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Abstract 23 

Worldwide, 141.5 million cubic meters of brine are produced by desalination plants per day 24 

which is usually rejected and discharged into the ocean without further treatment. Even though 25 

some research has been done on brine valorisation, the economic and environmental benefits 26 

are rarely understood from a global perspective. This work investigates using desalination brine 27 

and low-carbon electricity from renewables as the feedstock in a hybrid process integrating 28 

membrane concentration, Chlor-Alkali and mineralisation to produce green MgO cement and 29 

other valuable by-products. Under the best practical performance of each individual unit 30 

operation, our present-day analysis shows that mitigating CO2 by brine utilisation has higher 31 

economic competitiveness ($48 to $61.8 per metric tonne of CO2) compared to other CO2 32 

abatement technologies that are currently available. In addition, the capacity of the proposed 33 

process, which is attached to the world’s largest seawater desalination plant, can potentially 34 

mitigate 5.45 million tons of CO2 per year. Based on this analysis, it is forecast that, when 35 

extrapolated globally with required process tuning based on the regional brine variability, the 36 

cement production from the brine utilization process has a theoretical maximum capacity to 37 

fulfill up to 14-43% of conventional cement production in 2050. To meet the 2050 net-zero 38 

emission goal, utilising rejected desalination brine with green electricity could potentially fulfil 39 

up to 47.7% of the global carbon capture sequestration task and mitigate 33.3% to 51.3% of 40 

CO2 from the cement industry, which represents 2.6% to 4% of global CO2 emissions. This 41 

work offers a novel circular economy pathway that transforms desalination brine—a major 42 

water industry by-product—into a high-value, low-carbon construction material. The proposed 43 

process advances sustainable water management by linking brine treatment with CO₂ 44 

mitigation and cement decarbonization. 45 
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1. Introduction 59 

At present, research and development into zero liquid discharge and brine valorisation 60 

techniques have shown that the rejected brine in desalination plants can be valorised for the 61 

production of sought-after minerals. Sodium, magnesium, and calcium are among the most 62 

valuable and plentiful metal ions contained in the rejected brine (Loganathan et al., 2017). 63 

Utilising magnesium and calcium from the rejected brine to produce MgO and CaO as a cement 64 

binder is also a promising measure to elevate the value of the brine (Dong et al., 2018; Ruan et 65 

al., 2021a).  66 

The overall CO2 emissions from traditional cement production contribute to around 7% of 67 

the global CO2 emission (Benhelal et al., 2013). While broader decarbonization strategies 68 

emphasize sector-wide mitigation through emission trading (Hashim et al., 2022) and 69 

renewable energy integration (Amirreza et al., 2021), the cement industry demands tailored 70 

solutions due to its reliance on carbon-intensive processes. Brine-derived MgO cement bridges 71 

this gap by combining CO2 utilization (e.g., via mineralization, akin to enzymatic approaches 72 

(Sharma et al., 2020) with waste valorization, offering a scalable alternative to conventional 73 

offsets. Although alternative binders like geopolymers (Nawaz et al., 2020) and Limestone 74 

Calcined Clay Cement-LC3 (Sharma et al., 2021) show promise, their feedstock limitations 75 

(e.g., fly ash availability) hinder global scalability. Existing MgO production routes, especially 76 

the dry route, are energy-intensive and high-emission. In contrast, brine-derived MgO cement 77 

leverages abundant desalination byproducts, offering a geographically flexible solution. Recent 78 

advances in reactive MgO production (Dong et al., 2018) and CO₂ curing (Wu et al., 2018) 79 

demonstrate its technical feasibility but lack integration with upstream brine processing. 80 
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Hence, replacing conventional methods of cement production via MgO and CaO cement 81 

binder production from brine could become an excellent measure to mitigate CO2 emissions. 82 

Afterwards, the raw cement binder could be sent for further CO2 curing to enhance its strength 83 

(Wu et al., 2018). It could also be a potential method to mitigate CO2, as the MgO and CaO 84 

binder are mineralised in their lifetime by sequestering CO2 from the atmosphere (Pade and 85 

Guimaraes, 2007). Recent studies highlight the potential of membrane-based brine 86 

concentration (Wang et al., 2020) and electrochemical NaOH production (Du et al., 2018) to 87 

enable circular resource recovery. However, these works focus on isolated unit operations 88 

without quantifying system-level CO₂ mitigation potential or economic viability 89 

In the proposed process, the precipitation steps of Mg(OH)2 from brine rely heavily on 90 

NaOH. The most famous and widely used process to produce NaOH is by using the chlor-alkali 91 

process by electrolyzing high concentration NaCl brine (Thiel et al., 2017). However, the 92 

production of NaOH is costly and requires a large amount of electricity. In addition, the high-93 

temperature required for the calcination of Mg(OH)2 to MgO is an energy intensive procedure 94 

and requires a certain amount of fuel to support the process. In order to produce cement from 95 

brine in a green and more sustainable fashion the development of an energetically more self-96 

sufficient process is required. 97 

Some similar processes have been proposed to produce Mg(OH)2 by utilising the rejected 98 

brine. It has been proven by Um et al. that precipitating Mg(OH)2 by NaOH addition is 99 

technically viable (Um and Hirato, 2014). The precipitates could be calcinated at high 100 

temperatures and dehydrated to MgO. Dong et al. have experimentally validated that Mg(OH)2 101 

can be formed from the rejected brine (Dong et al., 2018). Du et al. have also proposed a reliable 102 
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process to produce NaOH from rejected brine (Du et al., 2018). 103 

In this study, a novel, self-sufficient process is presented that only utilises desalination 104 

brine and low-carbon electricity for CO2 mitigation via the production of green cement and 105 

additional by-products. The focus is on membrane-based brine concentration, which is energy 106 

efficient compared to thermal brine concentrators to allow for conventional NaOH production 107 

via the Chlor Alkali process. Both the chemical required for precipitation and the fuel 108 

consumed for high temperature precipitation are self-generated. This self-sufficient process has 109 

not been proposed in its entirety to date and none of the other presented studies are 110 

comprehensive in the sense of showing the global potential for CO2 mitigation via brine 111 

utilisation for cement production. 112 

Many CO2 mitigation methods are proposed to achieve the 2050 net-zero emission goal. 113 

These are primarily divided into two categories: 1) direct carbon capture, sequestration and 114 

utilisation, and 2) indirect CO2 mitigation by shifting the conventional production routes to 115 

greener ones. In order to maximize the CO2 mitigation efficiency, both CO2 mitigation routes 116 

are included in the presented process. 117 

This study starts with the detailed process design from seawater reverse osmosis (SWRO) 118 

brine to final products, which include water, MgO cement, hydrogen, and chlorine gas. The 119 

detailed technology and environmental analysis exhibit the economic feasibility and the cradle-120 

to-gate carbon footprint of all products. This analysis maps brine availability to cement 121 

demand, identifying high-potential regions (e.g., MENA) where SWRO brine composition is 122 

consistent (>70% global capacity). The global implication of utilising rejected brine to mitigate 123 

global CO2 emissions and detailed life cycle assessment compared with conventional Portland 124 
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cement are proposed in this study. The primary objective of this study is to provide a 125 

comprehensive analysis from detailed design to the big picture to arouse the interest and 126 

attention to the potential of brine utilisation. The capacity and levelized cost of CO2 mitigation 127 

