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Abstract 
Recovering available waste water vapour from the alumina refining process presents a 

promising method to improve overall energy efficiency and reduce reliance on fossil fuel steam 

generation. This study conducted a comprehensive techno-economic assessment to understand 

the viability of recovering waste vapour (typically at ~1 atmospheric pressure or 0.14 bar) from 

the Bayer process. Various steam recovery technologies, including multi-stage MVR 

(mechanical vapour recompression), multi-stage TVR (thermal vapour recompression), and 

integrated TVR-MVR systems were assessed in terms of their energy consumption and 

coefficient of performance (COP) for recompressing vapour to high-pressure (typically 5-15 

bar, 175°C to 230°C), representative of low-temperature digestion condition in the refining 

process. In particular, steam-cleaning and recovery from the steam calcination (H2 in oxygen-

steam combustion or fully electrified calcination) was analysed, which eliminates the direct 

CO2 emissions from natural gas combustion during calcination while generates high-

concentration steam that can be recovered for the Bayer process. 

Firstly, this study assessed the technical viability of a novel retrofitted calciner design 

that accommodates H2 in oxygen-steam combustion integrated with steam recovery. A detailed 

calcination model was developed in Aspen Plus to estimate the heat utilisation efficiency, 

calciner units such as cyclones’ performance and overall energy consumption under steam 

environment, and to compare with conventional natural gas/air combustion. Energy 

consumption under H2 in oxygen-steam calcination was calculated to be slightly higher than 

natural gas/air combustion, at 2.89-2.96 GJ/tAl2O3 (LHV) compared with 2.88 GJ/tAl2O3 (LHV). 

This increase is caused by the inhibited pre-calcination reaction, which indirectly lowers the 

heat transfer efficiency under a steam-rich environment than in an air environment. However, 
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it produces high-concentration steam for recovery, enabling efficient recovery of its latent 

energy. Cyclone performance under the steam environment was found to remain comparable 

pressure drop and separation efficiency (>97%) using recirculated superheated steam as carrier 

gas. 

Secondly, this study estimated an integrated steam cleaning and recovery process for 

high-concentration steam recovery from steam calcination (H2 in oxygen-steam combustion 

and fully electrified calcination), with an integrated venturi scrubber removing fine particles 

prior to multi-stage MVR system. The work also examined the recovery of diluted steam mixed 

with N2 and CO2 from air calcination (including H2/air and natural gas/air combustion) by 

adopting gas separation process prior multi-stage MVR system. Results show that the 

associated energy penalty for gas separation and steam cleaning accounts for 5%-9% of the 

energy consumption in steam recovery, with remaining 91-95% for MVR systems. Steam 

recovery from fully electrified calcination or H2 in oxy‑steam combustion achieves recovery 

rates of 0.64 tsteam/tAl2O3 and 0.86 tsteam/tAl2O3, respectively, with an energy consumption of 

0.54 GJ/tsteam. Steam recovery from air‑fired calcination achieves lower recovery rate of 0.54-

0.55 tsteam/tAl2O3, consuming 0.71 GJ/tsteam energy. The recovered steam from various calcination 

pathways was estimated to offset 27%, 32%, and 43% of the total steam demand in the Bayer 

circuit, assuming an average steam consumption of 2 tsteam/tAl2O3, which is presently supplied 

by natural gas boilers. This leads to corresponding reductions in overall energy consumption 

for steam supply by 21%, 27% and up to 36%, respectively. 

Thirdly, the study assessed various steam recovery technologies, including multi-stage 

MVR, multi-stage TVR, and proposed integrated TVR-MVR by developing comprehensive 

models in Aspen Plus and MATLAB. Among the options, MVR system achieves the highest 

efficiency, achieving COP values of 3.2 (for the vapour inlet pressure at 0.14 bar) and 5.7 (For 
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the vapour inlet pressure at 1 bar) for recompressing steam to 8 bar, representative of steam 

condition in the low-temperature digestion, whereas natural gas boilers operate at a COP of 0.8. 

The integrated TVR-MVR configuration reduces the MVR stage and thereby lowers the 

operational risk. However, the COP decreases to 1.9 when compressing from ~1 bar to 8 bar. 

Multi-stage TVR is less technically feasible, with COP reducing to 1.0 (for the case of 0.14 bar) 

and 1.4 (for the case of  ~1 bar) for recompressing to 8 bar.  

Finally, the study assessed the optimisation of steam recovery from both calcination and 

the Bayer circuit using multi-stage MVR systems. The results demonstrate the 100 % of steam 

demand for Bayer circuit usage can potentially be met via internal recovery, with contributions 

of 43% from the proposed scenario of H2 in oxygen‑steam calcination, 9% from digestion, 37% 

from evaporation, and 11% from precipitation. The proposed steam recovery enables energy 

reduction from 6.64 to 1.41 GJ/tAl2O3, representing 79% energy conservation relative to steam 

generation from natural gas boilers. In addition, transitioning from fossil fuel steam generation 

to electricity-powered steam recovery could eliminate direct carbon emissions. Economically, 

in comparison with natural gas boilers at a gas price of 7.5 US$/GJ plus a carbon capture and 

storage cost (CCS) of 179 US$/tCO2, the estimated levelised cost of decarbonised steam for the 

Bayer circuit (LCOSB) decreases by 50 % at a fixed 70 US$/MWh electricity price, reducing 

from 110.2 to 55.1 US$/tAl2O3. This reduction is accompanied by a significant increase in 

capital investment for the MVR systems, accounting for 50 % of LCOSB. 

This study evaluates key decarbonisation technologies that could be implemented in the 

Bayer process, including hydrogen combustion for calcination, mechanical and thermal vapour 

recompression for steam recovery, and electric boilers for steam generation, with particular 

emphasis on the technical and economic viability of steam recovery. The results demonstrate 
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the potential of these technologies from both technical and economic perspectives to support 

low-carbon alumina production. 
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1.1 Background  

In alignment with the Paris Agreement that limits the global warming to below 2°C and 

achieves net-zero emissions by around 2050-2070 [1-3], it is important to reduce associated 

CO2 emissions in heavy industries such as cement, iron ore, alumina and aluminium [4, 5]. 

Australia produces 19 million tonnes of alumina annually, generating 14 million tonnes of CO2 

equivalent emissions [6, 7]. This emission accounts for approximately 24% of Australia’s 

scope one manufacturing emissions, and 3% of nation’s total emissions [8-10]. Therefore, it is 

essential to pursue decarbonisation of alumina refining to advance broader sustainable 

production objective [3, 11]. 

The alumina refining process, known as the Bayer process, is highly energy-intensive, 

consuming approximately 10.0-15.9 GJ/tAl2O3  across different regions, depending on bauxite 

ore quality and technologies employed [12, 13]. Steam production from fossil fuel boilers 

accounts for a significant portion of the total energy use [14, 15]. High-pressure steam is 

consumed at 5-15 bar and 175°C to 230°C for dissolving gibbsite ores with caustic soda 

solution, and at 50-100 bar and 325-400 °C for the digestion of boehmite and diaspore ores [16, 

17]. This steam is currently supplied from fossil fuel boilers [16, 17]. However, the Bayer 

process generates significant amounts of waste vapour, including vapour from evaporation 

(approximately 0.14 bar) and vapour from digestion ( approximately ~1 bar). In addition, the 

calcination stage also releases diluted steam mixed with combustion products, mainly N2 and 

CO2, which further contributes to energy losses [18, 19]. Implementing effective steam 

recovery technologies to reduce the reliance on fossil fuel steam generation has been identified 

as one of the potential decarbonisation solutions. However, few studies have conducted a 

techno-economic analysis of energy efficiency improvements enabled by steam recovery. 
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Hence, one scope of the study is to explore and evaluate potential steam recovery technologies 

that enable energy conservation and contribute to low-carbon steam supply.  

Steam recovery technologies such as mechanical vapour recompression (MVR) and 

thermal vapour recompression (TVR) enabling the reuse of low-pressure steam by 

recompressing it to higher pressure and temperature [20, 21]. Numerous studies have 

investigated the integration of single-stage MVR or TVR systems in wastewater treatment 

processes, demonstrating their effectiveness in energy savings [22-27]. However, few studies 

have developed models for multi-stage MVR or TVR systems and evaluated their integration 

in alumina refineries. Although a multi-stage MVR configuration has been evaluated by 

Chatfield [19], detailed understanding of system behaviour remains limited [28]. In addition, 

no comparative assessments have been conducted against alternative technologies such as TVR 

or electric boilers which plays a role in decarbonising steam generation. Therefore, this study 

aims to evaluate the integration of various steam recovery or generation technologies to 

decarbonise steam supply, and assess the techno- economic performance relative to 

conventional fossil-fuel boilers. 

Calcination, the last step of Bayer process, converting gibbsite to smelter-grade alumina 

(SGA) at high temperature (~950-1000°C) using fossil fuel combustion [29], accounting for 

around 30% of total energy use in Australian refineries. This process also releases 

approximately 0.7 tsteam/tAl2O3 steam, carrying latent energy of approximately 1.7 GJ/tAl2O3 [30]. 

However, one of the barriers in steam recovery from calcination is that fossil fuel and air 

combustion introduces diluents like CO2 and N2 together with steam, while simultaneously 

emitting direct CO2 emissions. Alternative calcination decarbonisation pathways, including 

hydrogen combustion or electric calciner, has been proposed to retrofit existing fossil fuel 

calciners [31]. Retrofitting air calcination to operate under steam environment can avoid the 
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issue of steam dilution in exit gas stream. However, no studies have evaluated retrofitting a 

calciner to accommodate either energy sources while simultaneously enabling high-

concentration steam recovery. In addition, no studies have compared the calcination 

performance under steam and air calcination, particularly in terms of cyclone performance, 

heat utilisation and overall energy consumption. Hence, this study aims to understand such a 

steam-based calcination flowsheet with integrated steam recovery, and to analyse its 

performance relative to conventional air calcination. 

Retrofitting an existing air-fired calciner to hydrogen combustion in an O2-steam 

combustion enables the generation of high-concentration steam for recovery. However, fine 

entrained particles remain problematic, as existing particulate control systems such as 

electrostatic precipitator (ESP) or baghouses cannot fully capture solids smaller than 2 µm [32-

34]. These particles can cause erosion, thereby negatively affecting the steam recovery system 

(MVR). To date, no flowsheet has been proposed that integrates a steam cleaning system prior 

to MVR, nor has the recovery efficiency been comprehensively assessed. Therefore, one 

objective in the study is to advance the understanding of the integrated steam cleaning and 

recovery for high-concentration steam recovery from steam calcination. 

