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Abstract: To limit global warming, governments and industries are engaged in reducing
emissions of CO,. There is increasing evidence, however, that it may be necessary to go a
step further by removing CO- already emitted. For the purpose of Carbon Dioxide Removal
(CDR), a number of Negative Emissions Technologies (NET) have been proposed. These
generally make extensive usage of land, energy and water — if they are to be implemented at
the large scales needed. It is therefore important to seek, investigate and compare alternative
approaches to NET. Desalination plants, though normally seen as sources rather than sinks
of CO», could be modified to provide a new type of NET. In this study, we propose treating
desalination reject brine by electrolysis to form Mg(OH); and thus absorb CO; via the oceans.
The energy and water penalties associated with the electrolysis are calculated as 1.8 GJ/tCO;
and 13.7 m3/tCO; respectively, making it an interesting option in comparison with some other
types of NET. However, NET-modification more than doubles the specific energy consumption
of a reverse-osmosis desalination plant. It is concluded that NET-desalination has potential to
contribute to CDR in arid countries (especially if solar energy is used) thus helping to meet
Intended Nationally Determined Contributions (INDCs) following the COP21 summit.

Keywords: carbon dioxide removal; negative emissions technology; reverse osmosis; brine
management; specific energy consumption.
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1. Introduction
1.1 The growing importance of Carbon Dioxide Removal

At the Conference of the Parties (COP21) summit of the United Nations Framework
Convention on Climate Change held in Paris (2015), 195 nations agreed in principle to take
actions limiting global warming to 1.5-2°C [1]. In an attempt to avoid exceeding this limit,
nations drew up Intended Nationally Determined Contributions (INDC). Currently, however,
there is a gap between the INDC commitments and the emission reductions really required to
avoid warming of more than 2°C [2]. For the world to meet the <2°C target, it is estimated that
emissions should peak before 2030 and then reduce rapidly to zero [3]. Because of the very
long time taken for atmospheric CO: levels to decrease naturally, there is effectively a cap on
the cumulative emissions allowable to stay within the limit, such that failure to reduce
emissions short term will necessitate even more onerous commitments later on. This situation
introduces doubts about whether the target is indeed achievable [4].

Such doubts have prompted researchers and policymakers to consider other approaches to
avoid catastrophic climate change, beyond simply reducing emissions. In particular, removal
of greenhouse gases (especially carbon dioxide) from the environment, is considered an
increasingly relevant and important option. Technologies that achieve such removal, in some
cases meeting other aims simultaneously, have been termed Negative Emissions
Technologies (NETS) [4-7]. Broadly they include technologies that remove CO. directly from
the atmosphere (e.g. Direct Air Capture, DAC [8-11]; and Bioenergy and Carbon Capture and
Storage, BECCS [12]) and those that remove CO; via the hydrological cycle and oceans (e.g.
Accelerated Weathering, AW [13, 14]; Ocean Liming and Alkalinisation [15-18]). With regard
to the potential of the oceans to absorb CO3, a recent review by Renforth and Henderson has
highlighted the very large capacity of this natural sink and therefore the importance of
accelerating its uptake [18].

All these NETs would, however, require large commitments of infrastructure, capital
equipment, and running costs. For example, accelerated weathering may demand mining and
transportation of quantities of rock exceeding the mass of the CO, removed, i.e. running into
billions of tonnes per year in order to have a significant effect on atmospheric concentrations
[13]. Itis important therefore to compare NETSs with regard to overall biophysical and economic
limits [5, 7] — thus helping to assess whether they can make a significant and practical
contribution to tackling climate change alongside more conventional approaches based on
mitigation.

1.2 Desalination as a Negative Emissions Technology

Driven by the soaring demand for freshwater, seawater desalination is growing in capacity
worldwide. Alongside this, its environmental impacts are growing also [19, 20]. Global capacity
roughly doubled from 2007-2017 and is estimated at 100 million m®day output today [21].
The impacts result mainly from the substantial energy usage and associated CO; emissions,
and from the brine that desalination plants discharge to the ocean. On the other hand,
seawater brine contains significant amounts of metal ions which have potential to combine
with and sequester CO. as carbonate or bicarbonate.



A number of authors have investigated potential of brine from seawater to absorb CO; through
various combinations of process steps. For example, Ferrini et al. [22] showed that adding
CO2 to magnesium chloride in the presence of ammonia precipitated magnesium carbonate
as nesquehonite (MgCO3.3H20), producing ammonium chloride as a by-product.
Nesquehonite could be used as a structural material for building, in the form or aggregate,
concrete or cement. Benyahia [23] has proposed a process that reacts CO, with sodium
chloride, also in the presence of ammonia, to produce sodium bicarbonate. In this case, the
by-product of ammonium chloride is regenerated by lime (CaO) to give calcium chloride,
releasing ammonia which is reutilised in the process. Indeed it is interesting to note that the
Solvay process and Hou'’s process also involve similar steps to react CO, with ammonia and
sodium chloride [24].

