capture. But in the generic
LCA, it was concluded that special attention should be paid to ecotoxic and
carcinogenic emissions (see Section . Indeed, they have higher normalised
emissions. Nevertheless, optimised LCA allows for a reduction of normalised
emissions in these categories too. In addition, when normalised emissions from
absorption, one MDC step and post-treatment are added together (as shown in
Figure, the overall LCA shows negative emissions (except for ionising radiation
(IR)). Therefore, the optimised global LCA would reduce emissions in all impact
categories except IR. But note that IR could also become negative if the source
of electricity is changed (see Section . Lastly, note that endpoints results
(characterisation and normalisation) are also available in Appendix .
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Figure 40 LCIA of the optimised LCA with operating conditions - characterisation. LCA by
OMD/DCMD or VMD sums up emissions due to absorption + OMD/DCMD or VMD +
post-treatment. Absorption step is operating with ARG and at maximum s = 0.561 [mol/kg].
OMD is working until 50% above the saturation level and is coupled with desalination plant.
DCMD is working until 50% above the saturation level and with T; = 25°C. VMD works at
Ty; = 30°C and up to the saturation level. Post-treatment works with a recovery x=99%.
Data labels on the bar charts represent global warming emissions in [kgCO,-eq]. Abbreviations
on the x-axis refer to Table
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Figure 41 LCIA of the optimised LCA with operating conditions - characterisation. Abso is
absorption with ARG and maximum x = 0.561 [mol/kg]. OMD is working until 50% above
the saturation level and is coupled with desalination plant. DCMD is working until 50%
above the saturation level and with Ty; = 25°C. VMD works at Ty; = 30°C' and up the the
saturation level. Post stands for post-treatment step with a recovery x=99%. Data labels on
the bar charts represent global warming emissions in [kgCO,-eq]. Abbreviations on the x-axis

refer to Table
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Figure 42 LCIA of the optimised LCA with operating conditions - normalisation. Abso is
absorption with ARG and maximum x = 0.561 [mol/kg]. OMD is working until 50% above
the saturation level and is coupled with desalination plant. DCMD is working until 50%
above the saturation level and with T'r; = 25°C. VMD works at T'y; = 30°C' and up the the
saturation level. Post stands for post-treatment step with a recovery x=99%. Abbreviations

on the x-axis refer to Table
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Figure 43 LCIA of optimised LCA with operating conditions - zoom on normalisation of
global warming. Abso is absorption with ARG and maximum x = 0.561 [mol/kg]. OMD is
working until 50% above the saturation level and is coupled with desalination plant. DCMD
is working until 50% above the saturation level and with Ty; = 25°C. VMD works at
Ty; = 30°C and up the the saturation level. Post stands for post-treatment step with a

recovery x=99%.

V.3 General LCA optimisation routes

Absorption, membrane distillation-crystallisation (MDC) with its 3 different poten-
tial processes (OMD, DCMD and VMD) and post-treatment have been extensively
described in the previous sections with regard to environmental impacts. Points of
attention have been highlighted, showing where emissions are relatively significant.
Therefore, several operating conditions and specific to each step were studied. Each
step was optimised by different means to reduce emissions.

Now, in this section, general assumptions made at the beginning of the model (i.e
LCI in Chapter are studied. Sensitivity analyses on the percentage of recovery,
the lifetime of the membrane and the energy sources are performed. This allows
the conclusions on the environmental impacts of the process to be qualified.

79



V.3.1 Recovery percentage Yy

In the development of generic LCIs in Chapter [[V], it was assumed that the overall
recovery would be about x = 99%. It implies that for 1 kgCO, absorbed per
hour, 1% of recovered water, NaHCO; crystals and [amino acid (AA)| would be
lost. However, this parameter represents a significant assumption, as there is not
yet a continuous, large-scale installation. In addition, it has been shown in the
results sections above that crystal recovery has a real quantitative positive impact
on emissions. Therefore, a x sensitivity analysis might be of interest to qualify the
LCIA results and interpretations.

Moreover, it should be reminded that [AAk recovery is accounted in the absorption
step whilst water and crystals recovered are accounted in the post-treatment. By
consequent, absorption and post-treatment are influenced by y, and MDC remains
unchanged. In this section, different recovery percentages x were investigated: 100,
99 (reference case), 90 and 80 % where the optimised absorption absoA.kMax was
considered. Results are available in Figure [44] showing only the absorption and
post-treatment steps.

It appears on Figure from a global warming (GW) perspective in the absorption
step, that y plays a important role. Indeed, between an ARG recovery about
100 or 80%, GW emissions change from 1.58 to 5.78 kgCOq-eq which is relatively
significant compared to the [functional unit (F'U)|of 1 kgCO,-eq absorbed per hour.
Moreover, note that regarding GW emissions, ARG is more sensible to y than
H5;0 and NaHCOg recovery. The same conclusion can be drawn regarding marine
eutrophication (MEutro) since this category is relatively more sensible to ARG due

to grain cultivation (see Figure [C.34]).

Additionally, ionising radiation (IR) emissions in post-treatment shows to be
relatively independent from y. As presented earlier in Figure [35], the impact
category is mainly affected by electricity demand. The latter was assumed constant
in post-treatment, such that y variations do not impact IR.

To summarise, GW is globally impacted by a lower y. Other categories as MEutro
show the same trend. Therefore, it is worth maximising .
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Figure 44 LCIA of absorption and post-treatment with different recoveries x - characterisation.
abso.x99 refers to the reference case absoA.sO with ARG and maximum x = 0.561 [mol/kg]
and where recovery is x = 99% (i.e. post.x99). All other absorption scenarii with different
recovery rates (y =100, 90 and 80 %) are operated with ARG and under maximum x = 0.561
[mol/kg]. Absorption accounts for recovery whilst crystals and water recovery is credited
to post-treatment. Data labels on the bar charts represent global warming emissions in
[kgCOy-eq]. Abbreviations on the x-axis refer to Table .

V.3.2 Membrane lifetime

In this section, the effect on membrane lifetime is studied. In previous LCIAs, the
lifetime was considered to be about 5 years [62 [87]. This average value can be
subject to a sensitivity analysis since at the laboratory scale, the life span is shorter
(1-2 years) and at the industrial and commercial scale, the membranes are used
up to 10-15 years [88]. Furthermore, it can be recalled that the optimisation of
OMD and DCMD via the saturation level and/or inlet temperature increases the
membrane area. These parameters could have greater environmental consequences
if the lifetime variations. This section analyses the effect of membrane lifetime on
the overall LCAs for: 1, 2, 5 (reference case) and 10 years.

The results are presented in Figure [45] where the complete LCAs by DCMD, i.e.
absorption followed by DCMD and post-treatment steps, are presented. DCMD
was chosen since the high final concentration Cy, and the low inlet temperature 7T%;
considerably increase the membrane area and therefore the amount of membrane to
be produced. Therefore, it can be seen from Figure 45 that membrane lifetime has
only a small impact on the environmental emissions. Only global warming (GW),
marine eutrophication (MEutro) and fossil fuel depletion (FRS) show relatively
large variations for different lifetimes.

As a reminder, the different materials and energy inputs to produce a hollow fibre
membrane in [polypropylene (PP)|are given in Table|8. By decreasing the membrane
lifetime, some components of the membrane production become significant with
respect to environmental emissions. For example, in Figure global warming
(GW) has increasing emissions when considering one year of lifetime, mainly due
to the increased demand for electricity and solvent to produce more polymer
membrane. The solvent considered is [dimethylacetamide (DMAC)| Figure
shows the different contributors to membrane production in relation to GW. It
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confirms the conclusions of the LCA study on polymer membrane production
which identified solvent and electricity as the main determinants of environmental
emissions [58]. Note that this paper also highlighted the significant contribution of
the polymer to environmental emissions. Nevertheless, the polymer selected
in this case does not contribute significantly to carbon emissions (see Figure .
Indeed, the quantity of polymer to produce a given membrane area was adapted
to the case studied by taking into account a lower density for the [PP] than for
the polymers studied in [58] (i.e. polysulfone, polyvinylidene fluoride or cellulose
acetate).

In addition, fossil resources scarcity (FRS) differs due to the need for electricity
and the solvent [DMAC]| increasing with shorter lifetimes. (Figure [C.40)). Variations
in marine eutrophication (MEutro) are mainly influenced by the solvent DMAC

only (Figure |C.41)).