(LCCM) via brine utilisation will be compared with other more mainstream CO2 mitigation 128 

technologies to show the significant potential of brine utilisation.  129 

 130 

2. Materials and Methods 131 

This section outlines the overall framework of the process, with descriptions of selected 132 

units within it. The study is based on modeling and analysis, and all modeling software, as well 133 

as the economic and environmental parameters used, are detailed in the following section and 134 

in the supplementary information. 135 

2.1. Brine utilisation process 136 

The modelled brine utilisation process is shown in Fig 1. In this proposed self-sufficient 137 

scenario, only two inputs—electricity and brine—are required to produce MgO cement. 138 

Additionally, produced water and excess H₂ and Cl₂ gases, after being used for chlorination 139 

and fueling the calcination processes, are also considered in the production process. 140 

The rejected brine from the SWRO unit firstly undergoes precipitation to prevent Mg and 141 

Ca crystallization in the downstream membrane-based brine concentrator. The discharged 142 

brine from the precipitation steps is Na+-rich but Mg2+ lean. OLI Scale Chem 11.0 (OLI 143 

System, Inc) is used to calculate the amount of NaOH required to achieve the desired 144 

precipitation efficiencies. The proposed process suggests a two-step precipitation to reduce 145 

CaCO3 and Ca(OH)2 in the Mg(OH)₂ precipitate. CaCO₃ primarily precipitates at a pH of 9.0–146 
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9.8 (Ruiz-Agudo et al., 2011), while Mg(OH)₂ begins to precipitate at pH 9.8 (Vassallo et al., 147 

2021). The first step of precipitation involves raising the solution's pH to 9.8 and using filtration 148 

to remove the formed CaCO₃. The second step aims to precipitate Mg(OH)₂, with the process 149 

reaching a final pH of 10.8. In this process, over 99% of magnesium is precipitated. Adding a 150 

third precipitation step or increasing the NaOH dosage to recover a higher fraction of 151 

magnesium was found to be cost-ineffective due to diminishing precipitation efficiency. A 152 

previous pilot-scale study indicated that calcium hydroxide begins to precipitate at a pH of 153 

11.75 (Vassallo et al., 2021). Performing precipitation at the proposed pH level helps minimize 154 

the co-production of Ca(OH)2 in the commercial magnesium cement product. The precipitated 155 

solids, mainly CaCO3 and Mg(OH)2 are sedimented and filtered by ultrafiltration (UF) 156 

accordingly, and Mg(OH)2 is dewatered in the filter press for further processing. 157 
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 158 

Fig 1. Self-sufficient and CO2-negative brine utilisation framework (box indicates the 159 

suggested and simulated process; yellow zone indicates outputs.) 160 

 161 
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A fraction of the Na+-rich brine is then concentrated using a novel membrane process, low 162 

salt rejection reverse osmosis (LSRRO). LSRRO is chosen to concentrate the brine stream as 163 

it is very energy efficient compared to thermal methods (Wang et al., 2020) while being capable 164 

of achieving the required concentration levels required for the chlor-alkali process. The fraction 165 

of Na+-rich brine is concentrated and electrolysed to produce NaOH at the exact required 166 

quantities for the former precipitation step, while the rest of the brine is discharged and used 167 

for CO2 capture due to its high pH (Du et al., 2018; Kumar et al., 2021) (Eq.1).  168 

2NaCl + 2H2O = 2NaOH + Cl2 + H2     (1)  169 

The NaOH production is conducted in a conventional Chlor-Alkali unit. The theoretical 170 

electricity consumption of NaOH production with a state-of-the-art Chlor-Alkali unit is 1.56 171 

kWh/kg of NaOH (32 wt%). Considering the efficiency of the electrolyser of 66.6%, 2.35 172 

kWh/kg-NaOH of electricity and additional 0.196 kWh of thermal energy are required under 173 

practical operation (Kumar et al., 2021). The practical energy consumption is used in this study. 174 

Along with the NaOH production, the electrolysis process also produces H2 at the cathode 175 

and Cl2 gas at the anode. Of all the potential electrolysers, the hydrogen generated by the 176 

membrane cell has the highest purity (99%) (Erden and Karakilcik, 2024). H2 is a clean fuel 177 

without any greenhouse gas potential. The H2 is used for preheating the dehydration steps. The 178 

co-produced Cl2 is used for the water chlorination process. Due to the global Covid-19 179 

pandemic, super-chlorination might be necessary (15 mg/L) (Pal, 2017). 180 

The produced precipitates are calcinated in a hydrogen fired heater reactor. The highly 181 

endothermic Mg(OH)2 calcination reactions are recommended to operate between 500 °C to 182 

900 °C, respectively (Eq.2&3) (Salomão and Pandolfelli, 2008; Takeuchi et al., 2021; Yang et 183 
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al., 2017). The Mg(OH)2 dehydration reaction is designed to operate at low temperature (i.e., 184 

500 °C) to minimize the CO2 release from CaCO3 calcination, even though the calcinated 185 

CaCO3 is very minor. A conservative estimate of the energy efficiency of a state-of-the-art H2 186 

fired heater is 85%. The dried cement binders are sent to downstream processing for CO2 curing 187 

to enhance the binder strength and sold as cement. 188 

Mg(OH)2 = MgO + H2O       (2) 189 

The simulated process is assumed to be attached to the largest membrane desalination plant 190 

in the world. The plant's life is assumed to be 25 years in order to analyze the future impact on 191 

the 2050 net-zero emission scenarios, and to consider the plant's operating and maintenance 192 

costs. 193 

 194 

2.2. Economic, environmental and life cycle Analysis 195 

The cost of all pressure-driven devices and the fired heater reactor are generated by 196 

CAPCOST (Richard C. Bailie et al., n.d.). The cost of pressure devices depends on their power 197 

and discharge pressure, and the cost of the fired heater reactor relies on the duty of the Mg(OH)2 198 

dehydration reaction. The cost of the major equipment (i.e., low-salt-rejection reverse osmosis 199 

(LSRRO), chlor-alkali electrolyser, filter press and ultrafiltration units) is obtained by using 200 

scaling equations. The detailed scaling methods are listed in section S2.  201 

All prices from 2021 were used as a basis for the calculations (i.e., CEPCI 2021) (Jenkins, 202 

2022). All the parameters used in the economic model are assumed on a conservative basis in 203 

Table S1. 204 

Considering the cost of installation, engineering, piping, and construction, the fixed capital 205 
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investment (FCI) of the inside battery limit (ISBL) is usually proportional to the purchased 206 

equipment cost depending on the plant type (Sinnott et al., 1999). The factor to summarize FCI 207 

is called the Lang factor, Eq (3).  208 

𝐹𝐶𝐼 = 𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑑 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 ∗ 𝐿𝑎𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟   (3)              209 

Typically, the Lang factor used for matured large size plant is 6, such as electrolysis 210 

(Parkinson et al., 2018; Thomas, 2018). The OSBL (outside battery limit) cost is a factor in the 211 

ISBL cost, which includes storage, utility facilities, administrative buildings, and distribution 212 

facilities. For a large size plant, the OSBL is assumed to be 40% of the ISBL. 213 

Regarding the operating costs, the utility costs always play an important role. In this brine 214 

utilisation process, there are two types of utility streams, namely electricity and the self-215 

produced hydrogen. Therein, electricity is used for the LSRRO brine concentrator, 216 

ultrafiltration, filter press and electrolysis. The electricity rate is highly dependent on location 217 

and source. Around 50% of the global desalination capacity is located in the Middle East and 218 

North African area (MENA) (Jones et al., 2019). High solar irradiance in MENA countries 219 

make solar the most likely source of renewable energy within this region. The solar-based 220 

electricity rate has dropped to below ¢3/kWh in many areas, such as the USA, Mexico 221 