Nonetheless, the above methods rely on a supply of pure or concentrated CO» to the process,
making them suited to absorption of CO- from point sources such as flue stacks. They are not
intended for removal of CO, that has been diluted in the atmosphere and ocean; and would
thus only be suitable for CDR if preceded by another process that captures and concentrates
the diluted CO.. The above methods do not by themselves, therefore, constitute NET.

House et al. [17] identified that the chloralkali process could be used to render sodium chloride
solution alkaline for addition to the oceans. The chloralkali process requires electrical energy,
some of which can be recovered by reacting the evolved hydrogen and chlorine in a fuel cell.
The resulting hydrochloric acid can be reacted with silicate rocks. This would be similar to
accelerated weathering of rocks by carbonic acid, although hydrochloric acid will react with
silicate rocks much more quickly than carbonic acid [25, 26]. House et al. [17] discussed the
the application of such an alkalinisation process to seawater, but without discussing
desalination brines specifically. They calculated electrical energy penalties in the range 100—
400 kJ/molCO; (2.3-9.1 GINCOy).

A related approach is to convert the magnesium chloride in seawater brine to magnesium
oxide or hydroxide, which has similar absorptive capacity for CO, as calcium oxide as
proposed for ocean liming. Magnesium (hydr)oxide may be obtained from magnesium chloride
present in seawater and brine. The established technologies for doing so involve liming out
the MgO by addition of alkaline substances. These accounted for about 70% of the 330000
tonnes of MgO produced in the US in 2017, while other sources were from mining of magnesite
[27].

To produce MgO from brine using renewable energy, Davies [28] investigated the potential of
solar thermal energy to convert magnesium chloride to magnesium oxide through
decomposition at 300-600°C. He concluded that the process is feasible in principle, but the
energy consumption is high on account of the large latent heat of dewatering the brine before
decomposition begins. Even though it should be possible to recover some of this latent heat,
electrical and thermal energy consumptions (per gross tonne of CO; removed) remain
somewhat high at 0.8 GJ/tCO; and 13 GJ/tCO- respectively. As with the chloralkali process,
hydrochloric acid arises as a by-product, and approaches to geological disposal were
discussed [28].

Electrochemical treatment may be more promising than thermal treatment to alkalinise brine.
Recently, advanced electrochemical methods have been developed to improve seawater
brine electrolysis [29, 30]. Fernandez-Gonzéalez et al. [29] used a bipolar membrane to
decompose seawater brine into acids and bases, with the emphasis on the economic value of
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these products. Xie et al. [30] introduced a new way of decomposing magnesium chloride by
an electrolysis process incorporating a gas diffusion anode (GDA), yielding magnesium
hydroxide and hydrochloric acid. This process was intended to be used for Carbon Capture
and Storage (CCS) of flue gases. Though neither of these electrochemical processes was
intended for use as NET specifically, both studies imply the feasibility of creating a NET if the
alkaline discharge is directed to the ocean. Among these two processes, the electrolysis-GDA
method is particularly appealing in terms of its potentially low energy consumption and simpler
configuration of the electrolysis cells. These would be the key factors in keeping both capital
and operational costs low for large scale processing.

Building on these recent works, this study considers the conversion of desalination to a
negative emissions technology (NET-desalination). It is proposed that the electrolysis-GDA be
developed for continuous processing of brine at the outlet of existing or new desalination plants,
to create magnesium hydroxide for discharge to the ocean. The main objective is to estimate
the energy and water requirements of such NET-desalination, and to compare these penalties
to the other NETs based on values provided in the literature [5, 15, 28]. The NETs chosen for
comparison include BECCS, DAC, ocean liming and the choralkali process. Energy and water
penalties are chosen as the main focus for the study, because they are considered
fundamental in constraining the feasibility and scalability of the proposal. We also compare
the specific energy consumption (per unit of freshwater produced) of the desalination plant,
before and after adding the electrochemical process, to assess the preliminary feasibility of
such a modification from the point of view of the operators of desalination plants whose
primary objective is to provide freshwater to consumers.

This paper presents a theoretical and conceptual study, drawing on and comparing against
results provided in the literature. First the electrolysis-GDA process will be considered, then
the whole NET-desalination system including this process will be analysed in different cases
to provide results and conclusions dependent on the input parameters and scope of the
analysis.