In conclusion, membrane lifetime can play a role in reducing emissions. Although,
in the already optimised case, a 10-year membrane would reduce emissions by a few
tenths of kg/CO,-eq compared to a one-year lifetime. However, the most affected
categories are FRS, MEutro and GW, whilst the other types of emissions are hardly
influenced by this parameter. It should be remembered that in the laboratory,
the lifetime of membranes is shorter (1-2 years) whereas on an industrial scale,
membranes can be operated for a longer period of time (10-15 years [88]), but
this depends on the maintenance conditions [88]. If longer lifetime is considered,
maintenance should then be included within the system boundaries.
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Figure 45 LCIA of full LCA by DCMD for different membrane lifetimes - characterisation.
Absorption step is operating with ARG and at maximum s = 0.561 [mol/kg]. DCMD is
working until 50% above the saturation level and with Ty; = 25°C. Post-treatment works

with a recovery x=99%. Data labels on the bar charts represent global warming emissions in
[kgCO,-eq]. Abbreviations on the x-axis refer to Table .

V.3.3 Electricity source

In a screening report of CE Delft on LCA of CCU routes [51], the different pathways
were investigated for fossil and renewable energies. It concludes that environmental
conclusions greatly depend on the energy source used by the CCU.

In this paper, the LCI has so far considered energy supplied by and an electricity
mix from Ecoinvent. The mix combines electricity from imports, natural gas,
nuclear generation, CHP, etc. (see Figure |C.42)). However, it has been shown in
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the previous results that ionising radiation can have a significant impact on the
environment due to nuclear energy. In addition, VMD and DCMD have emissions
highly determined by the electricity need. In this case, comparing LCAs with
different energy sources could be an interesting sensitivity analysis.

In this section, different energy sources are compared: electricity mix (generic
case), solar energy (photovoltaic panels), wind energy (onshore wind turbines) and
nuclear energy. The results are presented in Figure |46, which shows the complete
LCA by VMD, i.e. the sum of the emissions caused by absorption, VMD and
post-processing. VMD was chosen as it was shown in Figure [41] that VMD was the
worst case scenario and the most emitting [MDC] process for the majority of the
impact categories. The absorption, VMD and post-treatment scenarios here work
with optimised scenarios for the operating conditions.

Figure [46] shows that the use of renewable or nuclear energy has a large overall
impact on emissions reductions. Solar and wind energy emit less than an electricity
mix in many impact categories (12). Nuclear energy has the lowest impacts in many
categories (11), including global warming (GW). However, its impact on ionising
radiation (IR) and marine eutrophication (MEutro) is the highest compared to other
energy types. The electricity mix was already composed of nuclear energy sources
(see figure . This explains the higher IR and MEutro emissions when opting
for a full nuclear source. It should be noted that uranium is mainly responsible for
MEutro emissions from nuclear energy (see Figures |C.44] and |C.45]).

In addition, the electricity mix is found to be relatively high in stratospheric ozone
depletion (O3Depl) and MEutro. As mentioned above, nuclear electricity, which is
part of the electricity mix, is strongly responsible for MEutro emissions because of
uranium. In addition, O3Depl is caused by nuclear, biogas and natural gas from
the electricity mix (see Figures |C.46| and |C.47)).

In conclusion, the choice of an energy source is a delicate task. Beyond material and
economic considerations, each energy source is the most emitting in one or more
impact categories. Nuclear power emits the least carbon, but its IR and MEutro
emissions are the highest. Solar and wind power emit less than an electricity mix in
the majority of categories, whilst renewable energy by wind depicts a less emitting
source compared to solar energy in every categories.
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Figure 46 LCIA of full LCA by MD for different energy sources - characterisation. LCA
by VMD sums up emissions due to absorption, VMD and post-treatment. Absorption step
is operating with ARG and at maximum x = 0.561 [mol/kg]. VMD is working up to
the saturation level and with T; = 30°C. Post-treatment works with a recovery x=99%.
Membrane lifetime is worth 5 years. All energy source are data for Belgium. Mix represents
an electricity mix, solar energy is produced via photo-voltaic panels, wind via onshore wind
turbines, and nuclear via Belgian power plants. Data labels on the bar charts represent global
warming emissions in [kgCO,-eq]. Abbreviations on the x-axis refer to Table .
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Chapter VI

Conclusion and future work

The purpose of this thesis is to quantify the environmental impacts of a specific
process of [carbon capture and utilisation (CCU)|still under development in the
laboratories of UCLouvain. To this end, a [life cycle assessment (LCA)|is carried
out on the process following the 4-step LCA methodology.

The capture process studied aims at absorbing CO, emissions from flue gases
by means of membrane gas absorption using an aqueous Na,COj3 solution and
promoted by amino acids. Two types of amino acids are studied: arginine (ARG)
and sarcosine (SAR). A chemical reaction absorbs CO, into NaHCOj in the aqueous
solvent. Then, the distillation-crystallisation of this compound is operated thanks
to a membrane contactor. This step can be performed via 3 different
distillation-crystallisation (MDC)| processes: josmotic membrane distillation (OMD)]
direct contact membrane distillation (DCMD)| and [vacuum membrane distillation]
. Each membrane technology is experimented at UCLouvain on a laboratory
scale and under batch mode. Part of the work of the thesis aims at scaling up the
membrane set-ups and making them evolve towards continuous modes. Finally, a
post-processing step allows the recovery of the NaHCO; crystals.

The thesis reveals that the studied CCU process could be a promising technology
to reduce carbon emissions by storing CO, and revaluing it into NaHCO3 crystals.
Several scenarii and their LCAs are established to highlight the environmental
issues of the CCU. The different optimisation pathways and the [life cycle impact]
lassessment (LCIA)| are summarised in Figure [47) and Table [30] Furthermore, it
is shown that the 3 MDC processes have different advantages and disadvantages
depending on the impact category considered. For example, VMD causes the highest
carbon emissions, while OMD and DCMD have a lower and equivalent carbon
footprint. In an other impact category, OMD presents the highest stratospheric
ozone depletion and DCMD the lowest.

First of all, the membrane gas absorption step reveals to be the most emitting step
among the MDC and post-treatment processes, for almost all types of emissions.
The reduction of Na,COj3 use is the key point to minimise emissions related to
absorption. Therefore, the solvent flowrate must be reduced. To do this, k, the
loading of CO, into the solvent, must be maximised so that the solvent reaches
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absorption saturation. Simultaneously, this leads to a decrease in absorption
performance due to an overall decrease in K,,. Moreover, a higher K,, is achieved
with a solvent promoted by ARG than by SAR. Therefore, and with respect
to environmental concerns, absorption should be performed by saturating the
ARG-promoted solvent.

Secondly, with regard to MDC, none of the 3 potential processes (OMD, DCMD or
VMD) has the lowest impacts for all types of emissions. However, DCMD occupies
an overall intermediate position with moderate emissions compared to OMD and
VMD. In addition, MDCs are subjected to different sensitivity analyses in order to
identify the preferred operating conditions in relation to environmental issues.
OMD should be operated when coupled with a desalination plant. In this case, the
osmotic solution comes from the residual brine of the reverse osmosis desalination.
DCMD minimises emissions most when the temperature at the feed inlet TY; is
25°C and at the permeate inlet 5°C. The permeate inlet temperature 7}, could
also be changed to be closer to room temperature. However, the emissions savings
were greater with Ty; = 25° than with 7}, = 20°. In addition, OMD and DCMD
should distil the solution as much as possible. A saturation level about 50% of the
NaHCOgj; is considered acceptable to avoid membrane clogging.

VMD have emissions where the electricity consumption for permeate condensation
is the main determining factor. Therefore, minimisation of emissions from VMD
can be achieved by a low saturation level. Further emission reductions are achieved
when T'; = 30°C.

An overall conclusion shows that reducing the solvent flowrate in absorption is a
win-win situation, leading to a reduction of the emissions in MDC too.

Thirdly, the post-treatment stage depicts a significant reduction in environmental
emissions through the recovery of NaHCO; crystals. These are taken into account
in the LCA through avoided products.

General assumptions are subsequently analysed: membrane lifetime, recovery
rate and energy source were subjected to sensitivity analysis. To further reduce
emissions, the recovery rate should be maximised. In addition, the lifetime of
the membrane was found to have a relatively small influence on the environment
compared to the other parameters. Nuclear power has the lowest carbon footprint,
but the highest emissions of ionising radiation and marine eutrophication. And
wind power has lower overall emissions than solar power.