Through optimisation of steam recovery from both the Bayer process, it is possible to 

meet 100% of total steam demand. This approach can significantly reduce the reliance on fossil 

fuel steam generation, thereby lowering energy consumption and emissions. Currently, few 

studies have evaluated various low-carbon steam supply scenarios through integrating steam 

recovery from the Bayer process. Hence, the present study aims to meet this need by conducting 

a techno-economic analysis of alternative steam supply pathways, such as steam recovery from 

various stages in the Bayer process and steam generation from electric boilers, and 

benchmarked against fossil fuel boilers 
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1.2 Significance of the work 

This work provides the systematic evaluation of integrating steam recovery as a 

decarbonising pathway in alumina refineries. By developing process models for multi-stage 

MVR and TVR systems, the study compares their efficiency against conventional steam 

generation methods, offering valuable insights into system performance. More importantly, the 

study estimates a novel retrofittable calciner design capable of accommodating hydrogen in 

oxygen-steam or electrified calcination under steam environment, thereby increasing the 

viability of steam recovery from calcination process. Overall, this work advances the 

understanding of steam recovery technologies and advances the development of a novel 

retrofittable steam-calcination calciner design with integrated steam recovery.  

1.3 Scope and structure of the thesis 

This thesis is divided into eight chapters including the introduction and an appendix 

chapter. The content of each chapter is listed below. 

Chapter 2 comprises a comprehensive introduction regarding the Bayer process, with a 

focus on the digestion and calcination steps, followed by literature review on the potential 

decarbonisation technologies, including MVR and TVR systems for waste vapour recovery 

and plausible decarbonising calcination options. This chapter also summarises the research 

gaps and challenges in integrating steam recovery, as well as the research implications. 

Chapter 3, titled “Techno-economic Assessment of Decarbonising Alumina Calcination 

Using Hydrogen Combustion with Steam Recovery” estimates a novel H2 in oxygen-steam 

calcination under steam environment, which enables decarbonised calcination while enhancing 

the viability of steam recovery. This chapter assesses the calcination performance when 

hydrogen is used as a fuel, comparing it with current natural gas/air combustion process, with 
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a focus on the effects of steam environment on the cyclones performance, heat utilisation, and 

overall energy consumption. Additionally, this study also compares the economic performance 

of hydrogen combustion with current natural gas-based calcination process, especially the H2 

in oxygen-steam combustion case including the potential value of high-concentration steam. 

Chapter 4, titled “Techno-economic Assessment of Integrated Steam Cleaning and 

Recovery from Alumina Calcination for various decarbonisation scenarios” investigates 

proposed steam cleaning and recovery system, aiming at overcoming challenges in steam 

recovery, such as the presence of fine particles and diluent gases. The study also estimates the 

energy efficiency improvement and economic benefits in steam supplying by integrating steam 

recovery from calcination. 

Chapter 5, titled “Techno-economic Assessment of Multi-stage Mechanical Vapour 

Recompression (MVR), Thermal Vapour Recompression (TVR) and Integrated TVR-MVR 

Systems for Net-zero Steam Generation in Alumina Refineries” estimates system efficiencies 

of the various compression systems when implementing in alumina plants in comparison with 

traditional natural gas boilers. Additionally, it evaluates the levelised cost of steam for various 

steam recovery methods and benchmarks them against natural gas boilers.        

Chapter 6, titled “Optimisation of Steam Recovery from Calcination and the Bayer 

circuit using Multi-stage Mechanical Vapour Recompression”, estimates the technical and 

economic viability of various low-carbon steam supply scenarios by integrating steam recovery 

from various steps and the optimised 100% steam recovery case enabling net-zero steam supply. 

Chapter 7 summarises the conclusions of the work. Chapter 8 summarises the 

recommendations for future work. 
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Supplementary Appendix for Chapter 4 presents the retrofittable calciner design for fully 

electrified calcination under a steam environment, together with preliminary process modelling 

of calcination. It provides indicative data on the exit steam from the calciner under electrified 

calcination to support the analysis in Chapter 4. References for Chapters are listed at the end 

of each chapter.  
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2.1 Bayer process 

The Bayer process is for refining alumina from bauxite ore, normally requiring about two 

tonnes of bauxite to produce one tonne of smelter grade alumina (Al2O3) [35]. This process 

mainly consists of four steps: digestion, clarification, precipitation, and calcination [14], with 

a global average energy intensity of 15.9 GJ/tAl2O3 in 2007, decreasing to 10.0 GJ/tAl2O3 in 2024 

[13]. Figure 1 shows the variation in energy intensity in alumina refining across different 

regions from 2004 to 2024, driven by differences in bauxite ore quality, technologies employed, 

and fuel types used.  

 
Figure 1. Energy intensity of alumina refining by region for 2004 to 2024 [13]. 

Digestion  

Figure 2 presents the alumina refining process from digestion to calcination. Firstly, the 

crushed and ground raw material, bauxite ore, is mixed with the caustic soda solution to form 

a bauxite rich slurry [14]. The slurry is pumped into digestors where the aluminium-containing 

compound, sodium aluminate, is solubilised and extracted under high-temperature and pressure 

steam by washing with a hot concentrated sodium hydroxide for several hours [36]. Dissolution 

of ores with a significant trihydrate bauxite (or gibbsite, (Al(OH)3) content, as shown in 
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Reaction (1), requires relatively low temperature and pressure of ~145°C and 4-5 bar with 

Na2O concentrations of 120-150 g/L, [37]. On the other hand, dissolution of ores containing 

significant concentration of monohydrate, e.g., boehmite (γ-AlO(OH)) or diaspore (α-

AlO(OH)), requires stronger caustic solution (205-245 g/L Na2O) and higher temperature and 

pressure of 200°C-250°C and 35 bar, as described in Reaction (2)-(3) [38-40].  

Gibbsite (Al(OH)3): 
 

Al(OH)3(s) + NaOH(aq)→NaAlO2(aq) + 2H2O(l) 
(1) 

Boehmite (γ-AlO(OH)) and diaspore (α-AlO(OH)): 
 

γ-AlO(OH)(s)  + NaOH(aq)→NaAlO2(aq) + H2O(l) 
(2) 

α-AlO(OH) (s)  + NaOH(aq)→NaAlO2(aq) + H2O(l) 
(3) 

 

Digestion is one of the greatest consumers of energy in the Bayer process as substantial 

heating of the slurry is conduced. High temperature and pressure steam are produced via fossil-

fuel boilers to heat the slurry indirectly. Historically, and in some modern practice such as the 

Ma’aden refinery located in Saudi Arabia, bauxite slurry is still heated by direct steam injection 

[41]. Different digestion technologies are applied depending on the ore quality and refinery 

design. Atmospheric digestion is in operation in a plant in India for processing gibbsite-rich 

bauxite ores [41]. Autoclave digestion is the most widely adopted technology globally, 

operating under pressure leaching conditions [42]. Tube digestion is a particular application of 

single stream digestion technology that presents strategic advantages for processing mixed 

grade bauxite ores [43]. Double digestion is employed in certain refineries to separately 

dissolve the gibbsite and boehmite-rich bauxite ores [41]. After pressurised digestion, the hot 

slurry passes through multi-stage flash tanks where it is gradually depressurised to atmospheric 

pressure, causing cooling and flashing water vapour. The vapour is then recirculated to a 

connected heat exchanger, where it is condensed to provide heat to the incoming slurry. Low-
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temperature digestion generally consists of  3-4 depressurisation stages and recuperative heat 

recovery, while high-temperature digestion typically incorporates 8-12 stages to maximise the 

heat utilisation [41]. For example, the digestion in Wagerup refinery operates at approximately 

150-180°C and processes mainly gibbsite-rich bauxite. After digestion, the slurry is gradually 

depressurised in 4 stages to atmosphere pressure and discharged at  ~110 °C [19]. During the 

process, a portion of slurry water flashes to water vapour, which is vented through the blow-

off flash tank, resulting in heat losses [18, 19]. The discharged slurry is then proceeded to the 

clarification step. 

Clarification 

Clarification step separates the insoluble impurities, known as red mud, from the sodium 

aluminate liquor, termed as “green liquor”, through sedimentation in the settling tanks [44]. 

The clarified liquor then passes through a series of filters to remove any fine impurities.  

Precipitation and Evaporation 

The green liquor is cooled across multiple precipitator tanks and held for several hours, 

during which and trihydrate alumina crystals are added to promote gibbsite precipitation [45], 

as shown in Reaction (4) [14]. The “spent liquor” refers to the remaining liquid after the 

trihydrate alumina has been precipitated. Heat recovery from green liquor is achieved via heat 

exchangers, where heat is transferred to the cold “spent liquor”. Cooling water is employed to 

further cool the green liquor and to remove the heat released during the precipitation reaction. 

The cooling water carries away heat, that, when flashed, can produce low-pressure vapour at 

0.14 bar and 52.5 °C [19]. The evaporation step  concentrates caustic soda in spent liquor by 

removing excess water through evaporation. Low-pressure steam is used in this process to heat 

the spent liquor and evaporating excess water. Similar to digestion process, the liquor passes 

through multi-stage flash tanks, where it is gradually depressurised, causing water to flash into 



 

12 

 

vapour. The flashed vapour is then recirculated to a heat exchanger for recuperative heat 

recovery. This process also releases a substantial amount of low-pressure steam at 0.14 bar and 

52.5 °C [14, 15, 46]. The sequence from digestion to precipitation is referred to as the Bayer 

circuit, with digestion and evaporation constituting the energy-consuming stages, requiring 

approximately 6.7 GJ/tAl2O3 energy [12, 19, 29]. 

NaAlO2(aq) + 2H2O(l) → Al(OH)3(s) + NaOH(aq) (4) 

Calcination 

Calcination is the final step in the Bayer process, consuming typically 3 GJ/tAl2O3  energy 

in Australian refineries [12]. The trihydrate alumina, known as gibbsite, is calcined in 

stationary calciners to form smelter grade alumina at high temperature 950~1000°C, as 

described in Reaction (5) [47]. The calcination reaction occurs in two steps, the 

dehydroxylation of gibbsite to boehmite (Reaction (6)), followed by the conversion of 

boehmite to alumina (Reaction (7)). The high temperature calcination in Australian refineries 

relies largely on natural gas combustion to provide heat, whereas alumina production in China 

depends heavily on coal [48]. 

Al(OH)3(s) → Al2O3(s) + 3H2O(g) (5)  

Al(OH)3(s) → AlO(OH)(s) + H2O(g) (6) 

2AlO(OH)(s) → Al2O3(s) + H2O(g) (7) 
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Figure 2. The Bayer process for alumina refining. (adapted from previous work [49]) 

Calcination technologies 

In current refineries, calcination is carried out in stationary calciners, such as Flash 

Calciner (FF), Circulating Fluidised Bed (CFB) Calciner or Gas Suspension Calciner [50]. 