2. Analysis of the electrolysis-GDA process

As electrolysis is energy-intensive, its energy requirement will be one of the key factors
determining the feasibility in turning desalination into a NET. To determine the energy
requirement, a thermodynamic analysis has been carried out to provide the minimum cell
voltage of membrane electrolysis with GDA as shown in Figure 1. The electrolyser is of a flow-
through type with two compartments separated by an anion exchange membrane [30]. The
left compartment has fresh water flowing in and hydrochloric acid flowing out. In the case of
the right compartment, desalination reject brine flows in and magnesium hydroxide,
suspended in the brine, flows out. The GDA allows hydrogen generated at the cathode to react
with chloride ions, yielding hydrochloric acid as a by-product.
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Figure 1: lllustration of electrolyser with gas diffusion anode (GDA) for splitting brine containing
magnesium chloride into HCI and Mg(OH)2. Modified from [30].

With use of the GDA, the two half-cell reactions are:
Cathode Mg?* (aq) + 2HZO M+ 2e — Mg(OH)2 (s) + Hz(g) D

Anode H2 (g) + 2CI (l) - 2e — 2HCI (aq) 2)

The overall electrolysis reaction is accordingly:

MgCI2 (aq) + 2H20 () — Mg(OH)2 (s) + 2HCl(aq) 3)

Using the standard enthalpy and entropy of each component in this reaction equation, the
enthalpy and Gibbs free energy change of the reaction at standard conditions have been
calculated based on standard thermochemical data [31] as:

AH% = 114.06 kJ/mol

AG°= 95.73 kJ/mol

Converting these into voltages, we obtain thermo-neutral (adiabatic) and reversible voltages
for the reaction as respectively:

Vin= -AH%/(nF) =-0.59V (4)
Vrev: 'AGO/(n F) = - 0.50 V

where F is the Faraday constant (F=9.649x10* C/mol) and n is the number of moles of
electrons transferred per mole of Mg?* precipitated (n=2).



When the working conditions differ from the standard ones, the voltage needed for the
electrolysis will vary. The Gibbs free energy change under given working conditions can be
calculated by means of the Nernst-type equation:

0 [HCIT?
AG =AG® +RT |n{—[MgC|2]} (5)

The concentration of the magnesium chloride in the brine will depend on the concentration of
the incoming seawater and the recovery ratio of the plant. The rejection fraction of modern
seawater desalination plants is very high (>98%), such that virtually all the salts end up in the
reject brine. Assuming standard practical salinity of 35 and density of 1027 kg/m3, results in
[MgCl;]=0.05424 M increased by the factor 1/(1-r) according to the recovery ratio r. At 25°C,
ed.(5) thus becomes (in units of kJ/mol):

AG = 102.96 + 4.96 In[HCI] + 2.48 In(1 — 1) (6)

We note that seawater desalination plants typically operate in hot climates, taking in seawater
at temperature in the range 15-35°C according to location and season. Therefore, 25°C is a
representative assumption for temperature, especially since a change of 10°C will only alter
the above Gibbs energy by about 0.3%. The concentration [HCI] will evidently influence the
energy consumption and values in the range 1 — 10 M are considered.

The Gibbs free energy calculated by the Nernst equation represents an ideal minimum energy
requirement of the electrolysis process under reversible isothermal conditions. But more
realistically the cell may operate under adiabatic conditions requiring slightly greater voltage
and work input. An efficiency 7 is introduced to estimate the real energy consumption
accounting for practical losses:

AG'=AG/n (7)

The cell electrolysis efficiency is estimated based on experimental evidence [30] where
V=0.60 V was reported, close to the thermo-neutral potential of V,=0.59 V and suggesting
that an efficiency of n=0.50/0.60=83.3% relative to Vi could be achieved. Accordingly, we
assume a nominal efficiency of n=80% in this study, with a range of 60-90% being considered
as part of the sensitivity analsyis.

Magnesium hydroxide reacts stoichiometrically with CO, in seawater to form magnesium
carbonate:

Mg(OH)2 (s) + CO, — MgCOs + H.0 (8)

Further reaction to form magnesium bicarbonate absorbs in total of up to 2 moles of CO; per
mole of magnesium:

MgCOs + H,0 + CO, <> Mg(HCOs), 9)

Nonetheless, due to the reversible nature of this second reaction, the ratio achieved in practice
is less than 2, estimated in the range 1.4 to 1.7 according to conditions of CO, concentration,
temperature, and salinity. Renforth and Henderson have calculated a ratio of 1.66 which is
adopted in this study [18]. The energy per mole of CO; to be removed will accordingly be
1/1.66=60% that calculated by Eq.(7).

We note that an alternative electrolysis process involving sodium chloride could in principle
occur:



NaCl (aq) + H,O (I) — NaOH (aq) + HCl (aq) (20)

However, since the associated V,e,=-0.83 V is higher in magnitude than that for MgCl,, Eq
(3) will proceed in preference.