In addition, the environmental LCIAs are normalised by the means of Recipe (H)
midpoint. This allows different types of emissions to be compared. Indeed, the
carbon footprint is the quantitative focus such that emissions at a characterisation
level must be kept below 1 kgCOq-eq in order to save more than it emits. However,
normalised LCIA reveals that the process causes higher normalised emissions for
ecotoxicity and carcinogenicity than for carbon footprint. Nevertheless, when
optimised, the overall CCU process shows negative emissions in these categories as
well.

The insights gained from this process with regards to environmental concerns could
provide a reference point for further research. The development of the process in
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the laboratory in continuous mode and research to optimise the post-treatment
should be carried out. The LCI model could also be the subject of future work for
further improvements, such as:

e The recycling of Na,COg3 particles from the post-treatment to the absorption
could be accounted for.

o Heat recovery in the DCMD could be explored.

o The remaining particles of Na,CQOj5 in the solution could be taken into account
in MDC (for K,, and water activities).

o The extension of the system boundaries can be done since a LCA is an
iterative study. Transport emissions, nano-filtration, control devices (flow
regulation, temperature control, flow meters, etc. [89]), maintenance and end
of life of the membrane [88] could be evaluated within the LCA.

As other LCAs on CCU technologies published in the scientific literature [51
53; [47], the CCU studied here could be a process of potential interest to reduce
environmental emissions and especially the carbon footprint. However, further
experimental research and LCA modelling could be carried out to pursue a more
accurate quantification of emissions. Further work suggests focusing on a LCA on
the CO, revalorisation in order to determine whether the production of NaHCO4
by capturing CO, is indeed more environment-friendly than conventional NaHCO4
production. It could also be interesting to compare LCAs of membrane gas
absorption promoted by amino acids against conventional [monoethanolamine|
. Or to compare the LCA of the present CCU process with other LCAs on
CCU technologies. The resulting LCA could also be integrated to a techno-economic
assessment to examine its technological feasibility and economic profitability [52].
Lastly, the Intergovernmental Panel on Climate Change (IPCC) recently published
its 6th report on climate change [90]. In this report, carbon capture and storage
(CCS) is presented as a potential means of CO, removal. However, the report
focuses more on CCS than on CCU. This is partly due to a lack of literature
allowing for a better assessment. Nevertheless, one could expect that CCU will be
widely developed in the future, with increasing interest and publications, as is the
case for their LCAs [56].
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Figure 47 Resume of LCIA of the optimised LCA - characterisation, Recipe (H) midpoint
method. Abso is absorption operating until saturation and with ARG and a maximum
k = 0.561 [mol/kg]. OMD is working until 50% above the saturation level and is coupled
with desalination plant. DCMD is working until 50% above the saturation level and with
Ty = 25°C. VMD works at T}; = 30°C' and up the the saturation level. Post stands for
post-treatment step with a recovery x=99%. Data labels on the bar charts represent global
warming emissions in [kgCO,-eq]. Abbreviations on the x-axis refer to Table .
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Table 30 Summary of optimisation routes and consequences regarding environmental emissions. The optimisation routes resume the operating
conditions and general assumptions that result in the lowering of environmental emissions. The range of experiences on parameters were T},; between
5-20°C, and T; in DCMD between 25-40°C and in VMD between 40-30°C. C't, ranges between 0-50% above the saturation level. The recovery rate x
was between 80-100%. The membrane lifetime changed from 1 to 10 years.

Optimisation routes

Consequences

Advantages \

Drawbacks

Maximisation of CO, load

ABSO : lower solvent flowrate
Global : higher Cy;

Abso : lower K,

Absorption Areinine romotin - OMD : less permeate
& 4P & age DCMC: less electricity to
heat/cool the feed/permeate
VMD : less electricity for condensing
. . o OMD: osmotic solution comes . s
Coupling with desalination plant . ALL : geographical limitations
from recycled brine
OMD OMD : higher brine dilution
High Cio going to brine treatment OMD : higher Ay,
High 7, DCMD : less electricity to DCMD - higher A,,
DCMD cool the permeate
Low T7; DCMD : less electricity to heat feed DCMD : higher A,,
High Cy, DCMD: higher H,O recovery DCMD : higher A,,
Low TY; VMD : less electricity to heat the feed | VMD : higher A,,
VMD Low Ct, VMD : less electricity for the condenser POST : important post-

treatment (crystalliser tank)

Recovery x

Highest, near 100% is the best

ABSO: higher AA recovery
POST : higher HyO and NaHCO4

recovery

Membrane lifetime

Longest possible

ALL: lower A,, per FU

Membrane maintenance, feasibility

Energy source

Nuclear power

Wind power

Global : lowest global warming
Global : lower emissions than solar

Global : highest IR
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Appendix A

Literature review

A.1 CQO, absorption

A.1.1 Amino acids reaction mechanism

Amino acids, used as CO4 capture agents and promoted by sodium carbonates,
are organic compounds with a carboxyl (-COOH) and amine (-NH,) functional
group (Figure . A side chain (R group) is present in the molecule and is specific
to each amino acid. In total, there are 20 different types of amino acids. The
general structure is illustrated in Figure In order to identify the isomeric and
enantiomeric amino acids, the letters L and D are used respectively to define the
amino acids. However, D isomers are rarely found in nature.[8] In the present
document, arginine (arginine (ARG)|) and sarcosine (sarcosine (SAR))) in aqueous
solution favoured by sodium carbonate are studied as potential solvents for CO4
absorption. The molecular structure of these two amino acids is shown in Figures

and [Td

The generally accepted reaction mechanism for describing CO, absorption by amino
acid promoters is the zwitterion mechanism. In the case of the use of ARG as an
amino acid, the CO, reacts with the salt of the amino acid (here sodium salt of
arginine, NaArg), and forms the zwitterion (Reaction (21))). This intermediate is
further deprotonated with the bases B (Cngf7 H,O, OH, ...) present in the solution,
producing, among others, bicarbonates NaHCOj (Reaction (22))) [; 20]

CO, + H,N—CHR —COO Na™ — COO"H,N — CHR —~COO Na™ (21)
"COO"H,N-CHR —COO Na® + B — "COOHN—CHR —COO Na® + BH"
(22)
A similar mechanism can be applied in the case of a sarcosine amino acid.

Another important reaction during the absorption process is the dissociation of
water:
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2H,0 = OH + H;07

Depending on the pH, the mechanism is different, and some reactions may be
neglected. With a pH<S8, the dissolved CO, is hydrated to form carbonic acid, then
the carbonic acid reacts again with OH . Here, the rate control step is Reaction

(23).[91]

CO, + 2H,0 == HCO; + H30* (Fast) (23)
HCO; + H,0 = CO{ + H,0" (Instantaneous)

In the case of pH>8 that corresponds to interesting commercial application, the
reaction of CO, and H,O that produces bircarbonates HCO3 can be neglected. In
this basic solution, the formation of bicarbonate take place with the reaction of
CO45 and OH  and the reaction of HCO3; with OH . The rate-limiting reaction is
given by the other Reaction of CO, reacting with OH . [20; O]

COy + OH == HCO; (Fast) (24)
HCO; + OH = CO4 + H,O (Instantaneous)

Simultaneously to that, the carbonate Na,CO3 presents in the aqueous solution
will also react with CO,. The carbonate is transformed into bicarbonate via an
exothermic reaction [91] :

COQ + HQO + NaQCO3 = 2NaHCO3

After the absorption of CO, by amino acids and the carbonates, the liquid outstream
is mostly composed of a solution of sodium bicarbonates (NaHCQOj3) in liquid phase
and amino acids.