(International Renewable Energy Agency, 2017), and many MENA countries including Oman, 222 

Qatar, Saudi Arabia, Bahrain, and the UAE (Apostoleris et al., 2021; Boersma and Griffiths, 223 

2016; Rantissi et al., 2024). ¢3/kWh of electricity rate is also selected in previous Chlor-Alkali 224 

research (Roh et al., 2019). Other than solar-based electricity, the International Renewable 225 

Energy Agency estimates that electricity from other renewable sources also exhibits high 226 

economic competitiveness (Ralon et al., 2017). The electricity price from geothermal, 227 
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hydropower, and wind power are down to ¢4, ¢2 and ¢3 per kWh, respectively. The projected 228 

wind electricity price is expected to drop further to roughly ¢2/kWh (U.S. Department of 229 

Energy, n.d.). In this study, the conservative price of green electricity is used for the base case 230 

calculation, which is ¢5/kWh. It is important to note that the electricity rate from renewable 231 

sources is set to potentially decrease over the next 30 years (Apostoleris et al., 2018) and 232 

significantly benefit the proposed process. 233 

This process benefits from using clean electricity from solar energy in both the 234 

environmental and economic analysis. The carbon intensity of solar-based electricity is 51 g-235 

CO2/kWh in Saudi Arabia (ranging from 14 to 73 g-CO2/kWh in different countries), which 236 

makes the process a low carbon footprint source (Resch, 2007). Because of environmental 237 

concerns, carbon tax and credit are widely employed to manage the CO2 emissions. Carbon 238 

trading is being introduced to mitigate global emissions in an economical fashion. Compared 239 

to conventional cement and gas production, it is expected that the brine utilisation process 240 

would potentially end up with a lower carbon footprint. In this manner, the reduced CO2 241 

emissions will affect both the environmental and economic aspects. Hence, a conservative 242 

carbon tax credit at $50/t-CO2 is used for the base case calculation (Parkinson et al., 2018; 243 

Zong et al., 2024, 2023a).  244 

The expected revenue is calculated by selling all products at their wholesale prices from 245 

their conventional production. Under the discounted cash flow analysis, the required annual 246 

revenue is calculated based on the 10% IRR (r) and the Net Present Value (NPV) is zero in 247 

2050, where the Cn indicate the cash flow to achieve the set goal (Hopkinson, 2016). 248 

𝑁𝑃𝑉 =  ∑
𝐶𝑛

(1+𝑟)𝑡
𝑛
𝑛=0         (4) 249 
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Hence, the economic penalty is the gap between the required revenue and obtained revenue 250 

when selling all the products in their benchmark prices. The economic credit from the 251 

desalinated water is not included in the base case scenario but will be discussed in the following 252 

sensitivity analysis. The carbon tax credit, (for example, 45V) indicates the credit from the 253 

direct CO2 removal/sequestration from CO2 capture and curing steps. The economic penalty 254 

can be found and used for further analysis. 255 

𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 = ∑ 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 (𝐶𝑒𝑚𝑒𝑛𝑡, 𝐻2, 𝐶𝑙 𝑔𝑎𝑠, 𝑐𝑎𝑟𝑏𝑜𝑛 𝑡𝑎𝑥 𝑐𝑟𝑒𝑑𝑖𝑡)  (5) 256 

𝐸𝑛𝑐𝑜𝑛𝑜𝑚𝑖𝑐 𝑝𝑒𝑛𝑎𝑙𝑡𝑦 (
$

𝑘𝑔,𝑐𝑒𝑚𝑒𝑛𝑡
) =

𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑−𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑

𝑀𝑔 𝑐𝑒𝑚𝑒𝑛𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
  (6) 257 

From an environmental aspect, the carbon footprint of the brine utilisation process is 258 

calculated. All the CO2 mentioned in this study represent CO2eq, which means all the potential 259 

greenhouse gases are included when the CO2 intensity or abatement is discussed. 260 

𝐶𝑎𝑟𝑏𝑜𝑛 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 𝑜𝑓 𝑔𝑟𝑒𝑒𝑛 𝑐𝑒𝑚𝑒𝑛𝑡 (
𝑘𝑔,𝐶𝑂2

𝑘𝑔,𝑐𝑒𝑚𝑒𝑛𝑡
) =  

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠−𝐶𝑂2 𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛

𝑀𝑔 𝑐𝑒𝑚𝑒𝑛𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
 (7) 261 

The carbon emission of the green cement is calculated by summing all emissions generated 262 

for the entire process’ electricity consumption (kg-CO2) using solar-based electricity as basis 263 

(51 kg-CO2/kWh, Ecoinvent 3.9). 264 

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (𝑘𝑔, 𝐶𝑂2) = 265 

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑘𝑊ℎ) ∗ 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 (
𝑘𝑔,𝐶𝑂2

𝑘𝑊ℎ
) (8) 266 

To demonstrate the environmental benefit of utilising brine, the CO2 mitigation is 267 

quantified in terms of direct consumption through CO2 capture and curing, and indirect carbon 268 

credit generated from byproducts (eq 9). 269 

𝐶𝑂2 𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛, 𝑡𝑜𝑡𝑎𝑙 (𝑘𝑔, 𝐶𝑂2) 270 

= 𝐶𝑂2 𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛, 𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐶𝑂2 𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛, 𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡   (9) 271 



14 

 

In the direct CO2 mitigation component (eq 10), CO2 capture refers to the absorption of 272 

CO2 by the high-pH brine (modelled by OLI Scale Chem 11.0) to reduce its pH to a level 273 

suitable (pH 8) for safe discharge into seawater. Meanwhile, the CO2 curing component 274 

represents the downstream absorption of CO2 via curing of the produced Mg-based cement, 275 

enhancing its strength to the maximum achievable level. According to Wu et al., MgO and CO2 276 

are mixed at a 1:0.8 molar ratio. To maximize the strength of MgO-based cement, one day of 277 

CO2 curing (0.8 molar ratio, CO2 to MgO) is recommended where 34% of CO2 is absorbed 278 

(Wu et al., 2018). The further carbonation of cement may negatively impact the durability and 279 

cements inherently performance, even though higher CO2 sequestration could be achieved. 280 

𝐶𝑂2 𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛, 𝑑𝑖𝑟𝑒𝑐𝑡 (𝑘𝑔, 𝐶𝑂2) = 𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 + 𝐶𝑂2 𝑐𝑢𝑟𝑒𝑑   (10) 281 

Carbon credits from by-products are determined based on their conventional production 282 

method using (1) steam methane reforming (SMR) produced hydrogen, i.e., 9 kg-CO2/kg-H2 283 

(Ecoinvent 3.9), and (2) reverse osmosis (RO)-produced water, i.e., 4 kWh/m3-water as 284 

reference (Kim et al., 2019) (eq 11-13). 285 

𝐶𝑂2 𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛, 𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 (𝑘𝑔, 𝐶𝑂2) 286 

= 𝐶𝑂2 𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛, 𝐻2 + 𝐶𝑂2 𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛, 𝑤𝑎𝑡𝑒𝑟      (11) 287 

𝐶𝑂2 𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛, 𝐻2 (𝑘𝑔, 𝐶𝑂2) 288 

= 𝑆𝑢𝑟𝑝𝑙𝑢𝑠  𝐻2 𝑓𝑜𝑟 𝑠𝑎𝑙𝑒 (𝑘𝑔, 𝐻2) ∗ 𝐶𝑂2 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑆𝑀𝑅 𝑏𝑎𝑠𝑒𝑑 𝐻2 (
𝑘𝑔,𝐶𝑂2