3. Analysis of the NET-desalination system

The next step is the analysis of the desalination system including the electrolysis process. The
system studied (Figure 2) consists of a state-of-the art reverse osmosis (RO) desalination
plant, a power generation plant, and the concentrate brine electrolysing unit. The discharge of
the desalination plant passes through the electrolyser, where MgCl. in the brine is split into
magnesium hydroxide suspension and hydrochloric acid, as described above. The
magnesium hydroxide suspension discharged into the sea will absorb CO-,

The study comprises two cases each of different scope. Case 1 considers only the additional
processes (inside the dashed box, Figure 2) of the NET-desalination relative to those of the
unmodified plant. The NET modification requires additional inputs of electricity and freshwater,
penalties that will be evaluated in relation to the CO, absorbed to enable comparison with
other NETs. Case 2 considers the whole system (entire Figure 2) to examine the net emission
taking into account the operation of the desalination plant and associated power generation.
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Figure 2: The system under study consists of a state-of-the art reverse osmosis (RO) desalination plant
with the brine discharge passing through an electrolysis unit. Case 1 considers only the processes
inside the dashed box, whereas Case 2 considers the whole system.



Case 1 is appropriate for assessing the benefits and penalties of electrolysis as an add-on to
desalination plants already existing or planned, where the energy consumption of the
desalination plant is not counted as a penalty of the NET — because this penalty is considered
unavoidable in the sense that it would occur anyway even if the NET-modification were not
implemented.

Case 2 would be more appropriate if the energy consumption of the desalination plant is not
considered unavoidable. For example, the NET aspect might be used as a patrtial justification
for building new desalination plants — helping to favour desalination over other ways to meet
increased water demand (e.g. water transfers, increased water re-use, or demand side
measures). Then, arguments, against desalination would most likely point to the overall
penalties, and not just the additional ones of NET modification. The same scope would apply
if in the future there was a decision to be made about whether to continue to operate a NET-
desalination plant or replace it with alternative systems to provide the same services.

Because it includes the whole system, case 2 is also useful to compare how the specific
energy consumption (SEC, per unit of freshwater output) of desalination compares with and
without NET. This will require assumptions to be made about the energy consumption of the
desalination plant and the carbon-intensity of electricity generation powering the system. Case
2 is also useful for making preliminary comparisons with other NET where there are additional
valuable outputs to consider. Thus, BECCS is not just a system for removing CO» — it is also
a system for providing an energy service. Similarly, NET-desalination is intended not only to
remove CO; but also to provide clean water.

Note that in neither case do we consider the emissions, energy or water penalties associated
with construction of the plant. Only operational penalties are considered. This is because it is
typically stated that energy during operation is the dominant contribution to costs and, by
extension, emissions [32]. The land usage of a desalination plant is assumed very small
(compared to, say, BECCS) and considered negligible. The brine input is not considered as a
penalty, because brine is considered a waste product from the desalination plant.

Cases 1 and 2 enable different questions to be answered regarding negative emissions, as
summarised in Table 1.



Table 1: Scope and purpose of the two cases analysed.

Case
1. NET modification only | 2. Whole system

Electrolysis add-on | Included Included

to desalination

plant for brine

treatment

Desalination plant Excluded Included

Power generation | Excluded Included

and emissions for

desalination plant

Questions that can | 1. |If brine treatment If new desalination plants are built with brine

be answered: is added to treatment included:
existing 1. Could they provide negative emissions
desalination (NET)?
plants, orto plants | 2. How does the system as a whole compare to
that will be built an unmodified desalination plant?
anyway, how does | 3. How does the system as a whole compare to
it compare to other other types of NET taking into account the
types of NET additional outputs in each case e.g. water and
taking into account energy services?
only the additional | In this case all inputs and outputs should be
inputs required? included, and not just the additional ones

associated with the electrolytic brine treatment.

Table 2 summarises the values of baseline parameters used in this study as well as their
ranges for the sensitivity analysis. For the whole system (Case 2), input parameters include
the specific energy consumption (SEC) of the RO desalination plant, and the carbon intensity
associated with the energy supply. For the SEC, we assume a nominal value of 3 kwh/m?
representing a modern state-of-the art plant [33]. In addition, we consider sensitivity to SEC
in the range 1-4 kWh/m3. The lower limit of 1 kWh/m? corresponds approximately to the
thermodynamic minimum possible SEC [34]; while 4 kwWh/m® may be a representative figure
for a plant with slightly elevated energy requirements due, for example, to the need to cope
with more difficult feedwater, thus requiring more treatment stages [32].

For the carbon intensity, we use a baseline figure of 0.5 kgCO; per kWh of electricity generated
— corresponding to efficient electricity generation by relatively clean fossil fuel in the form of
natural gas [35, 36]. To provide a sensitivity analysis, we consider also values in the range 0
and 1 kgCO2/kWh respectively, corresponding respectively to ideal zero-carbon generation
from renewables and to more carbon intensive generation by fossil fuel (e.g. coal instead of
gas). The recovery ratio of the plant is taken as 0.5, with a range 0.4 to 0.8 also considered
(Table 2).



Table 2: Assumed baseline values and ranges of parameters used in this study. The baseline values
apply by default to the results.