Their operations vary depending on the calcination technology. Figure 3 illustrates the current 

flash calcination process [51], consisting of preheating, main calcination and cooling stages. 

Firstly, gibbsite with moisture is fed to Cyclone 1 where moisture is removed, and then 

preheated gibbsite is transported to Cyclone 2 where gibbsite undergoes dehydroxylation to 

form boehmite, as presented in Reaction (6). Boehmite then enters the main furnace and is 

converted into alumina, as presented in Reaction (7) [51]. The product, smelter grade alumina, 

SGA, comprises a complex mixture of transition alumina phases, where γ-alumina is the 

desired phase, while α-alumina is undesirable. Fuel is injected and combusted with preheated 

air in the main calciner. A holding vessel is employed to retain the solid for several minutes, 

ensuring the phase transformation process to form smelter grade alumina. After that, hot gas 

exits from the top of the holding vessel and directed to Cyclone 2, supplying the heat for pre-

calcination. The discharged hot alumina is transported to air cooling cyclones, where the 

sensible heat in hot alumina is recovered to preheat the injected air. The fluidised bed water 

cooler is the final cooling step to lower the alumina temperature to approximately 75°C. A 
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filtration system, such as a baghouse or electrostatic precipitator (ESP), is employed to control 

the solid emissions, before releasing the exhaust gas from Cyclone 1 to the atmosphere.  

 

Figure 3. The conventional flash calciner  flowsheet. (modified from previous work [41]) 

Figure 4 presents the Generation 5 CFB calcination flowsheet developed by Outotec [51-

53], which consisting of two preheating cyclones, circulating fluidised bed calciner, two 

cooling cyclones and one large fluidised bed cooler. The preheating stage is similar to flash 

calcination, where gibbsite is dried and pre-calcined into boehmite in Cyclone 1 and Cyclone 

2, respectively, utilising the heat in flue gas from the CFB calciner. The boehmite is converted 

into smelter grade alumina in the CFB calciner where solid is recirculated to allow sufficient 

residence time to complete phase transformation. A solid discharge device at the bottom of 

CFB calciner is used to control the discharge solid mass flow, controlled via a difference 

pressure measurement to ensure stable inventory in the reactor. To increase the overall heat 

utilisation efficiency, a portion of boehmite from Cyclone 2 is bypassed and mixed with 

discharged hot alumina in the external fluidised bed vessel. Solids collected from ESP are 

returned to the system, ensuring calcination of any gibbsite overflowing from Cyclone 1. 

Downstream of the reactor, the flowsheet incorporates two cooling cyclones and a large 
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fluidised bed cooler to recover sensible heat from hot solids for air preheating. Preheated 

primary air is introduced at the bottom of the CFB calciner for combustion and solids 

fluidisation, while preheated secondary air is injected downstream of the fuel injection. Fuel is 

combusted with preheated air and secondary air in two stages to ensure a low formation of 

NOx. 

 
Figure 4. Modern generation 5 CFB calcination flowsheet. (reported from previous work [51, 54]) 

During the calcination, regardless of the type of calciner used in the refinery, a substantial 

steam is released together with combustion by-products such as CO2 and N2 from the ESP,  

amounting 0.7 tsteam/tAl2O3, with an associated latent energy of approximately 1.7 GJ/tAl2O3 [30]. 

Natural gas is the dominant fuel used in alumina refineries in Australia, although calcination 

technologies vary across different plants. This study adopts flash calcination as the reference 

calcination case. 
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2.2 Waste vapour recovery as a decarbonisation pathway  

The waste water vapour within the Bayer process presents a significant energy loss, 

which offers a potential to improve the energy efficiency by recovering it [29, 31, 55]. In 

particular, the available low-pressure vapour at sub-atmospheric pressure from precipitation 

and evaporation stages are estimated to be approximately 0.35 and 0.59 tsteam/tAl2O3  [19], with 

calculated latent energy of 0.8 and 1.4 GJ/tAl2O3, respectively, from the study assessing the waste 

vapour in Australian Wagerup refinery. Vapour at atmospheric pressure is vented from 

digestion tank, carrying latent energy of 0.4 GJ/tAl2O3 [18, 19]. Furthermore, the calcination 

process also releases diluted steam, which represents another potential steam recovery source. 

In present operation, high-pressure steam supply for digestion and evaporation usage is 

typically generated from fossil fuel boilers, such as coal-fired or natural gas-fired boilers [56]. 

Alternatively, a cogeneration system consisting of a gas turbine coupled with a heat recovery 

steam generation system, is used in some refineries to produce electricity and steam [19]. The 

combustion of fossil fuel results in direct CO2 emissions, accounting for approximately 2/3 of 

total emissions [57, 58]. Steam recovery powered by renewable electricity offers a potential 

solution to reduce the reliance on fossil fuel steam generation, thereby cutting the emissions. 

Although the solution has been identified as one of the potential pathways for future green 

alumina production, no detailed assessment has been undertaken. One of the scopes of the study 

is to evaluate the technical and economic feasibility of steam recovery from the Bayer process 

to achieve energy conservation and CO2 mitigation in alumina refining. 

2.3 Steam recovery or heat recovery technologies  

 Heat pump (HP) is a key technology that can recover low-grade heat and upgrade to a 

higher temperature level for reuse [59], playing a significant role in improving energy 
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efficiency and reducing reliance on fossil fuels in industrial processes. Figure 5 presents the 

classifications of heat pumps into open-loop and closed-loop systems, distinguished by whether 

the process vapour itself acts as working fluid [60]. Open-loop systems, such as mechanical 

vapour recompression (MVR) and thermal vapour recompression (TVR), directly recompress 

process gas to a higher pressure and temperature [59]. Closed-loop systems employ an 

independent refrigerant circuit that indirectly recover the heat from heat sources through heat 

exchangers. This category includes compression heat pumps, in which use mechanical work to 

drive the heat transfer process, and sorption heat pumps operate by transferring heat through 

the absorption or adsorption of a refrigerant. 

Both open-loop and closed-loop systems have advantages and limitations in their design 

and operation. Open-loop systems eliminates the need for a dedicated refrigerant circuit, which 

features simpler configurations and lower capital costs. However, the quality of the process 

vapour is a critical factor, as solid contamination could cause fouling or mechanical damage to 

compressor blades in MVR systems. TVR systems are tolerant to particles but are less energy-

efficient than MVR. Closed-loop systems operate with sealed refrigerant circuit making them 

suitable for applications where direct processing of vapour is not practical. But the selection of 

refrigerant (the working fluids) depends on process temperature and may raise environmental 

concerns if leakage happens [61]. The capital cost of closed-loop systems is typically higher 

due to the need for compressors, heat exchangers, and refrigerant management systems.  

Given the availability of waste water vapour from the Bayer process and the advantages 

of open-loop systems, this study focuses on assessing the integration and utilisation of open-

loop systems in alumina refining. Although these technologies are mature and already deployed 

in various industrial sectors for waste heat recovery, few studies have assessed the application 
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of MVR and TVR systems for steam recovery in alumina refineries, so that the present study 

aims to evaluate their technical performance and economic feasibility in steam recovery.  

 
Figure 5. Classification of heat pump technologies [60]. 

2.3.1 Multi-stage mechanical vapour recompression (MVR) 

Mechanical vapour recompression (MVR) increases the temperature and pressure of 

water vapour through mechanical compression process, which has been identified as one of the 

potential technologies for steam or heat recovery in alumina refineries [29, 62-64]. MVR has 

been in use since the 1970s, and is widely employed in distillation, wastewater treatment, and 

desalination processes [65]. A single-stage MVR system consists of one evaporator coupled 

with a mechanical compressor. Numerous studies have investigated the utilisation of single- or 

multi-stage MVR systems in desalination and wastewater treatment processes [22-27]. For 

example, Dahmardeh et al. [26] modelled the integration of single and two-stage MVR system 

for treatment of high-salinity wastewater using Aspen Plus. Similarly, Zhou et al. [27] also 

developed a mathematic model for single-stage MVR system for wastewater desalination. 

Generally, the system (evaporator) operates under vacuum, with the boiling temperature of 

approximately 70-85°C, corresponding to sub-atmospheric pressure [26, 27], with the 

compressor generates the vacuum effect. In the process, single-stage MVR is limited to 
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compression ratios of about two, which produces a saturation temperature increase of 5-20°C 

[66, 67]. Carlos et al. [68] developed a model for a modified multistage evaporation system of 

a chlorine-alkali industrial complex using the three to four stages mechanical vapour 

recompression configurations, demonstrating that the modified system could reduce steam 

consumption by around 1%. Their process simulation demonstrated that MVR technology 

effectively improves overall system efficiency. However, few studies have investigated the 

MVR integration opportunities in alumina refineries for energy savings.  

 Given that the required temperature and pressure lift are much higher in alumina 

refining, for instance, recovering low-pressure waste water vapour of 0.14 bar to 5-15 bar, 

requiring temperature increasing from 52.5°C to 175°C-230°C [29]. Achieving such a large 

temperature and pressure lift would require multi-stage MVR system [20, 21, 69], with water 

injection for desuperheating between each stage to manage the vapour temperature. This 

desuperheating process for multi-stage operation is essential to maintain the inlet vapour at or 

near its saturated temperature, reducing compressor electric power load and preventing 

excessive discharge temperatures [19]. Such a multi-stage MVR configuration has been 

assessed by Chatfield [19], who demonstrated its potential application at Alcoa’s Wagerup 

alumina refinery in Western Australia. MVR manufacturers have also demonstrated the 

potential configurations for multi-stage MVR systems [70]. Chatfield examined the 

implementation of up to 11-stage MVR system for recovering waste vapour from evaporation, 

precipitation, digestion and calcination steps, with a design pressure of approximately 8.8 bar. 

The integrated MVR system was estimated to consume approximately 139 MW of electrical 

power to recover all the waste steam, generating 611 t/hr of steam. This amount exceeds the 

total steam demand of the refinery by 8%, indicating potential for full steam self-sufficiency 

by recovery. Technical integration challenges, including the existing refinery infrastructure, 
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electric power delivery capacity, operating noise and economic feasibility were also included 

in analysis. However, the study remained high-level, lacking an understanding of the technical 

details of the MVR systems. Therefore, the present investigation aims to evaluate the system 

performance in terms of energy use, temperature and pressure increase in compressing process 

through developing a comprehensive model for multi-stage MVR systems. 