𝑘𝑔,𝐻2
) (12) 289 

𝐶𝑂2 𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛, 𝑤𝑎𝑡𝑒𝑟 (𝑘𝑔, 𝐶𝑂2) 290 

= 𝐷𝑖𝑠𝑡𝑖𝑙𝑙𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 (𝑘𝑔, 𝑤𝑎𝑡𝑒𝑟) ∗ 𝐶𝑂2 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑅𝑂 𝑏𝑎𝑠𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 (
𝑘𝑔,𝐶𝑂2

𝑘𝑔,𝑤𝑎𝑡𝑒𝑟
) (13) 291 

Hence, the reduction in carbon footprint from using brine-based green cement rather than 292 

conventional Portland cement (i.e., 0.9 kg-CO2/kg-cement, Ecoinvent 3.9) is calculated as 293 
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below: 294 

𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡 (
𝑘𝑔, 𝐶𝑂2

𝑘𝑔, 𝑐𝑒𝑚𝑒𝑛𝑡
) 295 

= 𝐶𝑂2 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡, 𝐺𝑟𝑒𝑒𝑛 𝑐𝑒𝑚𝑒𝑛𝑡 − 𝐶𝑂2𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡, 𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑃𝐶 (14) 296 

With the economic penalty and environmental credit calculated, the levelized cost of CO2 297 

mitigation (LCCM) can be calculated (Parkinson et al., 2019). LCCM shows the cost efficiency 298 

of the brine utilisation process to mitigate CO2 from the conventional processes. The LCCM 299 

of brine utilisation will be compared to the cost of some green processes and direct CCS 300 

technologies to estimate the best economic option to mitigate CO2. 301 

𝐿𝐶𝐶𝑀 =  
𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑐 𝑝𝑒𝑛𝑎𝑙𝑡𝑦

𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡
=

𝐶𝑎𝑠ℎ 𝑓𝑙𝑜𝑤 𝑔𝑎𝑝

𝐶𝑂2 𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛
=

$

𝑘𝑔,𝐶𝑂2
    (15) 302 

The life cycle assessment (LCA) process, as delineated by ISO 14044/40 guidelines, 303 

comprises four fundamental stages: goal and scope definition, inventory analysis, impact 304 

assessment, and results interpretation (ISO, 2006). In this study, the LCA is conducted to 305 

analyse the environmental performance of MgO cement produced from rejected desalination 306 

brine. The detailed technology and environmental analysis exhibit the economic feasibility and 307 

the cradle-to-gate carbon footprint of all products and compared with the cradle-to-gate 308 

emission of the benchmarked product, Portland cement. Detailed procedural information is 309 

provided in supplementary information section S3. 310 

 311 

3. Results and discussion 312 

This section presents the detailed process design of the green cement production, along 313 

with its corresponding economic and environmental analyses, global-scale assessment, and 314 

future projections. 315 



16 

 

3.1. Green cement from desalination brine 316 

The economic and environmental analysis in this study is centred around a simulated brine 317 

utilisation process that is attached to the world’s largest membrane desalination plant (Ras Al 318 

Khair, Saudi Arabia, 1,636,000 m3/day, 50% water recovery by RO). These results are then 319 

scaled for global brine volumes (Jones et al., 2019) to paint a 2050 scenario of CO2 mitigation 320 

via brine utilisation. The simulated brine valorisation process utilises the rejected brine from 321 

the seawater reverse osmosis units (see supplementary information, section S1-4 for detail). 322 

Fig 1 indicates the CO2 contribution and mitigation from each process included in the green 323 

cement production process and is scalable based on the brine volume intake. The detailed 324 

process design, including flowrates, temperatures, heat duties, concentrations, and pH, are 325 

displayed in Fig 2. The detailed case study is exhibited in the supplementary information S4.  326 

The previous pilot-scale study proved that by adding NaOH, Mg(OH)2 can be precipitated 327 

at very high recoveries (over 99%) with a minority of calcite produced as a by-product 328 

(Vassallo et al., 2021). For a typical 7% salinity brine and 32 wt% NaOH from a conventional 329 

Chlor-Alkali, 34:1 of brine to NaOH ratio (by volume) is recommended to maximize the 330 

precipitation efficiency (see Fig S1). 331 

 332 

 333 
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 334 

Fig 2. A case study of brine utilisation process attached to the largest desalination plant 335 

in the world. The data presented in the process flow diagram is used as the life cycle inventory. 336 

The heat integration networks are shown in Table S3. 337 

In order to ensure that the brine entering the Chlor-Alkali process has a concentration of 338 

26 wt.% NaCl, LSRRO is used. It is an emerging and energy-efficient technology that is widely 339 

applied for the concentration of brine. Compared to conventional mechanical and thermal-340 

based dewatering technology and high-pressure reverse osmosis (HPRO), membrane-based 341 

LSRRO can significantly reduce the energy consumption (Davenport et al., 2018) and avoid 342 

the use of excessive high hydraulic pressure over 70 bar (Wang et al., 2020). The specific 343 

energy consumption is around 8 kWh/m3 using the four-stage LSRRO to achieve the required 344 

brine concentration for the chlor-alkali process (Davenport et al., 2018). Compared to 345 
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conventional mechanical and thermal-based dewatering technology and high-pressure reverse 346 

osmosis (HPRO), membrane-based LSRRO achieve high water recovery and can significantly 347 

reduce the energy consumption (Wang et al., 2020). The brine entering LSRRO is primarily 348 

NaCl-rich because the majority of Mg2+ and Ca2+ have been removed in the previous two-step 349 

selective precipitation stage, and significantly less prone to scaling compared to raw SWRO 350 

brine. Also, the antiscalant is also common in industrial RO systems (e.g., polyphosphates) to 351 

inhibit CaCO₃/Mg(OH)₂ scaling (Gryta, 2012). Further antifouling measures or periodic 352 

chemical cleaning are still suggested based on the site-specific pilot studies (section S5) in 353 

order to achieve the full-scale implementation (Du et al., 2022). 354 

An alternative membrane process is the semi-close reverse osmosis (SCRO) system which 355 

operates at high energy efficiencies and can achieve high recoveries (Mo et al., 2022a). The 356 

high recovery can be also achieved efficiently through the hybrid nanofiltration and forward 357 

osmosis process (Zong et al., 2023b). However, for this study the chosen concentration process 358 

is LSRRO as this process has been studied more widely to date.  359 

As a typical Chlor-Alkali process, 32 wt% of NaOH is produced and used for precipitation. 360 

To produce the exact amounts of NaOH for precipitation, 30% of the discharged brine is used 361 

and concentrated using the LSRRO, while the rest, 70%, is disposed of at a base case cost. The 362 

discharged brine with high pH (10.8) is further utilised for CO2 capture. The maximum amount 363 

of CO2 capture occurs when the pH of the discharged brine is reduced to 8 again via CO2 364 

absorption, which matches the pH level of seawater and is safe for discharge. CO2 captured by 365 

the discharged alkaline brine contributes to 1.2% of the overall carbon mitigation. The energy 366 
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required for drying, preheating and calcination is powered by 39% of the produced hydrogen. 367 

A small fraction of the produced Cl2 is used for water chlorination whereas the rest of the gases 368 

are sold. The CO2 emissions incurred by the LSRRO, electrolysis, filter press and filtration via 369 

electricity consumption account for 18.3% of the overall CO2 mitigated (refer to Fig 1 and Fig 370 