Baseline value Range Notes and sources
Density of seawater | 1027 kg/m? - Typical value from ref [37]
Concentration of 1.2837 g/kg - Millero et al [38], for standard
magnesium in 0.05424 M seawater at practical salinity of
seawater 35
Temperature of 25°C - Desalination plants typically
seawater take in water at 15-35°C [21]
Efficiency of 0.8 0.6-0.9 Xie et al [30] (see discussion in
electrolysis process section 4)
Concentration 2M 1-10M See ref [29].
hydrochloric acid at
outlet
Specific energy 3 kWh/m?3 1-4 kWh/m?3 Per m? of freshwater produced.

consumption (SEC)
of basic RO plant

(10.8 MJ/m?3)

Typical practical value for state-
of-art RO plant [33]. Specific
examples in the literature refer
to values as low as 2 kWh/m?3
[39]; with other plants reporting
closer to 4 kWh/m?[21]. 1
kWh/m?3 approximates a
thermodynamic minimum [34].

Carbon intensity of
electricity
generation

0.5 kgCO./kWh

0 — 1 kgCO/kWh

0.5 is a nominal value of
generation based on natural gas
[35, 36]: range represents ‘ideal
zero-carbon renewables’ to
‘high-carbon fossil fuel’.

Recovery ratio (r)

0.5

0.4-0.8

RO desalination plants typically
operate in the range 0.4 t0 0.5
though higher recoveries are
possible with higher energy
expenditure [32].

We also consider the effect of varying the recovery ratio r of the RO plant around the baseline
value of 0.5. The effect on SEC is modelled by assuming that SEC varies in constant
proportion to the minimum thermodynamic energy of desalination [40], i.e.

(11)

1 1
SEC = 2164 ~In [1 ] (kWh)

With the constant of 2.164 kwh/m?3 chosen such that SEC=3 kWh/m? at r=0.5.
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4. Results

The results in this section use the baseline values of Table 2 unless stated otherwise.
Calculated results for the penalties of energy, water and land for cases 1 and 2 are presented
in Table 3, compared against results (from the literature) for other NET options.

Table 3: NET-desalination using electrolysis of brine with GDA, against other options presented in
the literature.

Energy penalty

(GJICO2) > -
NET option Reference _ = S . % %

& £ - Q 20

s B g e =R

@ o

= i =t | S8
NET-Desalination (brine This study 0 1.8 13.7 negligible
electrolysis with GDA):
Case 1, NET-modification only
NET-Desalination (brine This study 0 5.6 -206 negligible
electrolysis with GDA):
Case 2, whole system
Chloralkali process [17] 0 2.3-9.1 no data | negligible
NET-Desalination (brine [28] 13 0.8 0 negligible
thermal decomposition)
Ocean liming [15] 0.6 - 0.1-1.2 0.5-1.2 no data

5.6

Crop Bio-energy + CCS [5] +2.4t0 -24 500 270 —
(BECCS) 1600
Direct Air Capture (DAC) [5] 0.7-125 25 1.5
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Figure 3: Sensitivity of energy and water penalties to concentration of hydrochloric acid discharged:
higher concentration saves water but requires more energy (Case 1 and Case 2)

4.1 Case 1: NET modification only

In this case, the energy penalty is predicted as 1.8 GJ/tCO; and water penalty as 13.7 m3tCO,.
The concentration of hydrochloric acid discharged has a small effect on energy penalty (Fig
3a) but a large effect on water penalty (Fig 3a) which goes down to 2.2 m3tCO, at 10M. This
is because less water is used to carry away the HCI at higher concentrations. Nonetheless,
the review of Fernandez-Gonzalez et al. [29] suggests that a concentration above 2M is rarely
achieved in practice. This could be attributed to the difficulty of overcoming back diffusion of
chloride ions against the steep concentration gradient across the anion exchange membrane.

Nevertheless, this water penalty compares generally well with the more widely studied options
of DAC and BECCS (Table 3). The value of 13.7 m3tCO, at 2M HCI is about half the water
penalty of DAC, and less than 3% that of BECCS. However, it appears to be over 10 times
higher than the water penalty estimated for ocean liming [15]. The previously studied option
of brine thermal decomposition [28] does not incur any such water penalty (in fact water is
recovered from the decomposition process); whereas in the current proposal, about 10% of
the desalinated output is sacrificed for the electrolysis process; this means that a desalination
plant with initial recovery 50% would achieve a reduced recovery of 45% after NET
modification, with HCI produced at 2 M.