2.3.2 Multi-stage thermal vapour recompression (TVR) 

Thermal vapour recompression (TVR), also referred to as ejectors, is another widely used 

method for recompressing steam, requiring high-pressure motive steam to entrain low-pressure 

steam [71-73]. The majority research of TVR application focus on single-unit integration in 

desalination and wastewater treatment processes [22-27]. For example, the studies of Zhou et 

al. [74],  Bamardouf et al. [75], Shahzamanian et al. [76] developed mathematical models of 

integrated TVR distillation process for system efficiency improvement. A novel conceptual 

design has been proposed to integrate a TVR with the multi-effect evaporation process in the 

evaporation step in alumina refinery [46]. This concept utilises a TVR to entrain vapour from 

the flash tanks using boiler-generated motive steam, and reuses the recompressed vapour in 

evaporation to reduce overall steam demand. However, the pressure ratio achievable with a 

single-stage TVR is limited, typically less than two [71], which constrains the extent of vapour 

recompression and the overall potential energy recovery. Robert et al. [71] described a multi-

stage TVR system capable of achieving a higher pressure lift. However, its performance and 

potential implementation in alumina refineries have not yet been comprehensively evaluated. 

Therefore, the present study aims to develop a mathematic model of multi-stage TVR to 

estimate the performance in alumina refineries. 
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2.3.3 System efficiencies and economic analysis 

The coefficient of performance (COP) is a key indicator for measuring system efficiency, 

which is defined as the ratio of thermal energy output to the electrical energy input, as shown 

in Equation (8) [77, 78]. A review of existing literature highlights several key factors 

influencing the COP  of MV  systems, including the compression ratio, compressor’s 

efficiency, and system design [79]. A single-stage MVR designed for distillation plants, was 

estimated to achieve a COP of 10 or higher [80]. Similarly, Michael et al. [79] evaluated a two-

stage MVR system and demonstrated a COP of 7.8 when operating at a compressor efficiency 

of 70%, underscoring the significant impact of compression stage on overall system 

performance. Increasing the number of stages generally reduces the  COP  value due to 

cumulative compressor work, but it enables higher pressure and temperature lift that are 

essential in alumina refineries. Existing studies are largely limited to the COP assessment of 

single- or two-stage MVR systems, with limited studies assessing the multi-stage 

configurations. Therefore, this study aims to fill this gap by estimating the efficiency 

performance of the multi-stage MVR systems in the context of alumina refineries. 

COP values for TVR systems are rarely reported, making it difficult to assess their system 

efficiency. Their COP value is inherently dependent on the power input required for motive 

steam generation, which is typically supplied by boilers, either fossil-fuel-fired or electric 

boilers. A large amount of motive steam is required in multi-stage TVR systems. Considering 

the required energy input in motive steam generation, the COP could be lower than that of MVR 

systems, necessitating further comparison. Furthermore, comparing conventional steam 

generation (e.g., natural gas boilers) with these emerging steam recovery technologies is also 

important, offering valuable insights into their system efficiency. Accordingly, this study aims 



 

22 

 

to meet this need by presenting direct COP comparisons across these technologies for steam 

production relative to alumina refineries under equivalent process conditions. 

𝐶𝑂𝑃 =
Q (Thermal energy output)

Q (Electric energy input)
   (8)   [77] 

2.4 Electric boilers as a decarbonisation pathway 

Steam generation in alumina refineries typically relies on fossil fuel boilers, such as 

natural gas-fired or coal-fired boilers. Fossil fuel is combusted with air to produce high-

temperature flue gas, which is used to heat the feedwater, evaporate it into steam, and if 

required, superheat the vapour to the desired conditions. The overall thermal efficiency 

typically ranges from 75%-90% depending on boiler design and operating conditions [81-84]. 

Transitioning from natural gas-fired boilers to electric boilers is one of the key decarbonisation 

pathways for steam generation in alumina refineries, particularly when powered by renewable 

electricity [29, 85-87]. Electric boilers can achieve near 100% thermal efficiency [88], as they 

convert electrical energy directly into heat without heat losses from flue gas compared with 

fossil-fuel boilers [89]. Current commercial electric boiler technologies can achieve steam 

pressures up to 85 barg  [88]. Steam recovery technologies play an important role in waste heat 

recovery within alumina refineries, as they can significantly reduce the energy required for 

water evaporation compared with boilers [29]. However, economically, implementing steam 

recovery systems to capture all waste vapour in the refinery would involve substantial capital 

investment.  or example, according to  hatfield’s assessment, approximately 46 compressors 

are needed to meet the internal steam demand through recovery, resulting in a large installation 

area and high capital cost of about A$622 million.  
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Electric boilers play a significant role in decarbonising steam generation in industry. For 

example, Hasanbeigi et al. [90] investigated electrification opportunities in the US industry and 

assessed the technical and economic implications of a 100% replacement of fossil-fuel boilers 

with electric boiler. The study reported a significant 17% energy saving in the full replacement 

scenario. Zuberi et al. [91] also estimated the technical potential energy and CO2 reduction by 

electrifying industrial boilers in the US industry. In another study, Cardenas-Rodriguez et al. 

investigated the technical and economic performance of steam generation using heavy fuel oil 

and electric boilers in Brazilian power plant, indicating that electric boilers are more efficient 

than fossil-fuel fired boiler. Electric boilers also have been identified as a key electrification 

pathway for steam generation in alumina refineries [29]. For example, the Alunorte alumina 

refinery in Brazil has recently commenced operation of two new electric boilers to produce 

steam as part of its efforts to reduce carbon emissions [92]. However, for large steam 

requirement, their deployment is constrained due to the need for large power supply and 

electricity delivery infrastructure. Moreover, with the increasing deployment of renewable 

energy sources, the variability of electricity prices will become a challenge for plants with 

continuous and constant energy demand [93]. Currently, there is a lack of comprehensive 

comparative studies assessing various decarbonised steam supply cases in alumina refineries 

from both technical and economic perspectives, including steam recovery scenarios and steam 

generation from electric boilers. Hence, the present study aims to meet this need by evaluating 

various low-carbon steam supply options capable of eliminating the CO2 emissions related to 

fossil-fuel-based steam generation. 

Economic feasibility analysis is essential for evaluating different strategies for 

decarbonising steam supply cases relative to fossil fuel steam generation. Steam produced by 

natural gas boilers benefits from low gas prices, which vary across different regions, for 
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example, 2.1 US$/GJ in the US, about 10.3 US$/GJ in Europe [94], and 8.6 US$/GJ in Australia 

in 2024. In contrast, renewable electricity remains comparatively expensive, costing 

approximately 11-50 US$/GJ, with a levelised cost of electricity (LCOE) ranging from 30 

US$/MWh from onshore wind, 40 US$/MWh for solar photovoltaic, 70 US$/MWh for 

bioenergy and up to 120 US$/MWh for concentrated solar power worldwide [95]. When the 

costs of electricity transmission infrastructure and the variability of renewable generation are 

included, the effective price of renewable electricity increases further [96]. The high electricity 

cost makes the transition to electricity-based steam supply challenging from an economic 

perspective unless steam recovery systems deliver substantial improvements in energy 

efficiency. A comparative analysis of the economic viability of the above steam recovery or 

generation configurations, including milt-stage MVR, TVR, and electric boilers is essential, 

covering the capital investment, operating costs, and sensitivity to electricity price variations 

benchmarked against fossil fuel boiler systems. Hence, another objective of this study is to 

meet this need by comparing the cost of steam across the different configurations. 

2.5 Low carbon calcination technologies integrated with steam recovery 

In Australian alumina refineries, the calcination stage contributes about 30% of overall 

energy use and CO2 emissions during refining, emitting 0.16-0.17 tCO2/tAl2O3 [97]. This step also 

releases steam amounting to 0.7 tsteam/tAl2O3, but it is diluted with roughly 50 wt% non-

condensable gas (N2, CO2) [30]. Therefore, it poses an opportunity to significantly reduce 

energy by steam recovery. However, the presence of non-condensable gas complicates the 

steam compression process. Hence, it is important to retrofit the calcination process to increase 

steam recovery viability while achieving net-zero carbon calcination. The present investigation 

aims to meet this need by developing and estimating a retrofittable calcination concept that 

integrates steam recovery while facilitating low carbon calcination. 
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2.5.1 Concentrated solar thermal energy 

Replacing fossil fuels with alternative renewable energy (e.g. solar thermal energy, 

hydrogen, electrified heating) [29, 63, 98-100] provides the opportunity to decarbonise the 

process. Davis et al. [97] analysed the alumina product quality under solar-driven alumina 

calcination, suggesting that concentrated solar thermal energy (CST) can supply the high-

temperature in main calciner and potentially avoids the CO2 emissions and achieve the even 

higher quality compared with industrial production. Padilla et al. [101] also investigated the 

application of CST to reach high temperature upper than 1000°C to obtain alumina from 

boehmite, demonstrating that concluded that a 10-minutue exposure to solar radiation can 

produce alumina of the desired quality. However, there are limited studies investigating the 

retrofitting requirements when employing CST in the calciner and its potential impact on the 

overall calcination process. Furthermore, the intermittency of solar power would affect the 

continuous operation of the calcination process, requiring further work to address operational 

stability and integration challenges. 

2.5.2 Pressurised two-stage calcination with steam recovery 

Sucech and Mistra have developed a two-stage calcination process that can be retrofitted 

to Alcoa fluid flash calcination system [102]. In the first stage, hydrate alumina is heated and 

pre-calcined in a pressurised vessel at 8 bar, converting gibbsite to boehmite. The released 

steam from the first stage calcination is recovered at 8 bar. The partially calcined solids are 

then transferred to second stage and calcined by direct heating to 850°C to produce smelter 

grade alumina. The results show that the final product achieves a specific surface area of 50-

80 m2/g and a loss on ignition (LOI) of less than 1%. Although fossil fuel combustion is still 

required, the two-stage calcination design enables steam recovery from first stage calcination 

for direct use in the digestion process without the need for further steam compression. 
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2.5.3 Hydrogen calcination 

Hydrogen combustion is another potential pathway to eliminate direct emissions from 

fossil fuel combustion in calcination [103-106]. Hydrogen-based alumina calciner project 

funded by the Australian government is currently underway, aiming to evaluate the use of 

hydrogen in the alumina calcination process [107]. Yarwun alumina refinery in Australia is 

conducting a series of tests of the hydrogen calciner to understand the technical feasibility of 

hydrogen combustion in calcination [108]. However, no detailed assessment report is currently 

available. Several studies have investigated the economic viability of using hydrogen for heat 

supply in alumina calcination [109, 110]. For example, Javier et al. [109] performed an 

economic assessment of hydrogen transition as the decarbonisation strategy in the alumina 

production. The study provided a broad economic overview of the Bayer process, with results 

indicating that the economic feasibility of using green hydrogen could be a cost-effective 

solution when electricity price remains below 45 EUR/MWh. However, the study employs a 

life-cycle assessment methodology, which remains constrained by high-level system 

boundaries and has inherent limitations on the depth for evaluating hydrogen use in calcination. 