S2d). 371 

The CO2 mitigated from producing products via their conventional production routes is 372 

also considered. 97.7% of CO2 mitigation from this process originates from 1) the CO2 373 

sequestered in MgO (13.8%) and 2) by avoiding the conventional cement production route of 374 

Portland cement (PC) (83.9%). Similarly, circumventing the conventional route of hydrogen 375 

production via steam reforming and water production by reverse osmosis contribute to 18.7% 376 

and 0.5% of the overall carbon footprint, respectively (refer to Fig 1). 377 

Reactive MgO hydrates at a similar rate to PC and should not be confused with dead burned 378 

MgO. The latter is the result of a much higher calcination temperature, resulting in a much 379 

lower reactivity, leading to delayed hydration and cracking, as would be the case for MgO 380 

impurities within PC during the clinkering stage (~1450 °C) (Al-Tabbaa, 2013). Synthetic 381 

MgO (wet route) expresses higher reactivity compared to commercial MgO. Moreover, it 382 

expresses greater compressive strength (Ruan et al., 2021b). The mechanical performance of 383 

reactive MgO-based binders plays a pivotal role in evaluating their feasibility as sustainable 384 

alternatives to Portland cement (PC). Contrary to concerns associated with MgO-induced 385 

expansion in traditional PC systems, brine-derived reactive MgO—produced via low-386 

temperature calcination of precipitated Mg(OH)2—exhibits significantly higher reactivity and 387 

finer particle size, enabling early strength development. Reported compressive strengths for 388 
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pure reactive MgO binders reach up to 35 MPa at 28 days, comparable to conventional PC (Mo 389 

et al., 2019). Furthermore, when blended with PC at substitution levels up to 60%, strengths as 390 

high as 80 MPa have been achieved, especially when modified with additives such as ferrous 391 

sulfate (Walling and Provis, 2016; Zhang and Panesar, 2019). These performance metrics 392 

underscore the engineering viability of brine-based MgO cements. Concerns around 393 

dimensional stability and durability can be addressed through optimized curing strategies (e.g., 394 

elevated temperature curing and carbonation curing), careful mix design, and incorporation of 395 

supplementary cementitious materials. These measures not only mitigate expansion risks but 396 

also improve long-term durability, with resistance to sulfate attack and water ingress rivalling 397 

or surpassing that of PC-based concretes (Zhang and Panesar, 2019). The further legislation of 398 

MgO-based cement is explained in the supplementary information S7. In addition, the 399 

estimated CO₂ curing capacity is based on assumptions from the literature and does not account 400 

for kinetic or mass transfer limitations during the reaction, which represents a limitation and 401 

warrants further research. 402 

The overall calculated CO2 footprint accounts for any CO2 emissions (mainly generated 403 

indirectly through electricity consumption), any CO2 consumed during the MgO curing process 404 

and through high pH brine sequestration, and the CO2 mitigated by circumventing conventional 405 

production routes of cement and hydrogen. Detailed CO2 emissions and mitigation data for the 406 

studied case are provided in the supplementary information, Fig S2d. The world’s largest 407 

seawater desalination plant has the potential to produce 5084 kilotonnes of commercial Mg-408 

cement annually (section S4). The direct and indirect CO2 that can be mitigated are 820.6 and 409 

1047.5 kilotonnes per year, respectively. The CO2 emissions of the green cement process would 410 
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be 989.2 kilotonnes per year due to an hourly electricity consumption of 2214 MWh. Producing 411 

one kilogram of green cement using desalination brine (-0.17 kg CO₂/kg cement) achieves a 412 

net reduction of 1.07 kg CO₂ compared to conventional Portland cement production, which 413 

emits 0.9 kg CO₂ per kilogram (Ecoinvent 3.9). The carbon footprint is 0.04 kg CO₂/kg cement 414 

if the CO2 capture and CO2 curing steps are excluded. 415 

The overall cradle-to-gate environmental benefit of utilising the rejected brine from the 416 

largest seawater desalination plant is a total of 5.45 million tonnes of CO2 mitigated per year 417 

(4.63 million tonnes of CO2 without considering CO2 curing and capture). To date, the largest 418 

CCS plant in the world is the Shute Creek process, located in Wyoming, USA. It captures over 419 

7 million tonnes of CO2 annually (Parker et al., 2011). Utilising the rejected brine would help 420 

the largest desalination plant in the world obtain a 78% capacity of the largest CCS plant. A 421 

massive benefit of our solution is that it is more scalable than conventional CCS, which requires 422 

underground mine/rock formations for CO2 storage, while the brine utilisation process is less 423 

dependent on geology, structure, and hydrology (Kelemen et al., n.d.). The proposed brine 424 

utilisation process also has a 5.45 times higher mitigation capacity than the world’s largest 425 

Direct Air Capture project (IEA, 2021a). 426 

To guide future implementation, a four-stage pilot roadmap is proposed (detailed in 427 

Supplementary Section S5). This includes: (1) lab-scale integration trials (TRL 3–4, ~6–12 428 

months) to validate core operations; (2) CO₂ curing kinetics testing (TRL 3–4, ~6 months) to 429 

quantify carbonation performance; (3) bench-scale demonstration (TRL 4–5, ~12–18 months) 430 

for continuous flow operation; and (4) a site-coupled pilot plant (TRL 5–6, ~18–24 months) 431 

co-located with a desalination facility. These stages will inform system optimization, techno-432 
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economic modeling, and environmental validation under real-world conditions. 433 

 434 

3.2. Levelized cost of CO2 mitigation 435 

The case study (section S4) shows that if all the products are sold at their conventional 436 

market price, the acquired revenue could not meet the production cost and target revenue under 437 

the most conservative economic model (the parameters are listed in Table S1). With the given 438 

economic penalty (revenue gap), and considering the overall CO2 mitigation potential, the 439 

levelized cost of CO2 mitigation is calculated to be $61.8/t of CO2 mitigated. This can be further 440 

reduced to $48/t-CO2 by including the CO2 sequestered via brine injection and CO2 curing of 441 

the cement. However, this estimate is based on idealized assumptions and does not account for 442 

reactor design factors such as residence time, interfacial area, and mass transfer. It should be 443 

interpreted as a theoretical lower bound. 444 

Producing cement and hydrogen from desalination brine can significantly contribute to 445 

achieving the 2050 net-zero emissions goal set by the United Nations. Compared to many other 446 

proposed green processes, utilising desalination brine exhibits a high economic 447 

competitiveness. Fig 3a shows the CO2 mitigation cost of different direct or indirect 448 

technologies (See section S6 for detail). In the present-day base case, utilising desalination 449 

rejected brine shows the highest economic competitiveness. 450 

Many factors affect the CO2 mitigation cost of the brine utilisation process. The most 451 

crucial factor is the electricity cost. The required revenue would equal to the annual expenditure 452 

once the electricity rate reduces to ≤ ¢2.8/kWh if all the other parameters are kept constant. 453 

This means that utilising rejected brine would result in a CO2 mitigation solution without any 454 



23 

 

extra-economic penalty.  455 

Considering both economic penalty and environmental benefit, the base case Levelized 456 

Cost of CO2 Mitigation (LCCM) is 48/t-CO2. The value would be influenced by many factors. 457 

For example, the process also benefits from a lower brine disposal cost. The mitigation cost 458 

decreases by $6.2 from the base case, if a previously reported lower brine disposal cost is used 459 