As regards energy penalty, the result of 1.8 GJ/tCO: falls within the rather large range quoted
for DAC (0.7 to 12.5 GJ/ tCO,). The DAC figures do not distinguish between thermal and
electrical energy penalty. However, such a distinction is available for ocean liming, suggesting
that electrolysis-GDA is disadvantageous as regards electrical energy penalty (1.8 vs 0.1-1.2
GJMNCOy); but it avoids altogether the rather high thermal energy associated with ocean liming
(up to 5.6 GJNtCOy). Similarly it avoids the even higher thermal energy penalty of up to 13
GJ/tCO; associated with brine thermal decomposition for NET-desalination [28]. Nonetheless,
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all options including the electrolysis-GDA have worse energy penalty than BECCS, because
BECCS is designed as an energy-producing system thus having negative energy penalty.

The energy penalty varies in inverse proportion to the efficiency of the electrolysis process. If
the efficiency goes down from the 80% baseline to 60%, the penalty will go up from 1.8 to 2.4
GJICO,. Water penalty is, however, unaffected.

Compared to the chloralkali process [17], which may be considered the most similar option to
the current one among those described in the literature, we calculate a significant lowering of
energy penalty (by a factor of about 1.5-5) using electrolysis-GDA. This is consistent with the
value Vie,= -2.19V of the reversible cell potential associated with the chloralkali process:

NaCl(aq) + 2 H20 (I) - NaOH (aq) + H2(g) + Cl=(g) (12)

which is as such more than four times greater than Ve, associated with Eq.(3).

4.2 Case 2: Whole system

Expansion of the scope of the analysis to include the whole system, and not just the NET-
modification, increases the overall electrical energy penalty ~3-fold to 5.6 GJ/tCO; with the
energy to run the RO process now included. Nonetheless, this penalty is still in the range
reported for DAC. Since desalination produces net water output, with the desalination plant
included the water penalty becomes negative at -206 m3/tCO,. The whole desalination plant
(including associated power generation and NET-modification) provides overall negative
emissions at -5 kgCO- per m® of net water output (Figure 4). This compares with positive
emissions of 1.5 kgCO./m® for an unmodified desalination plant. As in case 1, similar
comments apply about the effect of [HCI] which would improve the water output still further if
increased but with a slight adverse effect on energy penalty (Figure 3b).

With regard to the effect of carbon intensity, running the plant from zero-emissions renewables
improves the net emissions still further to -8.9 kgCO./m3. Considering that renewables have a
finite emission due to embodied energy (reported intensities are in the range of 0.029-0.045
kgCO./kWh for monocrystalline silicon PV [41] and 0.006—0.046 kgCOJ/kWh for wind energy
[42]) we predict more realistically about -8.5 kgCO2/m3. Even if the plant is run from carbon-
intensive coal-fired generation, emissions remain negative at around -1 kgCO2/m? (Figure 4).
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Figure 4: Comparison of desalination with and without NET modification using the electrolysis-GDA
process (Case 2). Net emissions per net water output (kgCO2/m?) increase with the carbon intensity of
the electricity used, the values of which encompass generation from renewables, cleaner fossil fuel
(gas), and high-carbon fossil fuel (coal) respectively.

NET-desalination incurs a considerable energy penalty when a direct comparison is made to
an unmodified plant. If, as assumed here, all water brine output from the desalination plant is
diverted to the electrolysis-GDA cell for full conversion of MgCl, into Mg(OH). this will more
than double the electricity consumption of the plant; and — if all the energy penalty is accounted
for against the freshwater output — this will result in a SEC increased from 3 to 7.8 kWh/m?3
(Figure 5, at basic SEC of 3 kWh/m?3). Figure 6 shows that lower overall SEC is achieved at
higher HCI concentrations, though above 2 M the dependence is weak, such that at 10 M the
SEC reduces by only 5% to 7.4 kWh/m?3. On the other hand, improved RO technology with
basic SEC of 2 kWh/m? reduces overall SEC after modification to 6.6 kWh/m? (Figure 5).
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Figure 5: Dependence of the overall SEC after modification (case 2), and negative emissions achieved
per net m® of water output, on the SEC of the basic desalination plant before modification.
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Figure 6: Specific Energy Consumption of the NET-desalination plant decreases with the concentration
of the hydrochloric acid produced, due to lower sacrifice of water at higher concentrations, but is always
much higher than that of a standard desalination plant (SEC=3 kWh/m?3).

The efficiency of the electrolysis process also has a significant effect on the results. As shown
in Figure 7, if the electrolysis were 60% efficient (as opposed to the 80% baseline value) the
negative emissions achieved would be only -4.25 kgCO2/m?® instead of -5 kgCO»/m? and SEC
increases to 9.2 kWh/m?3.
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Figure 7: Increasing the efficiency of the electrolysis process improves both SEC and the negative
emissions achieved by the modified desalination plant.