Hence, the present study aims to provide a detailed technical assessment of applying hydrogen 

combustion in the calcination process and an economic analysis evaluating its competitiveness 

under different hydrogen prices. 

Combusting hydrogen with air is a straightforward approach to replace natural gas, as it 

maintains air as the oxidising agent and carrier gas. Nevertheless, this configuration introduces 

large amounts of N2, which dilutes the steam, lowering the steam concentration and 

complicates the steam recovery. One novel concept proposed by Saw et al. [31] involves 

conducting hydrogen combustion in an oxygen-steam environment, where the superheated 

steam is recirculated to transport alumina solids. This configuration enables exiting high-
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concentration steam, increasing the viability of steam recovery. To date, no detailed technical 

analysis has yet been carried out to evaluate the technical and economic feasibility of hydrogen 

in oxy-steam combustion integrated with a steam recovery system. Therefore, the present study 

aims to assess such a retrofittable calciner design. 

Although transiting from natural gas to hydrogen eliminates carbon emissions associated 

with fossil fuels combustion [111, 112]. Economic feasibility of applying hydrogen remains 

challenging due to its high price, which was estimated to be 4-6 US$/kg in 2023-2024 [113-

116]. However, recent studies also highlighted that potential decline in electrolysis hydrogen 

cost as the prices of electrolysers and renewable electricity continue to fall. For example, 

Longden et al. [114] reported that green hydrogen production costs could drop below 2 US$/kg 

by 2030 in Australia. Wang et al.[117] also estimated that hydrogen production costs in China 

could decrease to 2.60 US$/kg between 2020 and 2040. Curcio [118] conducted a 

comprehensive evaluation of hydrogen production economics across grey, blue, and green 

hydrogen production. The analysis shows that grey hydrogen, costing approximately 1.5-2.5 

US$/kg, remains the lowest cost at present, though its future competitiveness is constrained by 

carbon pricing obligations. Blue hydrogen, with costs in the range of 2.0-3.50 US$/kg, offers 

a transitional pathway. Green hydrogen is currently the most expensive, ranging from 3.5-6 

US$/kg, and renewable electricity costs below 20-30 US$/MWh are essential for it to achieve 

cost parity with grey hydrogen. The wide variation in hydrogen price reported in previous 

studies and limited economic comparisons between hydrogen and natural gas alumina 

calcination highlights the need for a detailed economic and sensitivity analysis. Carbon capture 

and storage (CCS)  technology captures CO2 emissions and stores it permanently underground, 

representing another potential decarbonisation pathway in calcination [119]. However, the 

current high cost and required scale-up  limit its feasibility for deployment [120]. Numerous 
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studies have estimated the cost of CO2 capture in fossil fuel power plant.  For example, Hayat 

et al. [121] reported a total CCS of 94-160 US$/tCO2 (2024 US$), compromising 86 to 130 

US$/tCO2 for capture and 24 US$/tCO2 for transport and storage on gas-fired power plants. 

Rubin et al. [122] provided a broader range of 48 to 111 US$/tCO2 (2013 US$) for CO2 capture 

in natural gas combined cycle (NGCC) power plants. Research on CCS cost in alumina 

calcination is limited, particularly in comparison with hydrogen pathways for determining the 

break-even hydrogen price. Hence, this study aims to include such a cost comparison in 

economic analysis. 

2.5.4 Electrified calcination 

Electric calciner is another potential strategy to achieve zero direct carbon emissions and 

enable high-concentration steam recovery [86, 123-125]. Assessment of this pathway is 

underway. A pilot-scale,  alix’s drop-tube electric calciner, located in Victoria, Australia, was 

developed to test feed gibbsite samples at a rate of  0.06 to 0.144 t/hr, providing valuable 

insights into the alumina quality under electric calcination [126]. In addition, Alcoa of Australia 

is conducting pilot trials on electric calcination, with a capacity ranging from approximately 

0.2 to 2 t/hr and power requirements ranging from 140 to 1400 kW [127]. These ongoing 

projects aim to explore the technical feasibility of retrofitting the conventional fossil fuel fired 

calciner with electrical heating. Considering large capacity of one calciner, above 70 t/hr [54], 

Electric calciners will need to be scaled up significantly, which will require substantial 

engineering development and increase the capital investment needed for implementation.  

These aspects warrant further investigation but are outside the scope of the present study. This 

study aims to assess the technical viability of steam recovery from electric calcination pathways 

to understand their integration potential.  
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2.6 Alumina calcination process under steam environment 

2.6.1 The effects of air and steam environments on the calcination performance 

Calcination process equipped with several cyclones for solid transportation purpose 

which play a critical role. It is essential to maintain their stable operation when switching the 

fuel type and calcination environment. For cyclones efficiency, Shepherd and Lapple’s theory 

[128] indicates that its separation efficiency depends the inlet gas velocity and gas viscosity. It 

is important to maintain a sufficient gas velocity to carry the particles through the system. Air 

serves as both the combustion oxidiser and the carrier gas for solid transportation in present 

calcination operation. Currently, most research considers the air combustion [109, 110], where 

hydrogen directly replaces natural gas while air continues to be used as the oxidiser. 

Combusting hydrogen with oxygen-steam offers high-concentration exit steam, but it changes 

the calcination environment from air to steam. As the gas viscosity of steam differs from that 

of air, understanding cyclone performance in a steam environment is crucial for predicting 

separation behaviour.  

2.6.2 The effects of steam environment on overall energy consumption  

In addition to solids transport, the effect of a steam-rich environment on the heat transfer 

must also be evaluated. Klett et al. [52] reported that deceased cyclone separation efficiency 

has a modest impact on total calcination energy consumption. For example, a drop from 100% 

to 90% separation efficiency in the cooling cyclones increases the fuel consumption by 

approximately 1.8% due to the reduced presence of solid in the off-gas interfering with the 

counter-current heat recovery. The heat capacity of steam also differs from that of air, which 

affects both the heat recovery from hot solids during the cooling stage, and the heat delivery in 

the preheating zone. This difference would impact overall energy utilisation and energy 

consumption. Therefore, this thesis aims to evaluate the performance of the calcination process 
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under air and steam calcination, assessing heat utilisation in the preheating and cooling zones, 

the performance of cyclones, and the resulting impact on overall energy consumption. 

The steam concentration surrounding the solids also play a critical role in determining 

the dehydroxylation rate of gibbsite [129, 130]. Alumina calcination kinetics of calcination 

reactions have been investigated by many researchers [16, 131-135]. Candela et al. [131] 

demonstrated that an increase in surrounding moisture concentration could inhibit the reaction 

rate of gibbsite to boehmite. Similarly, Saw et al. [16] investigated the reaction kinetics under 

80% steam conditions and also demonstrated that steam environment is less favourable for the 

reaction. These effects would indirectly influence heat utilisation in the preheating zone, 

thereby affecting the overall calcination energy consumption. Nevertheless, there are limited 

studies that incorporate reaction kinetics to evaluate their influence on energy use. Therefore, 

this study aims to meet this need by developing alumina calcination models under both air and 

steam-based calcination, incorporating available reaction kinetics into the process models to 

predict the influence of different environments on calcination energy consumption. 

2.6.3 The effects of steam environment on alumina quality 

Calcination conducted under steam-rich environment can influence several key alumina 

quality parameters, e.g., loss on ignition (LOI), particle breakage, specific surface area and the 

phase transition. LOI is used to measure the degree of calcination of SGA, representing the 

residual hydroxyl content [41]. When alumina dissolves in the electrolyte during aluminium 

production, the LOI affects the hydrogen fluoride (HF) generation rate, which is toxic and 

corrosive gas that poses significant health and environment hazards requiring strict control. 

The higher the LOI content, the higher the HF generation rate [41]. Specific area is another 

important factor. A higher HF generation requires a greater specific surface area to absorb the 

HF. However, higher LOI generally corresponds to higher surface area due to the presence of 
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transition alumina phases. Therefore, modern alumina smelters prefer SGA that has been 

calcined to achieve an optimal balance. Understanding these parameters under steam 

calcination is critical for producing SGA that meets industry specifications.  

Particle breakage is also important because it affects the particle size distribution (PSD) 

of SGA. Excessive breakage leads to the formation of fines, which can cause feeding instability 

in aluminium reduction cells, increased dust emissions, poor flowability, lowering the 

downstream aluminium production efficiency [35]. Therefore, although outside the scope of 

this work, understanding the fundamentals of particle breakage, LOI, and specific surface area 

during calcination remains important. 

2.7 Challenges in steam recovery from the calcination process 

2.7.1 High-concentration steam recovery from steam calcination 

2.7.1.1 Challenges in removing entrained fine particles 

One of the objectives of this study is to enable effective steam recovery from the 

calcination process. The steam calcination pathway enhances steam recovery viability by 

eliminating N2 dilution. However, one major limitation is that fine particles entrained in the 

exit steam poses a significant challenge, despite existing particulate control systems such as 

electrostatic precipitators (ESP) or baghouses achieving ~99% removal efficiency for particles 

larger than 2 µm [136, 137].  The baghouse employs fabric filters, where particles are collected 

on the surface of the filter medium, which is one of the solids control systems used in existing 

refineries [138, 139]. However, under steam-based calcination, condensation may occur under 

high relative humidity [137], leading to crusty caking or plugging issue, which could incur 

periodic maintenance requirements. Electrostatic precipitators use electrical forces to separate 

the particles from a flowing gas stream by charging the particles while passing through an 
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electrical field. The particles, either charged positively or negatively, are attracted to the 

collector plates carrying the opposite charge. The performance of ESPs is highly dependent on 

loading conditions of the incoming dust and the resistivity of particulates  [34, 137], while the 

effect of steam concentration on particle resistivity remains unknown. The present study 

assumes that the existing solids-control systems can effectively capture particles greater than 

2 µm when the exit gas composition shifts from roughly 50 wt% steam under air calcination to 

above 99% steam under steam calcination. 

The solid concentration in the exit gas stream from calcination is typically controlled to 

below 50 mg/Nm3 in alumina refineries, depending on the local environmental regulations [136, 

140, 141]. Reported operating data from Queensland alumina Limited (QAL) refinery show 

particulate emissions ranging from 29-41 mg/Nm3 [140]. The retained fine particles, 

particularly those smaller than 2 μm, remain difficult to capture, especially for particle 

diameters ranging from 0.  to   μm, which are often referred as the “Greenfield gap” [142]. 