($0.21/m3) (Mo et al., 2022b). The change in product sale prices influence the levelized 460 

mitigation cost. When the generated water is sold at $0.8/m3, the mitigation cost is decreased 461 

by $19.9/t. In the base case, the hydrogen is sold at gray hydrogen price from steam methane 462 

reforming (SMR). According to IEA, the minimum production cost of green hydrogen 463 

produced from renewable sources is $3/kg (IEA, 2019). Since the hydrogen is sourced from 464 

electrolysis powered by solar-based electricity, green hydrogen prices could be considered, i.e., 465 

$3/kg. This results in the carbon mitigation cost decreasing by $28.1. The critical sale price of 466 

hydrogen is $4/kg. When the hydrogen is sold above this price, no economic penalty exists. 467 

When the cement and chlorine gas sale price fluctuates by 20%, the mitigation cost varies 468 

between $21.9 to $69.7, and, $34.1 to $59.5, respectively. When a process is mature and 469 

reaches a higher technology readiness level, a lower expect IRR is required because it shows 470 

lower risk (Iloiu and Csiminga, 2009). In order to analyse the maturity effect, IRR varies from 471 

7% to 13% were studied. It leads to the LCCM floating significantly from $33.2 to $64.5, 472 

which means the TRL could greatly influence the economic competitiveness of brine 473 

utilisation. 474 

The carbon tax credit varies significantly between different regions, even though it has 475 

been introduced globally. On the other hand, the carbon tax credit gradually increases in many 476 
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countries. For example, Switzerland’s government proposed the highest carbon tax at $130/t 477 

(Reuters, 2021). The upper limit of this study analyzes the carbon tax credit at $100 per tonne 478 

with free carbon purchase price, whereas the bottom line is no carbon credit with DAC-based 479 

CO2 (Fig 3b). The proposed process benefits from high carbon tax credits due to the overall 480 

carbon footprint. The mitigation cost varies from $37.4 to $78.1 when the carbon tax credit and 481 

carbon purchase price is considered simultaneously.  482 

 483 
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Fig 3. Levelized cost of CO2 mitigation of brine utilisation process. 484 

(a) CO2 mitigation cost of mainstream CO2 mitigation technologies (each comparative process 485 

is discussed in section S6. The upper and lower limit of the red bar represent the highest and 486 

lowest values calculated in 2b) 487 

(b) sensitivity analysis with an NPV of zero and IRR of 10%. The green line indicates the base 488 

case scenario of this study and shown in supplementary information. The upper and lower end 489 

of CO2 price & credit bar indicate CO2 from DAC ($170/t) without carbon credit and free CO2 490 

source with $100 per tonne of CO2 credit, respectively. 491 

(c) influence of electricity sources with different carbon intensity 492 

 493 

Fig 3b shows how the mitigation cost would be affected under different scenarios. The 494 

most influential factor would be the cement sale price. The calcined MgO product could be an 495 

alternative for CaO in Portland cement as highlighted in literature given in supplementary 496 

information section S7. Compared to the conventional PC cement, utilising brine with green 497 

electricity would significantly reduce CO2 emissions by 119% (-0.17 vs 0.9, the breakdown of 498 

the CO2 mitigation was exhibited in Fig 1). Because the CO2 emissions in the proposed process 499 

come from electricity generation, the CO2 footprint and mitigation cost are largely affected by 500 

the carbon intensity of the electricity source. Electricity from different sources with different 501 

carbon intensities is analyzed. Compared to solar-based electricity, electricity from wind and 502 

nuclear exhibits a lower carbon intensity of 14 and 25 g-CO2/kWh, resulting in a higher 503 

mitigation cost ($42.5 and $44) but also a slightly lower carbon footprint (-0.31 and -0.27 t-504 

CO2/t-cement). The carbon neutral point is reached when the carbon intensity of the electricity 505 

source reaches 96 g-CO2/kWh. Although the process will not sequester carbon above this point, 506 

carbon will still be mitigated as the CO2 emissions are still below that of typical Portland 507 

cement (0.9 kg CO2/kg). This means that the process still mitigates CO2 emissions if 508 

conventional fossil fuel-based electricity sources are used, for example, NG-based electricity 509 

with carbon capture (NGCC) (140 g-CO2/kWh) (Viebahn et al., 2007). CCS costs from a 510 
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typical petrochemical process are $125 per tonne (de Coninck and Benson, n.d.). If the carbon 511 

intensity of electricity reaches 229 g-CO2/kWh, the mitigation cost would match the CCS cost 512 

of a typical petrochemical process. The critical point is 332 g-CO2/kWh, which means that 513 

when the electricity carbon intensity exceeds this point, the carbon footprint of green cement 514 

would exceed that of conventional Portland cement. In order to benchmark the self-sufficient 515 

brine-based MgO production, a comparative study to examine the CO2 emission and energy 516 

demand of different MgO production routes is shown in Table S4. 517 

 518 

3.3. Life cycle assessment results 519 

Fig 4a illustrates the 18-midpoint indicators comparing green cement using mixed NG and 520 

solar-based electricity and conventional Portland cement. The purpose of using the mixed 521 

electricity sources is to explore the rest 17 environmental impacts, other than CO2 emissions 522 

when the green electricity was not entirely available and the carbon footprint in both cases is 523 

equivalent to each other.  524 

Life cycle impacts are primarily driven by energy consumption in green cement 525 

production. Green cement exhibits less environmental impact in 10 out of 17 indicators, and 526 

one of the indicators show the positive environmental impact, regarding freshwater 527 

eutrophication. However, concern arises in the remaining seven environmental indicators, 528 

especially stratospheric ozone depletion and marine eutrophication show significant higher 529 

impact than Portland cement. These are due to the massive electricity consumption. In general, 530 

using conventional electricity from the grid makes the base case process less favourable than 531 

Portland cement, whereas mixed electricity shows considerable advantages. Clean electricity, 532 
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such as solar electricity, is the most favourable and reduces the impacts over 99% in CO2 533 

emission and resources, and over 50% in human health and ecosystem, compared to Portland 534 

cement (see section Fig S3 for detailed description). Producing Portland cement via solar-based 535 

electricity would also help mitigate the environmental impact by roughly 10%. However, if 536 

clean electricity is available, green cement still has an absolute advantage in all categories. If 537 

the NG-based electricity is used, that CO2 emission and three-endpoint factor would result in 538 

at least 70% higher than Portland cement Fig 4b. 539 

The environmental potential of using NG-based electricity to support green cement 540 

production in case green electricity is not available is also explored (Fig 4c). Green cement is 541 

more favourable than Portland cement by incorporating either (a) an electrolyzer with 542 

improved efficiency (30% electricity reduction or higher) without carbon capture, (b) or at least 543 

30% electricity decarbonization by the suitable CCS technologies with the conventional 544 

electrolyser (Chlor-alkali used in Fig 1). Both measurements are easy to achieve because both 545 

the typical carbon capture rate for standard NGCC power plants (90% CCS (IEA, 2020)) and 546 

using alternative energy-efficient electrolyser with lower SEC (Kumar et al., 2021) instead of 547 

chlor-alkali (2.35 kWh/kg-NaOH experimentally) are far beyond these thresholds. Hence, 548 

green cement production is suitable for a wide range of moderate improvements to carbon 549 

capture and electrolyser. It is worth noting that the importance of future work considering long-550 

term carbonation and end-of-life stages for a more holistic environmental assessment. 551 