Increase in the recovery ratio of a RO plant normally results in increased SEC due to the
increased osmotic pressure of the exiting brine. However, this trend is offset by the decreased
electrical demand to electrolyse the brine based on the Nernst equation (Eq.5). Figure 8 shows
a minimum SEC of 7 kWh/m?3 occurring at recovery r=0.7. On the other hand, with the ratio of
freshwater to brine increasing, the higher recovery ratio actually increases the total energy
penalty of CO, removal, such that the emission per m? of water output becomes less negative.
This suggests that the higher recovery ratio operation is only justified when the priority is to
lower SEC and not to maximise performance as a NET. It is not possible to determine a true
optimum without introducing some cost model including value of the water produced and cost
penalty of carbon emission.
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Figure 8: Effect of recovery ratio on SEC, net CO2 emitted per net m® of freshwater produced, and
energy penalty of CO2 removal — for the whole system of Figure 2 (Case 2).

To put these values in the context of a real desalination plant, we cite the example of the
Carlsbad plant commissioned in 2015 in San Diego Country, United States. This plant has a
freshwater output of 204390 m3/day, taking in feedwater with 34,500 mg/L Total Dissolved
Solids, and has recovery r=0.5. The energy consumption is cited as <3.3 kWh/m?3[21]. In these
respects, the plant conforms quite closely to the baseline parameters used in this study.
Electricity generated in the State of California is, however, relatively low carbon at 0.24
kgCO2/kWh, coming primarily from natural gas, with large contributions also from
hydroelectric, solar, wind and geothermal. From Figure 4, the net emissions per m? will
correspondingly be -7 kgCO./m3- i.e. about 1.4 ktCO/day and 500 ktCO2/yr.

To speculate on the future potential of NET-desalination, we could suggest a doubling of the
current global desalination capacity of the 100 million m3/day with all the new plants being
installed to the specifications of the Carlsbad plant (i.e. a further 500 such plants) with the
electrolysis units added, absorbing altogether 0.25 GtCO»/yr. If desalination continues to grow
at an exponential rate, removal of of 1 GtCO./yr appears plausible by mid-century — thus
potentially making a small but significant contribution to the required total removal rate
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estimated at 10-20 GtCO./yr to stay within the Paris COP21 targets [4]. It should be noted
that the scalability to meet desired targets is a difficult challenge for all NETs and not only for
NET-desalination as proposed here [43].

5. Discussion

The calculated energy penalty of about 1.8 GJ/tCO- for the NET-desalination modification,
besides comparing quite well against other NET, compares favourably against other carbon
abatement measures such as injecting renewable electricity to the grid. Substitution of fossil-
fuel based generation of grid power (at carbon intensity of 0.5 kgCO2/kWh) by renewables (at
nominally zero carbon intensity) provides carbon abatement with an energy penalty of 7.8
GJICOg, suggesting that it would be 4 times better to use renewable energy in the electrolysis-
GDA process compared to grid injection for fossil fuel saving. If, however, we have to introduce
a new desalination plant (and not just modify an existing one), the corresponding ratio will be
decreased from 4 to just 1.4 taking into account extra emissions associated with the new plant.

A possible objection to the current proposal is that, by absorbing CO, from the ocean, we
introduce a long delay of many decades before this CO; is absorbed from the atmosphere
because of the relatively slow mixing between these two compartments [44]. If additional fossil
fuel is burnt to power NET-desalination, CO; will be emitted in the short term to achieve a
predicted longer term absorption effect as regards the atmosphere. This time lag is
undesirable, because global warming could be intensified in the short term. Therefore, the
authors believe that, if NET-desalination is introduced, it must be powered renewably to
achieve negative net emissions with nearly zero gross emissions. Alternatively, the NET-
desalination technology could incorporate capture at source of CO, emissions from associated
fossil power generation, by reacting flue gases with the Mg(OH). on site as in [30], thus
achieving negative net emissions even without use of renewables.

This time lag can also be used as an argument in favour of NET-desalination against
atmospheric removal (e.g. DAC) as regards ocean acidification (a secondary effect of CO»
accumulation). NET-desalination could deliver a relatively rapid neutralisation effect and this
should be explored with regard to relatively confined seas, such as the Mediterranean, Red
Sea, or Gulf, where many desalination plants are already installed — giving prospects to
provide local remediation of acidification over relatively short time scales on account of the
smaller volume of seawater to be processed compared to the open oceans. In fact, it is also
notable that desalination may currently contribute to ocean acidification because acid is used
as anti-scalant to prevent carbonate precipitation on RO membranes [32]. As NET-
desalination with electrolysis produces HCI, this could be recycled to the inlet of the plant for
this purpose, with neutralisation subsequently occurring at the outlet.

Another important objection relates to the disposal or management of the hydrochloric acid
produced by the process. For every 1.66 moles of gross CO, absorbed, 2 moles of HCl are
produced — corresponding to a 1:1 mass ratio. With about 100 litres of 2M hydrochloric acid
produced per m? of desalinated water, the Carlsbad case above would produce about 8 Mt/yr
of acid per year containing 0.6 Mt/yr HCI. The world market for HCI is estimated at 20 Mt/yr;
however, much of this is met by production close to the point of use, such that the open market
demand is only about 5 Mt/yr [45]. As the conventional production of hydrochloric acid is in
itself energy intensive, its substitution could provide an additional carbon benefit [28].
Nevertheless, scale up of the NET desalination concept would saturate the world market —
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besides which the logistics and hazards of moving around such large quantities of acid are
daunting.