A simplified flowsheet of the studied process is presented next page on Fig-
ure [T11
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A.1.2 Driving Force
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Figure A.1 Driving force of membrane gas absorption based on CO, concentration gradients.
Two extreme cases are outlined: fresh solvent and saturation. Two average ways to calculated
the driving force were studied: arithmetic and logarithmic means. On a physical point of
view, the driving force of a fresh solvent should be higher than for a saturated solvent.
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Appendix B

LCI

B.1 Impact categories

Midpoint impact Indicator CF,, Unit
category
Climate change Infrared radiative forcing Global warming potential kg COr-eq to air
increase (GWP)
Ozone depletion Stratospheric orone decrease Ozone depletion potential (ODP) kg CFC-11-eq to air
lonising radiation Absorbed dose increase lonising radiation potential (IRP)  kBq Co-60-¢q to air
Fine particulate matter ~ PM2.5 population intake Particulate matter formation kg PM2.5-¢q to air
formation potential (FMEP)
increase
Photochemical oxidant ~ Tropospheric ozone increase Photochemical oxidant kg NOx-eq to air
formation: terrestrial formation potential:
ceosystems ecosystems (EQOFP)
Photochemical oxidant  Tropospheric ozone Photochemical oxidant kg NOx-eq to air
formation: human population intake increase formation potential: humans
health (HOFP)
Terrestrial acidification  Proton increase in natural soils  Terrestrial acidification potential kg SO5-eq to air
(TAP)
Freshwater Phosphorus increase in Freshwater eutrophication kg P-eq to freshwater
eutrophication freshwater potential (FEP)

Human toxicity: cancer  Risk increase of cancer disease  Human toxicity potential (HTPc) kg 1.4-DCB-eq to urban air
incidence

Human toxicity: Risk increase of non-cancer Human toxicity potential kg 1.4-DCB-eq to urban air
non-cancer disease incidence (HTPnc)
Terrestrial ecotoxicity Hazard-weighted increase in Terrestrial ecotoxicity potential kg 1.4-DCB-eq to industrial
natural soils (TETP) soil
Freshwater ecotoxicity  Hazard-weighted increase in Freshwater ecotoxicity potential kg 1.4-DCB-eq to freshwater
freshwaters (FETP)
Marine ecotoxicity Hazard-weighted increase in Marine ecotoxicity potential kg 1.4-DCB-eq to
marine water (METP) marine water
Land use Oecupation and time-integrated  Agricultural land occupation m? * yr annual cropland-eq
land transformation potential (LOF)
Water use Increase of water consumed Water consumption m® water-eq consumed
potential (WCP)
Mineral resource Increase of ore extracted Surplus ore potential (SOP) kg Cu-eq
scarcity
Fossil resource Upper heating value Fossil fuel potential (FFP) kg oil-eq
searcity

Figure B.2 Overview of the midpoint impact categories of Recipe 2016.[92]
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B.2 Library selection

Ecoinvent [83] releases 3 versions of the library database: cut-off allocation (cut-off),
allocation at the point of substitution (APOS) and consequent (conseq). Each
version has a different methodological approach to multifunctionality and data
types. The main differences are summarised in Table [B.3]

Multifunctionality involves a process that creates multiple products and there
are different approaches to deciding how to assess the burdens associated with
multifunctionality. The first approach is to avoid allocation. System expansion
or subdivision can therefore be applied. With system expansion in conseq,
by-product inventories could be subtracted from multi-product outputs, leading
to the use of avoided products in SimaPro. A second alternative is to opt for
allocation, which can be done on the basis of physical relationships (mass or
energy) or economic factors (cut-off and APOS). [59] However, "ISO 14044 states
that allocation should be avoided where possible". [93]

The end-of-life scenario is also a central point of allocation, where it has to be
decided which life cycle benefits from the benefits and burdens of the recycling
process and/or the virgin materials avoided. For example, when plastic bottles are
burnt and energy is recovered, is this electricity allocated to the life cycle of the
plastic bottles or to the life cycle using this generated electricity? On the one hand,
the cut-off approach allocates recycling activities to the life cycle using recycled
materials as inputs. Indeed from ISO 14044:2006 [93] : "Specification of the amount
of material or energy flow or level of environmental significance associated with the
unit processes or product system to be excluded from a study". On the other hand,
APOS will allocate the loads at the point of substitution taking into account the
allocation factors.[93]

As far as data is concerned, conseq is different as it uses marginal data. Indeed,
conseq evaluates the change in the consequences of a change in an existing, marginal
and outdated system or process. This library is used for perspective studies.

The choice of the most appropriate library is important to maintain consistency
between the background and foreground databases. However, as the benefits of
pure water recovery in DCMD and VMD and NaHCOj in post-treatment are taken
into account the LCA, the use of the cut-off approach is to be excluded here. As
far as conseq is concerned, the assessment of benefits via avoided products could be
very interesting. However, NaHCQj is not available in the consequential database.
Indeed, the current production of this crystal is not marginal, and the production
of NaHCO3 by the CCU could not substitute the current productions of NaHCOs.
Moreover, the definition of the function and its FU (see Table [3|) deals with CO,
absorption as the primary interest. Therefore NaHCO;3 is more a by-product
than the main product which would aim to compete with conventional NaHCO4
production units. For these different reasons, the conseq library in Ecoinvent should
also be excluded, and APOS is therefore adopted.

By choosing APOS, allocation factor is the consistent methodology for allo-
cating the benefits of water and NaHCOj5 recovery, rejecting the use of avoided
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products.

However, regarding the benefits of NaHCO3 production and despite APOS as
background model, it was decided to use avoided products in order to clearly
illustrate the positive environmental impacts of this production throughout the
LCA. Inconsistencies between the background and foreground have already been
noted in previous scientific papers [94]. Furthermore, water recovery from DCMD
and VMD is also accounted via avoided product. Note that future work could
perform a sensitivity analysis to compare several multifunctionality approaches
(avoided product vs allocation factors by mass or value).

Cut-off APOS Conseq
Handling Allocation, cut-off Allocation, point System boundary
multi-functionality by classification of substitution expansion

Type of data Average data Average data

Marginal data

Avoided benefits
and burdens (0-
100)

Cut-off approach Divide benefits
(100-0) and burdens

End of life allocation

Figure B.3 Libraries in Ecoinvent.[93]

B.3 Membrane characteristics

Table B.1 Technical characteristics of membrane contactor, the 3M™ Liqui-Cel™ MM-1x5.5
Series hollow fiber membrane contactor, Germany [21} 33].

Membrane characteristics Data Unit
Module configuration Hollow fibers

Membrane material |polypropylene (PP)|

Effective membrane surface area 0.18 m?
Number of fibers 2300

Effective fiber length 0.1397 m
Wall thickness 40 wm
Outer radius 7, 150 wm
Inner radius 7; 120 uwm
Deunsity PP p, 0.9 g/em?
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Outlet gas

Membrane contactor

Solvent outlet Solvent inlet

Figure B.4 Membrane contactors inlets and outlets.[21]

B.4 Amino acids production pathway
selection

Because [arginine (ARG)| and jsarcosine (SAR)|are not available in the background
database of Ecoinvent, the required materials and energy inputs for their production
must be found in the literature. Different sources and possible production pathways
are simulated in SimaPro and compared to keep the best and representative
pathways production of ARG and SAR.

The production of amino acids can be performed either by chemical synthesis or
fermentation (Figure . ARG is most commonly industrially synthesised by a
fermentation pathway production, while SAR is produced via chemical synthesis or
fermentation. [95]

B.4.1 ARG

The most common biobased industrial production of amino acids is fermenta-
tion from glucose. However, the industrial production capacity of amino acids
by microbial synthesis is usually low while its range of applications is growing
(pharmaceutical, cosmetic, food, and agricultural industries) [96]. Therefore, to
improve the production yields and meet the market demand, Corynebacterium
glutamicum bacteria is used. Nowayadays, this Corynebacterium is selected as
strain for the breeding of ARG and is used on a commercial scale. [97} 98} [05] The
fermentation metabolic pathway of ARG in Corynebacterium glutamicum can be

seen in Figure [B.6]
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Figure B.5 Fermentation chains of amino acids.[95]
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ARG by raw materials

A first model to simulate the production of ARG is given by [97] where only
materials inputs are considered. Glucose, ammonia and oxygen are the essential
raw materials. Note that ammonia is the nitrogen source since arginine contains 4

nitrogen atoms (Figure [B.7). [97]

2
> é“z +5 H,0
H OH ( Microorganism hH

4 NH -,
3 NH

Glucose L-Arginine

Figure B.7 Biological synthesis of ARG production from raw materials.[97]

ARG by E. Coli

To meet and improve the growing market demand on ARG, research is also per-
formed using Fscherichia coli strains. As a matter of fact, for environmental
concerns, renewable raw materials widely available and not competing with food
industry should be promoted. Lignocellulosic biomass as feedstock presents these
advantages, but it includes other monosaccharides besides glucose (i.e, xylose,
mannose, galactose). Corynebacterium strains can only handle pentoses, while
Escherichia coli is able to use pentoses as well as hexoses. Therefore, Escherichia
coli is a potential candidate for fermentation production of ARG. As a result,
research showed that ARG can be produced with a yield of 0.17 garg/giucose and a
C/N molar ratio of 6, where NH,Cl is the nitrogen source. [99]