 552 
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 553 

Fig 4. Life cycle assessment comparison of Portland cement and green cement. 554 

(a) Normalized environmental comparison of 18-midpoints categories using mixed electricity at equivalent carbon footprint (dashed-bar indicate 555 

positive environmental impact. The abbreviations are shown in table of nomenclature and supplementary information Table S2). (b) GHG emission 556 

and 3-endpoint environmental categories using electricity from different sources. (c) Environmental optimization of green cement and Portland 557 

cement using natural gas combined cycle (NGCC)-based electricity with carbon capture and sequestration (CCS) and improved electrolyser 558 

efficiency. (CO2 capture and curing are excluded in b and c)559 
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3.4. Global impact on 2050 net-zero emissions goal 560 

Brine utilisation exhibits a massive potential in the near future and is economically and 561 

environmentally competitive. The CO2 intensity of electricity is one of the main control factors 562 

that affect the overall environmental competitiveness, and the critical point mentioned before 563 

is 332 g-CO2/kWh. Fig 5a presents the viability of the brine utilisation process in the present-564 

day situation. Concerning the present-day CO2 intensity of each country in the world, 68 out 565 

of the total 195 countries in the world produce electricity with a carbon intensity lower than 566 

the critical point. More than half of the countries in Europe (geothermal, nuclear, wind), Africa 567 

(solar) and South America (solar, wind) show excellent performance on CO2 mitigation by 568 

taking advantage of their low emission electricity. For example, geothermal-based and hydro-569 

based electricity is widely applied in Iceland and Sweden, emitting only 28.6 and 45.8 g-570 

CO2/kWh, respectively. This results in an overall carbon footprint of -0.26 and -0.19 t-CO2/t-571 

cement if produced in these countries, which is a 129% and 121% lower emission compared to 572 

the conventional PC cement, respectively. Besides SWRO, many inland countries would also 573 

take advantage of valorising saline brines being discharged from brackish and underground 574 

desalination plants (Brady et al., 2005; Tang et al., 2021). Utilising inland desalination may 575 

result in a higher available brine capacity than calculated in this study, even though the effect 576 

of the changes in brine composition would need to be further explored. 577 
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 578 

Fig 5. A global outlook of brine utilisation. 579 

(a) Percentage reduction of CO2 emission by green cement compared to current Portland 580 

cement industry. The key variable is the up-to-date carbon intensity of electricity in different 581 

countries. 0% indicates the same carbon intensity as conventional Portland cement regarding 582 

0.9 kg-CO2/kg-cement, and 100% indicate completed decarbonized compared to Portland 583 

cement regarding 0 kg-CO2/kg-cement, number that above 100% indicate negative emissions. 584 

(b) Levelized cost of CO2 mitigation in the most desalination-dependent countries when solar-585 

based green electricity (avg 0.051 kg-CO2/kWh is used) is available. The bold-underlined 586 

countries show no economic penalty for CO2 mitigation, i.e. <$0 per tonne of CO2. The key 587 

variables are the electricity rate and the carbon tax credit in different countries (Supplementary 588 

section S8). 589 

 590 
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The brine utilisation process can become more applicable and contribute to the 2050 net 591 

zero emission goals. This prospect is derived from more and more available clean electricity 592 

facilities installed worldwide. The world average CO2 intensity of electricity generation shows 593 

a continuous drop and had an overall 10.4% drop in the past ten years. The localized economic 594 

competitiveness of brine utilisation needs to be addressed when green electricity becomes more 595 

widely available. With the available green electricity, the levelized cost of CO2 mitigation is 596 

studied by integrating the up-to-date electricity price and carbon tax credit. Fig 5b shows the 597 

LCCM in the Middle East and North Africa (MENA) and the top 20 most water-stressed 598 

countries. The water-stressed countries are usually located in arid areas with the potential for 599 

abundant solar electricity. Due to these solar sources, the electricity rate in MENA and the most 600 

water-stressed countries typically exhibit the most affordable prices around the world, which 601 

further benefits the LCCM from brine utilisation. In addition, potable water in the MENA 602 

countries is largely produced via desalination, which produces a large brine capacity in these 603 

countries (Jones et al., 2019). Generally, there is a positive correlation between desalination 604 

capacity and LCCM from brine utilisation. Compared to the top 20 GDP entities (Fig S4), 605 

MENA and other water-stressed countries exhibit significantly lower LCCM from brine 606 

utilisation. Those water-stressed countries could spearhead CO2 mitigation via brine 607 

valorisation once renewable energy sources have a greater contribution to the country’s energy 608 

mix. 609 
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 610 

Fig 6. Forecast of brine utilisation in 2050 net zero scenario. 611 

(a) Cement industry emission as a percentage of the current cement industry and market share 612 

(b) hydrogen production market share under different scenarios 613 

 614 

Brine utilisation also has a significant CO2 mitigation capacity. With the brine utilisation 615 

plant retrofitted, the largest desalination plant potentially appears in the top 20 CCS projects 616 

worldwide. According to IEA (IEA, 2013), the projected CCS project capacity will reach 1,000 617 

million tonnes annually in 2025. By scaling up the presented process to the worldwide 618 

desalination capacity (5.45 million tonnes mitigated by the proposed process attached to the 619 

largest desalination plant means 477 tonnes mitigated globally) (Jones et al., 2019), the CO2 620 

mitigated from brine utilisation would undertake around 47.7% of global CCS tasks (1000 621 

million tonnes per year) if 100% of all desalination brine is utilised. 622 

Brine utilisation, both economically and environmentally, affects the cement and hydrogen 623 

industries. Fig 6 presents the forecast for the cement and hydrogen industries to 2050. 624 

Currently, brine-based cement could supply 7% of the global cement market if brine from all 625 

global desalination plants is utilised. IEA’s report shows that cement production increased 626 

annually by 1.8% from 2015 to 2020 (IEA, 2021b), and the desalination capacity will rise more 627 
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rapidly at 7% per year (Eke et al., 2020). IEA also proposed that the clinker to cement ratio 628 

should decrease annually by 0.8% from currently 0.66 in order to meet the 2050 net-zero goal 629 

(IEA, 2021b). Assuming the increasing rate of cement production and desalination capacity 630 

will continue to 2050, the market share of brine-based cement could gradually reach 43% by 631 

2050 under the theoretical maximum scenario (14% if only SWRO brine is used). Meanwhile, 632 

up to 51.3% of the CO2 emission from the cement industry can be mitigated in 2050, 633 

representing 4% of the global CO2 emission. However, some potential regional constraints 634 

should be considered, such as coastal nations with limited desalination and landlocked 635 

countries without desalination capacity. The proposed process is more feasible to be adapted 636 

in the coastal nations with >1,000 MLD desalination (Jones et al., 2019), which covers 65% of 637 

global brine supply. As a result, the conservative analysis shows 33.3% cement CO₂ 638 

mitigation (2.6% of global CO2) is achievable in feasible regions, and the global 51.3% 639 

mitigation requires breakthroughs in brine logistics and would be the upper bound mitigation. 640 

This projection value exhibits the theoretical maximum and assumes priority deployment 641 

in SWRO-dominated regions (MENA, Mediterranean, etc.), where brine composition is 642 

relatively consistent. Even though the SWRO constitutes the majority (>70%) of global 643 

desalination capacity (Jones et al., 2019), the necessary process tuning is required due to the 644 

regional brine variability. In addition, while brine-derived MgO cement offers a promising 645 

decarbonization route, it will compete with other emerging low-carbon cement formulations 646 

such as LC3 (Sharma et al., 2021), geopolymers (Nawaz et al., 2020), and carbonated calcium 647 

silicates (Ren et al., 2024). Each of these technologies has distinct regional advantages and no 648 

single solution is expected to achieve >40% market share in practice, which means a diversified 649 