The most promising solution would seem to be geological disposal of hydrochloric acid by
injection into silicate rocks that can neutralise it. It turns out that several silicate rock formations
are available in the vicinity of desalination plants, e.g. the Samail ophiolite in Oman and
Troodos ophiolite in Cyprus, as well as laval outflows of mafic rocks towards the Red Sea
coast in Saudi Arabia [28]. Of related interest are studies on recycling of acids including
hydrochloric acid into silicate rocks, extracting MgCl; for splitting into Mg(OH). and HCl on site
[46]. The energy requirements for electrolysis should be similar to those here, while the need
for HCI transport is avoided; however, the reverse logistics of transport and ocean distribution
of Mg(OH). would then need to be addressed. Concepts incorporating the silicate minerals
(wollastonite or ultramafic rock) directly into an electrolytic process (also generating hydrogen
fuel) have also been investigated [47].

Even though the use of renewable electricity for future CO» removal benefit may seem
expensive and hard to justify on account of the increased SEC of the desalination plant (more
than doubled), it is worth pointing out that NET-desalination also provides a readily deferrable
load such that brines may be readily stored for use in the electrolysis process that can be
switched on any time of day or night, thus providing a kind of virtual energy storage. The
process could thus serve as a useful dump for excess renewable electricity arising at times of
high supply and low demand.

The electrolysis-GDA process could be applied not just to desalination reject brine but also to
raw seawater. Nevertheless, we see advantages in using reject brine. Firstly, the infrastructure
of power supply and brine discharge is already in place. Secondly, the higher concentration of
salts in the brine gives higher conductivity which could assist the electrolysis process, as well
as resulting in slightly lower electrical consumption according to the Nernst equation.

Future studies could include aspects of embodied energy in the desalination plants and
electrolysis equipment, notwithstanding the methodological issues highlighted in existing life
cycle assessments (LCA) of RO plants [48]. Another aspect to consider will be the
environmental impacts of consumables such as anti-scaling and anti-fouling chemicals, and
membrane replacements, as needed for the reverse osmosis and electrolysis processes.

6. Conclusions

This study has shown the potential to transform reverse osmosis (RO) desalination into a
Negative Emissions Technology (NET) by the addition of electrolysis to treat the reject brine.
Electrolysis with GDA splits the concentrated brine at a low voltage generating magnesium
hydroxide that acts as a sink for CO; in the ocean. Accompanying this process, high quality
hydrochloric acid is also produced. Theoretical calculations show that:

1. The whole system could absorb 2.3 times the amount of CO; emitted when powering
the desalination plant by electricity generated from natural gas.

2. About 5 kg of net CO, can be absorbed per net m?® of freshwater output from such a
desalination plant, improving to 8.5 kgCO2/m® when powered from renewables.

3. Modification of existing plants for NET-desalination will incur an energy penalty of 1.8
GJMCO, and a water penalty of 13.7 m3tCO. removed.
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4. The energy penalty increases the overall SEC of the RO desalination plant
considerably from 3 to 7.8 kWh/m?,

Though the energy and water penalties compare quite well against other NETs presented in
the literature, the high SEC could make the technology seem unattractive to desalination plant
operators unless there is an incentive to compensate for the increased economic cost. The
technology is more likely to be introduced if subsidies are offered, perhaps linked to the
achievement of INDCs, whereby the relatively modest energy penalty would make it
economically attractive against other carbon abatement measures including injection of
renewable energy to electricity grids.

NET-desalination can avoid excessive penalties of land or water. It could be more attractive
for arid countries where water is unavailable to cultivate biomass at the scales needed for
BECCS, and for island or city states that do not have much available land for cultivation (e.g.
Dubai or Singapore). In this way, such countries could make a contribution to CO, removal
based on their existing or planned desalination infrastructure and this could be counted
towards their INDC.

We foresee many challenges in implementing the electrolysis process reliably at scale, such
as longevity of the systems, use of an economic and effective catalyst in the GDA, and
maintaining uniform current densities in large systems as needed for today’s desalination
plants discharging approaching 1,000,000 m? per day of brine. For this reason, we believe
that a multi-disciplinary effort is important to research and scale up the approach from bench
to pilot and then full scale, at the same time investigating broader effects such as ecological
and economic impacts. Another related area for further research is to harvest the required
energy input from salinity gradient power, or from wastewater treatment processes by means
of microbial fuel cells, thus further improving the energy balance of the proposed NET-
desalination [49, 50].
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