ARG by lysine

Furthermore, another model to simulate the ARG production is based of lysine.
Lysine is an amino acids which has a similar industrial fermentation pathway to
ARG as it can be seen in Figure It is therefore assumed that the materials and
energy required to produce lysine are similar to those for arginine. [I00] Information
on the lysine production was studied in a previous study [61], where data were
supplied by a working group on feed-use amino acids of [EU Association of Specialty]
[Feed Ingredients and their Mixtures (FEFANA)| These data are available in Table

B.2 [61]
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Table B.2 LCl inputs for the production of 1 kg lysine.[61]

Components Amount Unit
Sugar 1 kg
Maize starch 0.5 kg
Wheat starch 0.5 kg
Liquid ammonia 0.3 kg
Energy

Electricity mix 18 MJ
Natural gas 18 MJ

Glucose

Glucose-6-phosphate

Glycolysis
5-Aminolevulinic acid ﬁelycine <— Serine

Succinic acid Pyruvate

g Valine

m

Acetyl-CoA

1,5-Diaminopentane Qo <—l— Oxaloa@e )
. Citrate
TCA oycle ) Poly(y-glutamic acid)

2-Oxoglutarate — |[ellliE] o T

1,4-Diaminobutane Ornithine Arginine

Figure B.8 Metabolic pathway for production of arginine and lysine.[100]

ARG by MSG

Finally, a last model of ARG production consists in using the glutamate production
pathway. Indeed, ARG is produced, among other things, from the intermediate
product glutamate (Figure . An previous LCA study [10I] was carried out on
the production of MSG. The system boundaries added one step, refining, where the
salts NayCO3 and NayPO, are needed to convert glutamic acids into
lglutamate (MSG)| These salts were therefore not taken into account to fit the LCA
of to ARG. [101] The inputs data are given in Table

ARG production pathway selection

Considering the 4 potential ARG production models, their respective LCAs were
performed on SimaPro with the Recipe 2016 (H) midpoint method, for the produc-
tion of 1kg of ARG.

The results are presented in Figure[B.9 It is concluded that the production of ARG
using Escherichia coli strains is not interesting and that the commercially used
strain Corynebacterium is more optimised. Moreover, the production of ARG via
E.coli and based exclusively on raw materials is to be excluded because the energy
inputs are not taken into account. Finally, it can be noted that the simulation of
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Table B.3 LCl inputs for the production of 1 ton MSG.[101]

Components Amount Unit
Maize grain 1.82 t
Liquid ammonia 0.24 t
H,SO4 0.33 t
Active carbon 0.01 t
SO, 2.76 kg
water 8.28 t
Energy

Electricity mix 916.58 kWh
Steam 7.14 t

ARG via MSG and lysine takes into account both material and energy inputs, and
that these 2 simulations give results of the same order of magnitude.

However, the data on MSG inputs were collected in China, while the lysine input
data are collected in Europe and are therefore more relevant. Furthermore, to
remain consistent with SAR and to present a more reliable comparison between
ARG and SAR, ARG with lysine is considered as a better production model.
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Figure B.9 LCIA comparison of different production pathways of ARG. Abbreviations on the
x-axis refers to Table [24]
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Figure B.10 LCIA for the production of 1kg ARG by lysine. Abbreviations on the x-axis
refers to Table 24

B.4.2 SAR

Currently, sarcosine is produced either chemically or based on fermentation in
Corynebacterium glutamicum strains. [102]

SAR by glucose fermentation

Firstly, a production method of SAR by fermentation has been carried out in [102]
based on a mixture of glucose, potassium acetate and monoethylamibe. Glucose in
C. glutamicum is the source of carbon and energy in SAR production. Different
case study were performed, and the simpliest scenario was here considered. The

data are given in Table B.4] [102]

Table B.4 LCl inputs for the production of 2 g SAR from fermentation.[102]

Components Amount Unit
Glucose 12 g
Potassium acetate 20 g
Monoethylamine 3.1 g

SAR by glycine

Furthermore, sarcosine can be seen as an intermediate product in glycine production.
SAR is degraded to glycine by the enzyme dehydrogenase in the metabolic pathway
(Figure [B.11).[103] Therefore it can be considered to model the production of SAR
by the production of glycine available in the Ecoinvent database.
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Figure B.11 SAR metabolism by glycine.[103]

SAR by methionine

SAR and methionine are similar in their production processes. Indeed, SAR can
be an intermediate product of the fermentation production of methionine. In
addition, both RAS and glycine can be produced by chemical synthesis. [95} [104]
As a result, it can be assumed that the materials and energy required to produce
methionine are similar to those for sarcosine. Information on the chemical and
industrial production of methionine has been provided previously by [FEFANA] and
is presented in Table [61].

Table B.5 LCl inputs for the production of 1kg methionine.[61]

Components Amount Unit
Propylene 0.43 kg

Hydrogene sulfide 0.27 kg

Methanol 0.39 kg

Hydrogen cyanide 0.21 kg

Energy

Electricity mix 3.7 MJ

Natural gas 3.7 MJ

SAR by chemical reaction with chloroacetic acid

Next, model of SAR production exists and is based on chemical synthesis and the
interaction of chloroacetic acid and methylamine [105]. The materials required for
the chemical synthesis are given in Table [B.6]

SAR by chemical reaction with formaldehyde
A last model was found in the literature. This chemical synthesis of SAR is based
on the reaction of methylamine and formaldehyde solution. The materials data are

given in Table [106].

SAR production pathway selection
As for the ARG, the production of 1 kg of SAR was simulated in SimaPro to
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Table B.6 LCl inputs for the production of 18 g SAR chloroacetic acid.[105] No precise data
was given for ethanol (needed for post-treatmenta, such that it was decided to take 0.2L of it.

Components Amount Unit
Chloroacetic acid 47.5 g
Methylamine 462 g
DI water 1.33 kg
Ethanol 0.2 L

Table B.7 LCI inputs for the production of 22 g SAR from formaldehyde solution. It is
mentionned that a "little amount” is added to the solution, which was decided to be 5g.[106]

Components Amount  Unit
Formaldehyde solution (37%) 120 em?
Methylamine hydrochloride 67.5 g
Chloroacetic acid 47.5 g
Potassium cyanide 65 g
Ethanol ) g

compare the 5 production models. The Recipe 2016 (H) midpoint method was
applied. The results of the different impact categories are presented in Figure

B.12

First of all, it can be concluded that SAR production from glucose fermentation
and chemical synthesis of chloroacetic acid performs the poorest results and should
be excluded.Furthermore, the model based on formaldehyde dates back to 1915 and
does not show to be applicable on an industrial scale, so it can be assumed that
this technology is not relevant. Furthermore, these 3 models (glucose fermentation,
chloroacetic acid and formaldehyde) only take material inputs.

Concerning glycine, it was mentioned that SAR is an intermediate product of
glycine fermentation. However, the glycine process developed in Ecoinvent is based
on the chemical synthesis of glycine from chloroacetic acid [83]. SAR by glycine is
also to be excluded.

Finally, the methionine-based model for SAR production seems more practical.
Although in this model methionine is obtained chemically and the SAR is a
by-product of fermentative methionine production, the methionine SAR has the
advantage that the data are taken from the same scientific paper [61]. Therefore,
both data for ARG and SAR were collected in Europe and are considered with the
same weighting and reliability.
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Figure B.12 LCIA comparison of different production pathways of SAR. The abbreviations
of impact categories on the x-axis are defined in Table

100% I I I
60%
40%
20% I
o BB L
PP I:H3LEOE8O8EEYeoEg
Q L % v <= 3 2 OF I S g = O
o0 - = g B T o)
o o & © - = T = £ =
I 8 T
B Polypropylene B Hydrogen sulfide M Hydrogen cyanide
= Methanol M Electricity mix M Electricity natural gas

Figure B.13 LCIA for the production of 1kg ARG by methionine. Abbreviations on the x-axis
refers to Table . Abbreviations on the x-axis refers to Table
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B.5 Membrane distillation-crystallisation

B.5.1 Driving force

Table B.8 Comparison of different calculations methods of the driving force AP in [Pa] of
VMD. Several scenarii of VMD are presented. Vmd.s0O considers the generic VMD scenario
treating the previous reference absorption case, i.e. absoA.sO (with ARG and maximum K,,).
In this reference case vmd.s0, the feed inlet temperature is Ty; = 40°C. vmd.s0.tfiz represents

VMD treating the previous absoA.sO for different T;

= 2°C. vmd.sl is VMD treating the
previous absorption step working with SAR and the maximum CO, load k = 0.412 [mol/kg].
It appears from the Table, that AP in VMD (and more generally in jmembrane distillation]
[crystallisation (MDC)|) can be computed either via an arithmetic or natural logarithmic mean.