34 

 

portfolio of solutions will likely be needed to decarbonize the global cement industry. 650 

The annual hydrogen demand under announced pledges and net-zero emission scenarios 651 

are 250 and 530 million tonnes, respectively (IEA, 2021c). Electrolysis of the rejected brine 652 

would supply 23.1% and 10.9% of the hydrogen demand under the two different scenarios. 653 

 654 

4. Conclusions 655 

This study demonstrates the substantial potential of a self-sufficient process to convert 656 

desalination brine into green magnesium cement and other valuable by-products, leveraging 657 

low-carbon electricity. The novelty of this work lies in its integration of desalination brine 658 

valorization with MgO cement production using a fully modeled process chain—encompassing 659 

membrane concentration, chlor-alkali electrolysis, reactive MgO calcination, and CO₂ 660 

curing—combined with a cradle-to-gate life cycle and techno-economic assessment. The 661 

proposed process not only addresses the environmental challenge of brine disposal but also 662 

offers an economically viable and scalable solution for CO2 mitigation. 663 

By achieving competitive costs as low as $48 per tonne of CO₂ abatement—significantly 664 

lower than conventional direct air capture systems ($100–$600/t-CO₂)—and demonstrating the 665 

potential to mitigate over 5 million tonnes of CO₂ annually when integrated with a large 666 

desalination plant, this approach proves both economically and environmentally advantageous 667 

compared to other green cement alternatives. Furthermore, the process enables valorization of 668 

wide range of global brine waste, demonstrating clear potential for impact in both water 669 

treatment and construction sectors. These findings contribute to bridging water-energy-670 

materials interconnections in sustainable infrastructure development. The integration of this 671 



35 

 

process on a global scale could significantly reduce CO2 emissions from the cement industry 672 

and contribute to achieving net-zero emission goals by 2050. When extrapolated globally, the 673 

proposed process has a theoretical maximum capacity to fulfill up to 43% of 2050 cement 674 

demand and mitigate up to 4% of global CO₂ emissions, positioning it as a competitive 675 

alternative to emerging green cement technologies such as LC3 and geopolymers. 676 

Although promising, MgO-based cement systems face technical challenges that require 677 

further investigation, particularly related to long-term durability, including excessive 678 

carbonation, limited water resistance, and expansion due to delayed brucite formation. These 679 

factors must be carefully managed through curing protocols, mix design, and material 680 

optimization before widespread replacement of Portland cement. 681 

Looking forward, several avenues for improvement and further research can enhance the 682 

feasibility and sustainability of this process. Energy efficiency remains a key area for 683 

optimization; integrating alternative technologies or improving the energy storage systems 684 

could reduce the reliance on large electricity inputs. Additionally, optimizing the flow of the 685 

process to minimize liquid discharge could enhance overall efficiency and environmental 686 

performance. Variability in brine composition across different desalination plants worldwide 687 

may introduce challenges; future studies should explore how location-specific factors affect 688 

the performance and output of the process to establish standardized protocols. Ensuring a 689 

consistent supply of green electricity is essential to maintain the low-carbon footprint of the 690 

process, which underscores the importance of advancing renewable energy technologies and 691 

grid stability. Future research should also focus on pilot-scale demonstrations to validate full-692 

system integration and operability. While CO2 curing is central to carbon sequestration and 693 
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strength development, this study does not include kinetic or mass transfer modeling, which is 694 

a key limitation. Future work should experimentally validate CO2 uptake rates, curing duration, 695 

and carbonation depth. Particular attention is also needed to assess membrane fouling and 696 

scaling under continuous operation and to evaluate the process performance across a range of 697 

brine compositions, including inland, brackish, and wastewater-derived streams. By addressing 698 

these constraints and opportunities, the proposed process can pave the way for a more 699 

sustainable and economically viable future for both the desalination and cement industries. 700 

 701 

  702 
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Nomenclature 703 

Abbreviation or Symbol Full Name Unit (if applicable) 

CCS Carbon capture and sequestration  

Cn Cash flow $ 

DAC Direct air capture  

FCI Total fixed capital investment $ 

IRR Internal rate of return  

ISBL Inside battery limit  

LCCM Levelized cost of CO2 mitigation $/kg-CO2 

LSRRO Low salt rejection reverse osmosis  

NGCC Natural gas combined cycle  

NPV Net present value $ 

OSBL Outside battery limit  

PC Portland cement  

SCRO Semi-close reverse osmosis  

SMR Steam methane reforming  

SWRO Seawater reverse osmosis  

t Time (year)  

Note: This table lists general terms. 704 

 705 

 706 

LCA Nomenclature Midpoint Environmental Impact Unit (if applicable) 

FE Freshwater eutrophication kg P eq 

FET Freshwater ecotoxicity kg 1,4-DCB 

FPM Fine particulate matter formation kg PM2.5 eq 

FSS Fossil resource scarcity kg oil eq 

GW Global warming kg CO2eq 

HCT Human carcinogenic toxicity kg 1,4-DCB 

HNCT Human non-carcinogenic toxicity kg 1,4-DCB 

IR Ionizing radiation kBq Co-60 eq 

LU Land use m2a crop eq 

ME Marine eutrophication kg N eq 

MET Marine ecotoxicity kg 1,4-DCB 

MRS Mineral resource scarcity kg Cu eq 

OFH Ozone formation, Human health kg NOx eq 

OFT Ozone formation, Terrestrial ecosystems kg NOx eq 

SOD Stratospheric ozone depletion kg CFC11eq 

TA Terrestrial acidification kg SO2 eq 

TET Terrestrial ecotoxicity kg 1,4-DCB 

WC Water consumption m3 

Note: This table is specific to LCA (Life Cycle Assessment). 707 

 708 
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 709 

Calculation Terms Description Unit (if applicable) 

CO2 mitigation, direct 

CO2 mitigation from direct CO2 capture 

by brine and MgO curing of the studied 

process 

kg-CO2 

CO2 mitigation, indirect 

CO2 credit from byproduct due to the 

avoidance the CO2 emission from their 

conventional production method 

kg-CO2 

CO2 mitigation, H2 

CO2 credit from surplus hydrogen due to 

the avoidance the CO2 emission from 

steam methane reforming routes 

kg-CO2 

CO2 mitigation, water 

CO2 credit from distilled water due to the 

avoidance the CO2 emission from reverse 

osmosis routes 

kg-CO2 

CO2 mitigation, total 
The overall CO2 mitigation including 

both direct and indirect portions 
kg-CO2 

CO2 emissions 

The overall CO2 emission from 

electricity that consumed via the studied 

process 

kg-CO2 

CO2 footprint, green cement 
The overall carbon intensity of green 

cement base on the studied process 
kg-CO2/kg-cement 

Economic penalty 

The revenue gap between the 

required revenue and obtained 

revenue per kg of cement 

$/kg-cement 

Environmental credit 

The CO2 footprint difference between 

green cement and conventional Portland 

cement 

kg-CO2/kg-cement 

Levelized cost of CO2 mitigation 

(LCCM) 

The extra economic cost to mitigate per 

unit mass of CO2 via the proposed green 

cement process 

$/kg-CO2 

Revenue, obtained 
Revenue acquired if selling all the 

product under the base case price 
$ 

Revenue, required 
Revenue required to achieve the set 

economic goal (NPV=0, IRR=10%) 
$ 

Note: This table includes terms used in Section 2.2 calculations. 710 
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