These retained fine particles could potentially damage the blades of MVR compressors [143], 

as the blades operate at very high rotation speeds [19]. Therefore, a further fine particle removal 

system for steam cleaning is necessary. To date, no integrated steam-cleaning and recovery 

concept has been proposed and evaluated. Hence, one objective of the present study is to 

evaluate such a configuration for recovering high-concentration steam from steam calcination. 

2.7.1.2 Integrated steam cleaning and recovery system 

To further remove the entrained fine particles less than 2 µm, several advanced 

particulate control technologies could be implemented such as the water electrostatic scrubber 

(WES), venturi scrubber, candle filters and steam-hydro scrubber [139, 144]. The WES system 

uses electrically charged sprayed water droplets to attract and remove fine particles. High 
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removal efficiency (>90%) for submicron particles (~1 µm) could be achieved and it can 

operate effectively at high humidity gas conditions [139]. However, the system requires 

complex design incorporating both a high-voltage field and a liquid-injection system. To date, 

only pilot-scale demonstration has been reported in 2021 in Italy, with gas flow rate of 1.5 

Nm3/s [145]. The venturi scrubber accelerates the gas velocity through the venturi throat, where 

the sprayed scrubbing liquid (usually water) contacts with the high-velocity gaseous flow. High 

collection efficiencies ranging from 50% to 90% could be achieved for sub-particles (0.1~1 

µm) depending on the gas velocity [139, 146, 147]. Nevertheless, achieving high collection 

efficiency causes significant pressure drops, which could potentially incur an energy penalty. 

Despite this drawback, the venturi scrubber has a simple design and is commercially available 

for industrial applications. The steam-hydro scrubber employs high-pressure motive steam 

injection to atomise the scrubbing liquid (usually water) into extremely fine droplets and 

generate strong turbulence, thereby enhancing fine-particle capture. Despite reported collection 

efficiencies range from 80% to 90% for the fine particles (0.1-1 µm) [148], industrial 

deployment remains limited and commercial maturity relatively low. Candle filters are an 

alternative approach designed to remove fine particles from gas or liquid streams using multiple 

vertical filter elements [149]. These are porous tubular ceramic or metal filters that allow the 

fluid passes through them forming a cake on the surface, which is then periodically back-

flushed to remove the trapped material.  

Given that the high collection efficiency and commercial maturity, the present study 

considers the integration of a venturi scrubber before the MVR system to further remove fine 

particles. Accordingly, this study aims to assess the particle removal efficiency of the integrated 

steam-cleaning system prior to MVR compression. As the pressures drop across the venturi 

scrubber may incur an energy penalty in addition to energy required for MVR recompression, 
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this study also aims to understand the energy use associated with steam cleaning and 

recompression during the steam recovery process. 

2.7.2 Heat and steam recovery from the exit gas from air calcination  

For diluted steam recovery from air calcination, the combustion by-products, CO2 and 

N2, complicate the recovery process. In digestion, historically, and even in some modern 

practice such as the Ma’aden refinery located in Saudi Arabia, bauxite slurry is heated by direct 

steam injection [41]. Although direct contact heating provides high heat transfer coefficient, it 

requires additional energy input in the evaporation stage to remove the extra condensate 

associated with the injected steam. In this case, direct steam recovery without gas separation is 

not technical feasible as the presence of CO2 in steam would react with caustic soda solution 

used in digestion. In more modern practice, the slurry is heated indirectly using pipe-in-pipe 

heaters, where steam condenses on the heat transfer surface and transfers heat through the wall 

to the slurry [41]. In this case, dilution gas (CO2) would not react with the caustic solution as 

it is indirect heating. However, MVR technology for compression is normally processed with 

nearly pure steam and may require special design for processing mixed gas [80, 150, 151]. In 

addition, in the indirect pipe-in-pipe heat-transfer processes with bauxite slurry, the non-

condensable gases could hinder steam condensation and consequently lower the overall heat-

transfer rate. This tendency is supported by simulation studies on film condensation of steam 

in the presence of non-condensable gases, which report a decrease in average heat transfer 

coefficients as the air concentration in steam increases from 5% to 45% [152]. Therefore, gas 

separation is needed when MVR systems compress vapour with high fractions of N2 and CO2. 

Chatfield [19] proposed a configuration that directs the exit gas from the calcination process to 

a wet scrubber, where water vapour condenses and is then re-evaporated as low-pressure steam 

in flash tanks. A subsequent multi-stage MVR system is then employed to further recompress 
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steam. However, this process may lower overall efficiency due to the energy and vapour losses 

in flash tanks and scrubbers. Although this approach has been proposed, it lacks a 

comprehensive analysis, particularly on its energy losses and efficiency. Yu et al. [153] also 

reviewed opportunities for heat and water recovery from alumina calciner stack off-gas, 

highlighting that this heat in off-gas which is the heat source can be indirectly recovered via 

heat exchangers to heat the heat sink, such as warm the process condensate (water) or 

alternatively used as the heat source for a Kalina cycle power generation system. Nevertheless, 

the majority of the heat in calciner off-gas is embedded as latent heat in its water vapor and 

indirect heat recovery methods via heat pumps may limit its recovery efficiency. Therefore, 

this study adopts direct heat recovery via condensation in a scrubber to recover the latent heat 

in the off-gas, aiming to estimate the steam recovery efficiency of integrated steam separation 

and recovery process from air calcination, and compares it with the high-concentration steam 

recovery from steam calcination. 

2.8 Steam recovery from both calcination and Bayer circuit 

Through optimisation and integration of steam recovery from both alumina calcination 

and the Bayer circuit, the overall steam demand could potentially be fully met, thereby 

eliminating reliance on fossil fuel boilers [19]. Achieving full steam recovery may require high 

capital investment for multi-stage MVR systems and the operating costs are highly sensitive to 

electricity prices. To date, no study has comprehensively analysed capital costs or electricity 

price sensitivity of such an optimised steam supply case in comparison with conventional 

boilers. Hence, the present study aims to advance the understanding of the technical and 

economic viability of achieving full internal recovery within the Bayer process, compared with 

other decarbonised steam supply scenarios that combine partial steam recovery from various 

process steps with boilers for supplementary supply. 
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2.9 Objectives of the thesis 

 In light of above literature review, this study aims to assess the techno-economic 

feasibility of implementing decarbonisation technologies within the Bayer process, with a 

focus on integrating steam recovery to improve energy efficiency and reduce CO2 emissions 

during alumina refining. The objectives are described in each chapter below:  

Chapter 3 estimates the techno-economic viability of applying hydrogen combustion in 

calcination while increasing viability of steam recovery, with the following objectives:  

• To estimate a novel retrofittable calciner concept that accommodates hydrogen in oxy-

steam combustion while enabling integrated steam recovery. 

• To understand the effects of steam-rich environment on calcination performance, such as 

the cyclone efficiencies, heat utilisation during calcination, and overall energy demand. 

• To evaluate the economic feasibility of switching natural gas to hydrogen and the minimum 

break-even hydrogen prices in comparison with natural gas, with inclusive of the value of 

steam recovery. 

Chapter 4 estimates the integrated steam cleaning and recovery from various calcination 

scenarios, with the following objectives: 

• To evaluate the particle removal efficiency of an integrated venturi scrubber and the 

resulting reduction in solid concentration prior to MVR system.  

• To evaluate the energy consumption in diluted-steam recovery from air-based calcination 

(natural gas/air and H2/air combustion) and high-concentration steam recovery from steam-

based calcination (electric calcination and H2 in oxy-steam combustion). 

• To assess the potential energy saving and economic viability of decarbonised steam supply 

scenarios which integrates steam recovery from calcination. 
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Chapter 5 investigates the technical and economic performance of various steam recovery 

technologies, with the following objectives:  

• To analyse the performance of multi-stage MVR and TVR systems when implementing in 

alumina refineries for steam recovery through comprehensive process modelling. 

• To analyse and compare the COP value among above systems with conventional steam 

generation methods. 

• To evaluate the economic performance of the systems and estimate the break-even 

renewable electricity prices relative to natural gas. 

Chapter 6 assesses the optimised steam recovery from both calcination and the Bayer 

process, with the following objectives:  

a. To estimate the amount of recoverable steam from different steps within the Bayer process. 

b. To evaluate the technical and economic feasibility of the optimised steam recovery scenario 

compared with conventional steam generation from natural gas boilers. 
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Preface 

 

Conventional alumina calcination uses natural gas/air combustion to provide high 

temperature (~950°C) converting gibbsite to smelter-grade alumina (SGA) with steam as the 

by-product. However, this steam becomes too diluted by combustion products to be 

economically recovered, even though such recovery is desirable given that the Bayer process 

requires steam. This chapter investigates hydrogen combustion as a net-zero fuel to natural gas, 

while also exploring potential to increase the viability of steam recovery from the calcination 

process by avoiding dilution from combustion products, with a focus on calcination 

performance, economic feasibility.  

 

Key highlights include: 

• The novel hydrogen in oxy-steam calcination concept achieves net-zero emissions 

while generating high-concentration exit steam. 

• Steam-based calcination shows the comparable performance (±1%) of the calcination 

process such as cyclone separation efficiency, to that for air combustion. 