The difference between both types of driving force is negligible.

Driving force

Arithm LN

vimd.s0 3586 3570

vms.s0.tfi35 2118 2113

vms.s0.tfi30 957 958

vimd.s1.tfi40 3094 3094

vimd.s1.tfi30 676 657

B.5.2 Water Activities
g/L mol/L aw g/L mol/L aw

0.058 0.001 1.000 11.565 0.198 0.993
0.117 0.002 1.000 17.247 0.295 0.990
0.175 0.003 1.000 22.865 0.391 0.987
0.234 0.004 1.000 28.419 0.436 0.984
0.292 0.005 1.000 33.910 0.580 0.980
0.351 0.006 1.000 39339 0.672 0.977
0.409 0.007 1.000 44.708 0.764 0.974
0.468 0.008 1.000 50.017 0.855 0.970
0.526 0.009 1.000 55.267 0.945 0.967
0.585 0.010 1.000 80.671 1.379 0.949
1.169 0.020 0.999 104.745 1.791 0.931
1.752 0.030 0.999 127.590 2.181 0.911
2.335 0.040 0.999 149.298 2.552 0.891
2.916 0.050 0.998 169.952 2.905 0.870
3.498 0.060 0.998 189.627 3.241 0.849
4.078 0.070 0.998 333.312 5.698 0.695
4.658 0.080 0.997 300.000 5.133 0.742
5.237 0.090 0.997 200.000 3.422 0.840
5.816 0.099 0.997 250.000 4.277 0.788

Figure B.14 NaCl water activity.|]
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molL/L aw mol/L aw
0.001 0.99996 0.08 0.997
0.002 0.99993 0.09 0.997
0.003 0.99989 0.1 0.993
0.004 0.99986 0.2 0.990
0.005 0.99982 0.3 0.987
0.006 0.99979 0.4 0.987
0.007 0.99976 0.5 0.984
0.008 0.99972 0.6 0.981
0.009 0.99969 0.7 0.978
0.01 0.99965 0.8 0.975
0.02 0.9993 0.9 0.973
0.03 0.99897 1 0.970
0.04 0.9983 1.223 0.964
0.05 0.998 1.25 0.963
0.06 0.998 1.3 0.962
0.07 0.997 1.1 0.957

Figure B.15 NaHCO;3; water activity.[107; 108]

mol/L aw
0.200 0.786
0.302 0.849
0.506 0.911
0.709 0.945
1.018 0.978
mol/L aw 1.226 0.996
0.14555488 0.998 1.538 1.021
0.21750586 0.997 2.057 1.062
0.29041332 0.996 2.579 1.103
0.34726757 0.995 3.095 1.152
0.44112457 0.994 3.610 1.202
0.51388312 0.992 4,126 1.258
0.59193456 0.992 5.158 1.376
0.66526642 0.99 6.189 1.499
0.73365586 0.989 7.221 1.614

Figure B.16 ARG water activity.[109; 110]  Figure B.17 SAR water activity.[111]

B.6 OMD post-treatment of brine

In the case of the OMD, the wastewater is the outlet stream of the permeate. This
is a solution with a high salt content (NaCl), commonly called brine. Here, the
brine has a salt content of about 200 g/kg, whereas the seawater contains 35 g/kg
of NaCl. In fact, wastewater can be defined as high salinity when its salinity is
about 10-35 g/kg. [112] Therefore, osmotic permeate with a higher salinity cannot
be treated by a common [wastewater treatment (WWT)|
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Different methods exist to manage these saline waters. The most common are: deep
well injection, land application, evaporation ponds, sewer discharge or seawater
discharge. The choice of the most appropriate disposal method depends on a
number of factors: quantity, composition, geographical location of the disposal site,
legal factors, capital and operating costs, etc. [84] However, brine discharge is the
most common and widely adopted method worldwide, with 45% of total capacity
in the US. It has the advantage of being suitable for treating large volumes with
low costs and energy demands. However, brine discharge is disruptive to aquatic
ecosystems. [84; [113] Thus, brine discharge is assumed to be a realistic waste
treatment scenario for the waste output permeate of the OMD. Its management
can be modelled by the background process in Ecoinvent: "discharge of water from
oil extraction (on/off-shore)". [83].

The extraction and production of o0il generates a by-product called produced water.
The chemical composition of produced water depends considerably on the geo-
graphical location of the field where the oil was extracted. The main components
of produced water are salt, oils and inorganic and organic toxic compounds. Most
produced water is saltier than sea water and can exceed 300 g/kg. Therefore, the
salinity is comparable to that of wastewater in the OMDs. In addition, oil emissions
are available for different production areas and are assessed directly in the crude
oil production inventory. This means that oil emissions are not used for "water
discharge from oil extraction'. Hence, this WW'T can be appropriately applied to
the resulting osmotic permeate. [114]

Next, onshore or offshore water discharge is available in Ecoinvent. On the one
hand, offshore discharge releases the brine into the sea water. On the other hand,
onshore discharge uses the same data but leads to more uncertainties because
different data are expected for different geographical regions. [114]

Finally, OMD wastewater is managed by a seawater discharge which is simulated
by the background database associated with the offshore discharge of produced
water.
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Appendix C

LCIA and interpretation

C.1 Classification and characterisation

C.1.1 Method selection

The selection of the LCA method is an important step where it should complies
ISO standards, be on the scope of the LCA study and compatible with the selected
impact categories. The purpose of a LCA method is to class inventory results
into impact categories. Many reference methods are available and scientifically
recognised by the ISO Standards. [48]

Characterisation can be assessed at two mainstreams ways : with midpoint and
endpoint impact categories both presenting advantages and drawbacks. Firstly,
the midpoint characterisation (i.e. problem-oriented) presents more robust but
less environmentally relevant results, while the opposite is true for the endpoint
indicators (i.e. damage-oriented). Secondly, in the endpoint indicators, more
assumptions are made than in the midpoint indicators, which leads to a higher
level of uncertainty for the endpoint indicators. Thirdly, the results of the endpoint
indicators are easier to communicate, but they are accompanied by a significant
loss of valuable information, which leads to limited interpretation. However, the
two indicators are complementary rather than alternative to each other, such
it is relevant to make the key mid- and end-point LCA results available in this
study. [115; 1T6] As a results, "a quick screening using an endpoint method will be
used to “flag” relevant issues; even if the study will not use endpoint methods for
the final results" [59].

The Recipe method [78] has the advantage of presenting both midpoint and
endpoint indicators. In fact, Recipe 2016 is an updated and extended version
of Recipe 2008 and mixes an improved version of the CML-oriented problems
[117], and the damage-oriented approach of the Eco-Indicator 99 [118; 115]. At
the midpoint level and endpoint level, 18 impact and 3 impact categories are
respectively available. To quantify them, the 18 impact categories are multiplied by
a damage factor and aggregated into the 3 endpoint protection zones (see Figure

C19). (114
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In addition, three perspectives (i.e. scenarii) are proposed in the Recipe method:
Individualistic (I), Hierarchistic (H), Equalitarian (E). For the sake of consistency
with other LCAs on CCU available in the literature [119; [54; 1205 121], the Recipe
Hierarchistic method is chosen, which is based "on scientific consensus regarding
the timing and plausibility of impact mechanisms" [7§].

Furthermore, it is mentioned that single-issue methods do not comply with ISO
14044, as they exclude impact categories whose results could be significant for the
study. To avoid this, ISO standards have started to develop single-issue methods
[59]. Hence, even if the carbon footprint is not the only relevant impact category,
the robustness of this impact category is of paramount importance for a CCU
process focused on CO4 absorption performance.