• Steam recovery integration improves the economic viability of hydrogen calcination. 
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Abstract 

This study reports on conditions that enable techno-economic viability from the retrofitting 

alumina calciners for hydrogen combustion as a decarbonisation strategy, within a novel flowsheet 

that increases the viability of steam recovery. Three calcination scenarios were evaluated including 

natural gas in air with CO2 capture and storage , hydrogen in air and hydrogen in oxygen-steam 

combustion, the last of which achieves zero direct emissions from calcination while avoiding dilution 

with nitrogen to increase the viability of steam recovery. These processes were modelled in Aspen plus 

to assess the calcination performance. The hydrogen/air scenario demonstrates the lowest energy 

demand for the calcination process at 2.7 GJ/tAl2O3 (LHV), compared with 2.88 GJ/tAl2O3 (LHV) for 

natural gas/air. For the hydrogen and oxy-steam combustion scenario, while the gross energy 

consumption ranges from 2.89 to 2.96 GJ/tAl2O3  (LHV), this configuration also offers potential to 

recover the high-concentration steam for reuse. Energy distribution analysis shows that this higher 

energy input is attributed to the reduced heat transfer efficiency between recirculation steam and solids 

in cooling sections and inhibited gibbsite to boehmite reaction in preheating section. Economically, 

the calculated offset from steam recovery, compared with steam generation via electric boilers, 

increases the break-even hydrogen price from 2.8 to 3.4 US$/kg for hydrogen in air and hydrogen in 

oxy-steam cases, relative to natural gas at 7.5 US$/GJ with the inclusion of  a carbon capture and 

storage cost of 179 US$/tCO2.  
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1. Introduction  

Refining bauxite ore to alumina through the Bayer process requires significant energy, ranging 

from 8.5 to 14.5 GJ/tAl2O3 depending on bauxite ore quality, technologies used and fuel types in various 

regions [1] . The refining process results in an average of 1.2 t CO2/tAl2O3 emissions globally [2], though 

Australian refineries achieve a lower intensity of 0.7 t CO2/tAl2O3 [3]. These emissions are nationally 

significant for major alumina-producing countries. For example, for China, Australia and Brazil, these 

processes account for approximately 4% [4, 5], 24% [6, 7] and 6% [8], respectively, of scope 1 

manufacturing emissions, and 1%, 4% and 1% of the nation’s total emissions, respectively. Reducing 

these emissions is therefore important to the national targets for China [9, 10], Australia [11] and Brazil 

[12]. Within the Bayer process, steam generation from coal or natural gas-fired boilers for process heat 

and direct natural gas firing in calcination account for approximately 2/3 and 1/3 of the energy use and 

total emissions. The calcination process converts gibbsite to smelter-grade alumina (SGA) at high 

temperature (~950-1000°C) which releases steam during the process, consuming approximately 3 

GJ/tAl2O3 energy [13]. Such temperatures currently necessitate direct combustion of fossil fuels such as 

oil, coal, and natural gas, with natural gas being the predominant fuel in Australian region [14]. The 

present study aims to assess alternative low-carbon technologies capable of supplying the high 

temperatures required for calcination, thereby mitigating the direct emissions from fossil fuel 

combustion. 

The calcination process, as shown in Figure 1, with natural gas injected in preheating furnace 

and main calciner, where it is combusted with air to provide high temperature. The thermal 

decomposition of gibbsite to produce Smelter Grade Alumina (SGA) by removal of chemically bound 

water, , as shown in reaction (1) [15]. Calcination reaction occurs in two steps. Firstly, gibbsite is 
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converted to boehmite in the preheating cyclone, as shown in reaction (2), after which boehmite is 

concerted to alumina in the main calciner, as depicted in reaction (3) [16].  

2 Al(OH)3 (s) →  Al2O3(s) +  3H2O (g) ΔH=-101.89 kJ/mol (1) [17] 

Al(OH)3(s)  → AlO(OH)(s) + H2O(g) ΔH=-55.29 kJ/mol (2) 

2AlO(OH)(s) → Al2O3(s) + H2O(g) ΔH=-46.6 kJ/mol (3) 

During alumina calcination, the combustion of natural gas contributes directly CO2 emissions, 

and the process vents flue gas containing a significant amount of steam. However, this steam is heavily 

diluted by a large amount of air and combustion products, making its recovery and reuse in refining 

process challenging. Given that Bayer process requires high-pressure steam at around 6-8 bar, typically 

produced from fossil fuel boilers, recovering this wasted steam from calcination is desirable. Therefore, 

this study aims to assess alternative methods to decarbonise the calcination step, while also exploring 

potential to increase the viability of steam reuse from the calcination process by avoiding dilution with 

air and combustion. 

  

Figure 1. The process flowsheet for the reference conventional flash calciner (adapted from previous work [18]). 

Two of the low-carbon calcination options currently under development involving replacing 

natural gas with either hydrogen or electrical heating, both of which offer the potential to reduce direct 
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CO2 emissions from the calcination process [13]. Both of these options offer potential to increase the 

viability of steam recovery by avoiding dilution gas from natural gas and air combustion, in particular 

if oxygen is used as the oxidant for the case of hydrogen combustion. Of these two options, the 

combustion of hydrogen is most advanced. For example, Rio Tinto, one of Australia’s leading alumina 

producers, is presently conducting a series of trials with a hydrogen-fired calciner to assess the 

technical feasibility of hydrogen-combusted calcination process [19], with the support of the 

Australian government [20]. However, no techno-economic assessment of the feasibility of these 

options is currently available for either  hydrogen-based or electric calcination. The hydrogen 

combustion route is easier to implement from the perspective of the calciner, given that relatively few 

modifications are needed to replace the fuel [21], notwithstanding the need for some development to 

ensure suitable product quality is maintained, so that the former trial is being undertaken at full scale. 

In addition, no flowsheet has been reported in the open literature that would allow steam recovery to 

be made with either energy source. Hence one objective of the present investigation is to propose and 

evaluate such options. 

Each of the options of hydrogen combustion and electrical heating present distinct technical and 

economic implementation challenges to alumina calcination. For hydrogen combustion to be 

implemented, the hydrogen must be made available at sufficient scale and cost, which is presently 

some time away. On the other hand, electric calciners are currently available only at pilot scale, with 

a capacity approximately 0.2 to 2 t/hr alumina production [22], which is much smaller than the 90 t/hr 

[23], typical of a large calciner. Hence, electric calciners still require significant scaling and 

development, potentially increasing capital investment costs, at least for the first versions of the 

technology. Furthermore, the modifications that are needed for each option can vary significantly from 

site-to-site, neither of which has been reported in the open literature. Accordingly, the aim of the 

present investigation is to advance understanding of the various options for integrating hydrogen 

combustion into alumina calcination these issues through a techno-economic assessment.         
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During calcination process,  injected air serves not only as combustion oxidiser, but also as a 

carrier gas for transporting solids through the process and as a medium for heat exchange between the 

gas and solids in the cyclones, as shown in Figure 1. Hence, the development of a retrofittable calciner 

configuration to accommodate hydrogen must achieve both of these functions. Whilst this is relatively 

straight-forward for the combustion of hydrogen in air, it is more challenging for the potential 

configuration in which hydrogen may be combusted in an O2-steam atmosphere. Changing the fuel 

from natural gas/air to hydrogen/air must consider impact on flame temperature, volumetric flow-rate, 

cyclone performance, and heat exchange efficiency in both preheating and cooing stages in calciner 

circuit, which are crucial to overall calcination performance. However, eliminating the use of air to 

operate with only hydrogen and oxygen is much more significant, because it must introduce a change 

to the process flow gases to provide a carrier gas to transport the solids with a similar volumetric flow 

rate to the original configuration. The logical option is to use superheated steam as the carrier gas and 

heat exchange medium in hydrogen/O2-steam calcination, unlocking the potential to discharge nearly 

pure steam from the stack [24], noting that this requires a modification to the pipe layout. In addition, 

this requires evaluating the effects of steam-rich atmosphere on the overall calcination process, 

including cyclone performance and stream temperatures. Given these considerations, the present 

investigation aims to assess and compare calcination performance when transiting from conventional 

natural gas/air calcination to either hydrogen/air or hydrogen in oxy-steam combustion. 

The reaction environment, particularly the partial pressure of the water vapour surrounding the 

solids, plays a significant role in determining the rate of gibbsite dehydroxylation  reactions (2) and (3) 

[25]. Studies on the reaction kinetics of gibbsite to boehmite and boehmite to alumina have been 

reported by numerous researchers, as summarised in Table 1. The reported kinetic parameters, such as 

activation energy and pre-exponential factors, vary depending on the experiment conditions. Most 

results have been obtained under a dry atmosphere using thermogravimetric analysis (TGA) to measure 

the change in mass of a material as a function of time and by use of differential scanning calorimetry 

(DSC) to measure the heat flow associated with phase transitions as a function of time. The results, 
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along with the experimental conditions, are presented in Table 1. Saw et al. [26] investigated the 

reaction kinetics under 80% steam and observed that higher steam concentrations inhibited the reaction 

rate in the steam calcination environment, consistent with earlier findings [25]. Similarly, Candela [27] 

also reported that increased steam concentration surrounding the solid can supress the conversion of 

gibbsite to boehmite. However, no studies to date have integrated reaction kinetics into process models 

to assess their impact on calcination performance. Given these knowledge gaps, the present study also 

aims to evaluate the effect of high-concentration steam on the calcination reactions, and its resulted 

influence on the energy utilisation and consumption, by incorporating kinetic data from the literature. 

Table 1: A summary of kinetic parameters reported in the literature for gibbsite calcination. 

Gibbsite-boehmite 

Reference  Experiments conditions 
Particle 
size (μm) 

Temperature 
(°C) 

Activation energy   
(KJ/mol) 

re-exponential 
factor    (s-1) 

Peric (1996) [28] 
DSC method (20 °C/min) 

Dry nitrogen atmosphere 
/ 180-400 133 1.5×109 

Redaoui et al.  (2017) 

[29] 

TG/DSC (5-20 °C/min) 

Dry argon atmosphere 
/ 246 157.53 7.58×10

15
 

Saw et al. (2023) [26] 
80% steam 

Preheated furnace 
60 400 78 

7.4×104
 

~1.73×10
5
 

Boehmite-alumina 

Zhu et al. (2010) [30] 
DSC method (20 °C/min) 

Dry argon atmosphere 
45 450-550 217.24 8.3×10

13

 

Alex et al. (2011) [31] 
TG/DSC (5-20 °C/min) 

Dry argon atmosphere 
110  527 211.7 1.12×10

11
 

Saw et al. (2023) [26] 
80% steam 

Preheated furnace 
60 650 91.2 2806.0 

An economic perspective is also essential when assessing the transition between fuel types. 

While the current cost of hydrogen produced from the electrolysis using renewable electricity is high, 

primarily due to the cost of electricity, these costs are projected to reduce into the future, both for 

electrolysis and decline of electricity price [32, 33]. Recent projections for the price of renewable 

hydrogen from electrolysis are between 4 to 6 US$/kg in 2023-2024 [34, 35], with a projected decline 

to 2.5-4.0 US$/kg by 2030 [35, 36]. Further cost reductions to below 2 US$/kg are anticipated by 

2050[37, 38]. In addition, a wide range of alternative hydrogen production methods that avoid a 

reliance on electricity are also under development with significant potential for more substantial cost 

reductions in the 2050 time-frame, such as solar photo-catalysis, methane pyrolysis, thermochemical 

water splitting, and bio-derived hydrogen [39]. Notwithstanding carbon capture and storage (CCS)  
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which captures direct CO2 emissions and stores it permanently underground represents another 

potential decarbonisation pathway [40]. The current high cost and scale-up requirement  limit its 

feasibility for deployment [41]. Technologies which reduce emissions through the use of renewable 

energy offer optional pathways alternative to CCS. Nevertheless, few studies have directly compared 

these decarbonisation pathways in the context of alumina calcination. Hence, this study aims to 

compare the associated cost of natural-gas calcination case fitted with CCS against hydrogen-based 

calcination, while also accounting for the value of nearly pure steam from hydrogen in oxy-steam 

calcination. 