In fact, several LCA methods (IPCC 2013, Recipe 2016, Impact 2002+ etc.) have
an impact category on climate change (or sometimes called global warming), for
which the use of [IPCC GWPs as characterisation factors at the midpoint level leads
to a wide consensus. However, there are some differences in the use of GWPs, so
the [International Reference Life Cycle Data (ILCD)| Handbook [122] recommends
that the IPCC 2013 method should be used for the assessment of the climate change
impact category. Indeed, the latter uses the most recent GWPs. Nevertheless, the
Recipe 2016 GWP is based on the same 2013 IPCC Report 5 consulted for the
IPCC 2013 method [78], so that the Recipe 2016 carbon footprint assessment is
considered appropriate for the present study.

Finally, the [LCD| Handbook stresses that from a scientific and sustainability point
of view, a scenario with a time horizon of 500 years should be preferred to assess
climate change, even though many policy instruments (e.g. the Kyoto Protocol)
are based on a time horizon of 100 years. Therefore, a sensitivity analysis
is recommended for CO, equivalent emissions, and for comparing different time
horizons (20 (I) -100 (H) -1000 (E) years) [78].
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Figure C.18 Representation of the relations between the impact categories midpoint and
the areas of production (endpoint).[78] Damage to human health is expressed in
[adjusted life years (DALY to the ecosystem in [species.yr] and to resources in US dollars
reference year 2013 (USD2013).

C.2 Results and discussion

C.2.1 Sensitivity analysis on LCA methods

Different LCA methods were compared in order to highlight potential contradic-
tions and nuances in these results based on the 5 steps of the generic LCI. The
report "Techno-Economic Assessment € Life-Cycle Assessment Guidelines for CO,
Utilization" [52] suggests using the CML [117] method for CCU studies as used
in [123; 124 125]. For this purpose, the results of the LCA by CML have been
added to the paper and are presented. Other papers on LCA of CCU technologies
[4°7; 126] have been carried out with the IPCC method. Therefore, the global
warming impact category is closely analysed by comparing Recipe 2016, CML and
IPCC. Finally, a sensitivity analysis regarding the time horizons of global warming
is performed.
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Figure C.19 LCIA results for Recipe 2016 (H) midpoint method - characterisation. The 5
steps refer to reference cases. AbsoA.sO is absorption considering ARG and the maximum
K,y. Omd.sO, demd.sO and vmd.sO are for OMD, DCMD and VMD treating the former
AbsoA.s0. Post.s0 is post-treatment with a recovery x = 99%.

CML vs Recipe

A global comparison of all impact categories between Recipe 2016 (Figure
and CML (Figure shows the same trend: VMD by vmd.s0 proves the biggest
impact regarding global warming, followed by OMD and absorption. Note that in
CML, the ozone depletion (in kg CFC11 eq) has a higher impact than its equivalent
impact category, stratospheric ozone depletion, in Recipe method.

absoA.sO M omd.sO B dcmd.sO B vmd.sO M post.sO
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Global warming (GWP100a)
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Fresh water aquatic ecotox.
Marine aquatic ecotoxicity 1
Photochemical oxidation B

Figure C.20 LCIA results for CML method - characterisation. The 5 steps refer to reference
cases. AbsoA.s0 is absorption considering ARG and the maximum K,,. Omd.s0, dcmd.s0
and vmd.sO are for OMD, DCMD and VMD treating the former AbsoA.sO. Post.sO is
post-treatment with a recovery x = 99%.

Global warming

As the LCA concerns a CCU where the FU is expressed in terms of CO, kg, a
particular interest is given to global warming in [kgCOqg-eq]. It is thus relevant to
perform a sensitivity analysis on this particular impact category comparing different
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LCA methods. For this purpose, Recipe 2016 (H), CML and the IPCC single
issue method are performed in the case of the generic LCI. Figure shows the
results where it is observed that Recipe 2016 has a higher global warming impact
in each steps, compared to the other 2 methods. CML and IPCC show the same
quantitative results. Indeed, the characterisation factors (GWP) selected for both
the CML and IPCC methods are based on the IPCC report with a time horizon of
100 years. When examining the characterisation factor of each method in SimaPro,
it appears that all methods have 212 items but the GWPs have different values :
for GWPs < 1, Recipe method rounds them either 0 or 1. [7§].

Nevertheless, Recipe gives the highest CO, equivalent emissions and is therefore a
good worst-case approximation, although the difference with other methods is not
really significant.

8
5.73 5. :

E’ 7 6.64 6.63
z o6
8 5
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= -2 |
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-3 -2.44-2.40 -2.40

M Recipe 2016 midpoint (H) m IPCC GWP 100a CML

Figure C.21 LCIA comparison of methods on global warming - characterisation. The 5 steps
refer to reference cases. AbsoA.sO is absorption considering ARG and the maximum K,,.
Omd.s0, dcmd.sO and vmd.sO are for OMD, DCMD and VMD treating the former AbsoA .s0.
Post.s0 is post-treatment with a recovery y = 99%.

Time horizons

As suggested in Appendix by [122] and [127] concerning the method selection,
a sensitivity analysis over the time horizon should be carried out, comparing the
different perspectives (I-H-E) of the Recipe 2016 midpoint methods regarding
climate change. A number of uncertainties are clustered in the 3 perspectives that
represent similar types of assumptions or choices. Indeed, the climate metric differs
in multiple ways (physical endpoints, cumulative, etc.) and the choice of time
horizon in the GWPs can have a significant effect on the GWPs. For example, the
GWP-100 (corresponding to a time horizon of 100 years) of methane is 30 while
the GWP-20 is about 85. [127]

The choice of values for the 3 scenarii is presented in Table and the LCIA
comparison in Figure It appears that with short-term time horizons, the
process generates higher emissions of CO, eq. One reason could be that "long-
term changes include sea level recovery driven by relatively slow processes that can
influence global ocean warming" [128].

Nevertheless, the hierarchical perspective (H) is used for the other [life cycle impact|
lassessment (LCIA)| results in this project, bearing in mind that, over a time
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horizon of 20 years, the climate change impact category has higher CO4 equivalent
emissions.

Table C.9 Value choices in the derivation of characterisation factors for different perspectives
in Recipe 2016 [78].

Climate Change Individualist Hierarchist Egalitarian
Time Horizon 20 years 100 years 1000 years
Climate-carbon No Yes No
feed-back
Future socio-economic Optimistic Baseline Pessimistic
developments
Adaptation potential Adaptive Controlling Comprehensive
8 7.43
— 7 6.73 i
g s
§ 5
) 4 380 539 208 385 336 546
- 3
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Figure C.22 LCIA comparison of time horizons - characterisation. The 5 steps refer to
reference cases. AbsoA.s0 is absorption considering ARG and the maximum K,,. Omd.s0,
dcmd.sO and vmd.sO are for OMD, DCMD and VMD treating the former AbsoA.s0. Post.s0

is post-treatment with a recovery x = 99%.
I ‘_l Il‘ ‘ l‘ ‘!l

C.2.2 Overview of the generic LCI
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Figure C.23 LCIA results of generic [membrane distillation-crystallisation (MDC)| (omd.s0,
demd.s0, vmd.s0) - characterisation. Generic MDC processes treat former absoA.s0 (absorption
with ARG and maximum K,,). Data labels on the bar charts represent global warming
emissions in [kgCO,-eq] Abbreviations on the x-axis refer to Table
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C.2.2.1 Endpoints

As explained at length in Appendix [C.1.0] it is interesting to represent the environ-
mental impacts of the LCA in terms of endpoint areas of protection by the means
of Recipe 2016 endpoint (H) method presented earlier in Figure Damage-
oriented results (i.e endpoint) are presented in Figures (characterisation) and
C.25| (normalisation) for the cases of generic LClIs.

By characterisation in Figure [C.24] in a quantified way, post.sO has the best score
in human health, but the OMD has the worst impact. In addition, vimd.sO case of
VMD has the highest impacts in the protection areas of ecosystems and resources. It
also appears that demd.sO has the lowest impact on these endpoint indicators.

In terms of normalised environmental impacts, Figure reveals that human
health is the most impacted damage category compared to the other two.

100%
50% I
" - -
Human healt Ecosystems I Resources
-50%

-100% absoA.s0 momd.sO0  mdcmd.sO vmd.sO W post.s0

Figure C.24 LCIA results of generic LCA with Recipe endpoint (H) - characterisation. The
5 steps refer to reference cases. AbsoA.sO is absorption considering ARG and the maximum
K,y. Omd.sO, demd.sO and vmd.sO are for OMD, DCMD and VMD treating the former
AbsoA.s0. Post.s0O is post-treatment with a recovery y = 99%.
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Figure C.25 LCIA results of generic LCA with Recipe endpoint (H) - normalisation. The 5
steps refer to reference cases. AbsoA.sQ is absorption considering ARG and the maximum
K,,. Omd.s0, demd.sO and vmd.sO are for OMD, DCMD and VMD treating the former
AbsoA.s0. Post.sO is post-treatment with a recovery y = 99%.
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C.2.3 Osmotic membrane distillation
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Figure C.26 LCIA of osmotic solution for omd.sO with previous absoA.sO - normalisation.
absoA.s0 stand for generic absorption with ARG and maximum K,,. omd.sO is OMD treating
previous absoA.s0. WWT stands for wastewater treatment. Abbreviations on thex-axis refers

to Table .

C.2.4 Direct contact membrane distillation
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Figure C.27 LCIA results of DCMD with different feed inlet temperature T';, water con-
sumption category (H20Cons) in [m?] - characterisation. The previous absorption step is
AbsoA.sO operating with ARG and at maximum K,,. The data labels on the bar charts
represents the total water consumption of DCMD. The case Tfi40 represents the reference

case of DCMD, also previously noted decmd.s0.
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Figure C.28 LCIA results of DCMD with different feed inlet temperature T;, marine
eutrophication category (MEutro) in [kN-eq] - characterisation. The previous absorption
step is AbsoA.sO operating with ARG and at maximum K,,. The data labels on the bar
charts represents the total water consumption of DCMD. The case Tfi40 represents the
reference case of DCMD, also previously noted demd.s0.

C.2.5 Optimised LCA steps
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Figure C.29 LCIA of the optimised LCA with operating conditions - normalisation. LCA by
OMD/DCMD or VMD sums up emissions due to absorption = OMD/DCMD or VMD + post-
treatment. The absorption step is operating with ARG and at maximum x = 0.561 [mol/kg].
OMD is working until 50% above the saturation level and is coupled with desalination plant.
DCMD is working until 50% above the saturation level and with T; = 25°C. VMD works at
Ty; = 30°C and up the the saturation level. Abbreviations on the x-axis refer to Table

Optimised Endpoints results

Endpoints of the optimised LCA are presented in the 2 following figures. Note that
if LCIA results at midpoints indicators showed that the whole process via OMD,
DCMD or VMD gives emissions reductions in almost every impact categories, this
is also true for endpoint results. Figures[C.30] and [C.31] shows that in the 3 damage
categories, post-treatments has a great reducing impact, leading to overall negative
impacts.

These figures could also be compared to Figure [C.24] and [C.25] that outline endpoint
results of the generic LCA.
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Figure C.30 LCIA of the optimised LCA with operating conditions, Recipe (H) endpoints -
characterisation. Abso is absorption with ARG and maximum x = 0.561 [mol/kg]. OMD is
working until 50% above the saturation level and is coupled with desalination plant. DCMD
is working until 50% above the saturation level and with Ty; = 25°C. VMD works at
Tt; = 30°C and up the the saturation level. Post stands for post-treatment step with a
recovery x=99%.
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Figure C.31 LCIA of the optimised LCA with operating conditions, Recipe (H) endpoints -
normalisation. Abso is absorption with ARG and maximum s = 0.561 [mol/kg]. OMD is
working until 50% above the saturation level and is coupled with desalination plant. DCMD
is working until 50% above the saturation level and with Ty; = 25°C. VMD works at
Ty; = 30°C and up the the saturation level. Post stands for post-treatment step with a
recovery x=99%.

C.2.6 LCIA networks
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Figure C.32 LCIA network of Na,COj3, global warming (GW), soda ashes, in Ecoinvent Unit
database. This represents the main factors in the production of soda ashes regarding global
warming. Soda ashes are used in the solvent mixture of absorption, as Na,CO3; compounds.
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Figure C.33 LCIA network of Na,CO3, marine ecotoxicity (MEco), soda ashes, in Ecoinvent
Unit database. This represents the main factors in the production of soda ashes regarding
global warming. Soda ashes are used in the solvent mixture of absorption, as Na,COg3

compounds.
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Figure C.34 LCIA network of absorption for absoA.sO, marine eutrophication (MEutro)
category in [kg N-eq] - characterisation. AbsoA.sO stands for reference absorption case
operating with ARG and at maximum K,,. The marine eutrophication category is primarily
impacted by the production of ARG from maize starch, which in turn is primarily impacted
by the production of maize grain and green manure.
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Figure C.36 LCIA network of NaCl production, global warming category in [kgCO,-eq] -
characterisation, from Ecoinvent Unit database. The global warming of NaCl category is
primarily impacted by the use of electricity and heat (near 60%) and the construction of the
chemical factory (34%).
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Figure C.37 LCIA network of deinonised water production, human carcinogenic toxocity
category in [kgCO,-eq] - characterisation, from Ecoinvent Unit database.
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Figure C.38 LCIA network of tap water production by [reverse osmosis (RO), stratospheric
ozone depletion (O3Depl) in [kgCFC11-eq] - characterisation, from Ecoinvent Unit database.

122



1 m2
Membrane PP prod

3kg 0,027 kg 032kg 0000451 kg 102 M)
Water, deionised, Polypropylene, Dimethylacetamide Nitrogen, liquid {RER}| Electricity, medium
from tap water, at granulate (RER)| {GLO}| production | air separation, Ivoltage (BE)| electrici

user {Europe without production | APOS, S APOS, S cryogenic | APOS, S voltage
0,155 % 315 % 576 % 0,00611 %

391 %

Figure C.39 LCIA network of membrane production [58], global warming (GW) in [kgCO,-
eq] - characterisation. Solvent [dimethylacetamide (DMAC), followed by electricity are the 2
major determinants for environmental impacts due to polymeric membrane production.

1m2
Membrane PP prod|
total
100 %
3kg 0,027 kg 032 kg 0,000451 kg 102 M)
Water, dei Polypi S Dimethylacetamide Nitrogen, liquid Electricity, medium
from tap water, at granulate {RER}| {GLO}| production | {RER}| air voltage {BE}|
user {Europe production | APOS, APOS, S separation, electricity voltage
0,0894 % [ 5,03 % o 694 % 0,00349 % [ 255 %

Figure C.40 LCIA network of membrane production [58], fossil resource scarcity (FRS)

in [kgCOy-eq] - characterisation. Solvent [DMAC] followed by electricity are the 2 major
determinants for environmental impacts due to polymeric membrane production.
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Figure C.41 LCIA network of membrane production [58], marine eutrophication (MEutro)

in [kgCOy-eq] - characterisation. Solvent DMAC]is the major determinant for environmental
impacts due to polymeric membrane production.
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Figure C.42 LCIA network of Belgian electricity mix, global warming (GW) category in
[kCO2-eq] - characterisation.
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Figure C.43 LCIA network of Belgian electricity mix, ionising radiation (IR) category in
[kBg Cobalt-60 eq] - characterisation. IR is primarily impacted by nuclear energy in the
electricity mix. While global warming impact category is impacted by other energy inputs in

the electricity mix (see Figure |C.42).
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Figure C.44 LCIA network of Belgian electricity mix, Part 1, marine eutrophication (MEutro)
in [kgN-eq] - characterisation.
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Figure C.45 LCIA network of Belgian electricity mix, Part 2, marine eutrophication
(MEutro) in [kgN-eq] - characterisation.
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Figure C.46 LCIA network of Belgian electricity mix, Part 1, stratospheric ozone depletion
(O3Depl) in [kgN-eq] - characterisation.
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Appendix D

Tutorial on SimaPro model

SimaPro has been the world’s leading life cycle assessment (LCA) software for
30 years. It is widely used in industry and academia. The licence provided by
UCLouvain allows SimaPro to be used as a tool to quantify the environmental
performance of a product or process. [129]

SimaPro is well documented. And different manuals are available in open source:

o Introduction to LCA with SimaPro : a deep explanation on LCA
methodology, modelling choices (libraries, multi-functionality, methods etc.) [59]

o SimaPro Tutorial : a manual divided in different lessons to get used to the
LCA software. [130]

The following figures show screenshots of the SimaPro model used for the present
project. This guide is intended for potential users of the simulation.
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