Given the identified knowledge gaps, the present investigation aims to retrofit existing 

calcination process transiting from natural gas combustion to hydrogen combustion, integrated with 

high-concentration steam recovery. The study further evaluates the effects of high-concentration steam 

environment on calcination performance, including calcination reactions and energy utilisation 

through the integration of literature-based kinetics into process models. Finally, it aims to provide the 

techno-economic assessment of hydrogen-based calcination with steam recovery in comparison with 

natural-gas calcination equipped with CCS, thereby providing a critical comparison for evaluating 

feasible low-carbon pathways for alumina calcination. 

2. Methodology  

2.1 Calcination case studies 

2.1.1 Scenario 1- Alumina calcination with natural gas/air combustion  

Figure 1 presents the reference process flowsheet for a conventional flash calciner using natural 

gas as the gaseous fuel, which is representative of commercial processes [18, 42]. Gibbsite entering 

the calciner is dried and preheated in Cyclone 1, following which the solids are transported to Cyclone 

2, where gibbsite is partially calcined to  boehmite, shown in Reaction (2). The corresponding reaction 

enthalpies are obtained from thermochemical data reported in the literature [17]. The decomposition 
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of gibbsite is driven by the sensible heat carried by the flue gas from the holding vessel, which provides 

the necessary thermal energy for the endothermic reaction. Dehydroxylation of boehmite occurs in the 

main calciner, as described by Reaction (3), requiring high temperature at approximately 950°C [42]. 

Natural gas is injected into the main furnace and combusted with air to provide the heat to drive this 

calcination step. Hot combustion gases transport the calcined alumina to the holding vessel to ensure 

sufficient retention time, typically several minutes, allowing the phase transition process to γ-alumina 

[18, 43, 44]. In the holding vessel, solids fall to the bottom while gases exit from the top. The separated 

solids are then transported to cyclones 3-5, where sensible heat in hot solids is recovered to preheat 

injected air. Some of this air is injected into Duct 2 to transport solids, while additional air is injected 

into the water-cooled fluidised bed cooler to fluidise the solids and further reduce their temperature to 

around 75°C. The heated air is directed to the preheating furnace, where it is further heated to 1050°C 

through natural gas combustion before being supplied to the main furnace. To control the dust 

emissions, a baghouse (fabric filters) or an electrostatic precipitator (ESP) is used to remove entrained 

particles in the flue gas before it is released into the atmosphere via the stack.  

2.1.2 Scenario 2 - Alumina calcination with hydrogen/air combustion 

The only change to the process flowsheet under hydrogen/air combustion from that with natural 

gas/air combustion (Figure 1) is that, the natural gas is replaced with hydrogen as the input fuel to 

achieve zero direct emissions from fuel combustion. Only scope 1 emissions from direct fuel 

combustion are considered, whereas emissions associated with hydrogen production and transport are 

excluded from the present analysis. In this case,  the same input air mass flow is maintained as in 

natural gas/air combustion to maintain the heat transfer efficiency in preheating and cooling sections. 

This results in a slight increase in excess air, leading to an oxygen concentration in the exit flue gas of 

approximately 1% for natural gas/air combustion and 3% for hydrogen/air combustion.  
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2.1.3 Scenario 3 - Alumina steam calcination under hydrogen/O2-steam combustion  

Figure 2 presents a novel process flowsheet that has been developed previously [24] to enable 

retrofitting of flash calciner for H2 combustion in an oxy-steam atmosphere and the recovery of steam. 

The natural gas is replaced with hydrogen, both in the main furnace and the preheating furnace. After 

undergoing particle filtration systems, the steam is sent to the first-stage of compression, via a blower, 

to overcome the pressure losses through the calciner circuit [24]. After the compression, a portion of 

the steam is recycled to carry solids and establish the atmosphere for oxy-steam combustion. This 

configuration also introduces additional cyclones (Cyclones 0 and 6), one each for the preheating and 

cooling stages, to overcome the potential reduction in heat exchange efficiency between the steam and 

solids relative to that in the original configuration (Figure 1). Superheated steam is returned to Ducts 

4 and 9 to recover heat from the discharged hot alumina. Some steam is also recirculated to Duct 3 to 

transport particles, and to the fluidised bed cooler to fluidise the solids. The recycled steam mass flow 

is adjusted to maintain similar volumetric flow rates of streams entering the cyclones, ensuring that 

gas velocities remain consistent with those in natural gas/air calcination. Remaining steam is recovered 

for reuse in digestion following additional steam recovery processes. Gibbsite is fed and dried in 

Cyclone 0, after which the solids are transported to Cyclone 1 for preheating, and then to Cyclone 2 

where dehydroxylation reaction occurs and gibbsite is partially converted to boehmite. Further 

decomposition and phase transformations occur in the main calciner and holding vessel at high 

temperatures (950°C), followed by heat recovery through Cyclones 3 to 6. 
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Figure 2.The process flowsheet to achieve steam recovery from flash calcination with H2 and O2 that is diluted 

with recirculated steam before combustion. 

2.2 Process modelling 

2.2.1 Feed material parameters  

The properties of the feed gibbsite, based on the samples from an Australian alumina refinery, 

together with the natural gas composition are shown in Table 2. The  natural gas has a lower heating 

value of is 47.1 MJ/kg, which lies within the required gas-quality specifications . The total input 

gibbsite to the calciner is 195.3 t/hr with 6 wt.% of surface moisture, producing 120 t/hr alumina for 

the calciner. 

Table 2: Properties of the gibbsite and natural gas used for the investigation [45]. 

Natural gas composition 
Mole 

fraction 

CH4        (Methane) 96.85% 

C3H8      (Propane)  0.16% 

C2H6      (Ethane) 0.58% 
C4H10   (Butane) 0.04% 

C4H10  (iso-Butane) 0.04% 

C5H12   (Pentane) 0.08% 

C6H14   (Hexane) 0.04% 

CO2 2.21% 

LHV of natural gas (MJ/kg) 47.1 
HHV of natural gas (MJ/kg) 52.1 

Moisture of gibbsite (Wt%) 6% 

Particle size distribution of 

gibbsite                        
(wt%) 

0-20   (μm) 2.00% 

20-44  (μm) 2.20% 

44-74 (μm) 14.90% 
74-150(μm) 73.20% 

150-180(μm) 7.70% 
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2.2.2 Process modelling for combustion of natural gas/air (Scenario 1) and hydrogen/air 

(Scenario 2) 

The calcination process, driven by the combustion of either natural gas/air or hydrogen/air 

(Figure 1), was modelled with the Aspen Plus. An overview of the assumptions made for each unit is 

provided in Table 3. For modelling some units, such as the main furnace and Cyclone 2, several 

modelling blocks with different functions were connected. Total heat losses were assumed to be 

approximately 5% of the total input energy and distributed across each unit, primarily in the main 

furnace and preheating furnace, with the heat losses distribution in each unit provided in energy 

distribution flows. 

Table 3. The inputs and assumptions used for the process model for the conventional flash calciner (Figure 1). 
Unit Process inputs and assumptions References 

Natural gas/air calcination  

Cyclone1 
• A Stairmand-HT type cyclone separator model with assumed diameter of 4 meters. 
• Shepherd & Lapple calculation method. 

[46-48] 

Cyclone2 

• A Plug Flow reactor connected with a Stairmand-HT type cyclone separator with 

assumed diameter of 4.5 meters. 

• Gibbsite-to-boehmite reaction rate is controlled based on kinetics in Redaoui et al. [29] 

study. 

[29, 46, 

47] 

Preheating furnace 

• Natural gas is injected and combusted with air (21 vol% O2, 79% vol% N2) to heat the 

gas stream. 
• A Stoichiometric reactor model was used, with the outlet temperature set to 

1050 °C.Reactions: CH4 + 2O2 → CO2 + 2H2O 

                      `            C3H8 + 5O2 → 3CO2 +4H2O 
                                   2C4H10 + 13O2 → 8CO2 +10H2O 

                                   2C2H6 + 7O2 → 4CO2 +6H2O 

                                   C5H12 + 8O2 → 8CO2 +10H2O 
                                   2C6H14 + 19O2 → 12CO2 +14H2O 

[46] 

Main furnace 

• A Stoichiometric reactor model simulating natural gas/air combustion, which is 

connected to a plug flow reactor modelling boehmite-to-alumina reaction with rate-

controlled based on kinetic parameters developed by Alex T C (2011) [31]. 
• Assuming two seconds residence time. 

[31, 47] 

Holding vessel 

• A Continuous Stirred Tank reactor connected with a Swift-HT cyclone with diameter of 

6 meters. 
• Boehmite-to-alumina reaction with rate-controlled based on kinetic parameters 

developed by Alex T C (2011) [31]. 

[31, 47] 

Cyclone 3 • A Stairmand-HT type cyclone with assumed diameter of 4 meters. 

[31, 47] Cyclone 4 • A Stairmand-HT type cyclone with assumed diameter of 3.8 meters. 

Cyclone 5 • A Stairmand-HT type cyclone with assumed diameter of 3.5 meters. 

ESP 
• A Solids separator model, assuming a separation efficiency of 99.9% and a pressure drop 

of 0.5 kPa [18]. 
[18, 47] 

Fluidised bed cooler 

• Uses fluidising air to transport the solids, while cooling water is used to remove heat 
from hot alumina indirectly. 

• A heat exchanger using 40°C cold water. 

• Exported fluidising air temperature is assumed to be average of inlet and outlet solids 

temperature. 

[18, 46] 

Hydrogen/air calcination  

Preheating furnace 
• A Stoichiometric reactor model. 

• Reaction: H2 + 1/2O2 → H2O 

 

Main furnace • Assumptions are same with natural gas/air calcination except the fuel combustion.  

Inputs and assumptions of other units are same as for natural gas/air calcination. 
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2.2.3 Process model for hydrogen in O2-steam calcination (Scenario 3) 

The process model with hydrogen combustion in O2-steam was also developed using Aspen Plus.  

Table 4 presents the process inputs and assumptions made for each of the main units. The configuration 

of the cyclones, except Cyclones 0 and 6, the ESP and the fluidised bed water cooler, remains 

unchanged from those developed for Scenarios 2 and 3. Operation temperatures of preheating furnace 

and main calciner were cross-checked against published calciner operating data [18, 42]. For detailed 

model validation, such as verifying individual stream temperatures, injected air conditions and 

cyclones separation efficiencies, the expertise and feedback from industry partners was also 

incorporated. The attached supplementary document includes the Aspen simulation figures of alumina 

calcination under three pathways, along with the detailed input parameters. 

Table 4: The inputs and assumptions used for the process model for the hydrogen in O2-steam calcination (Figure 2). 
Unit                               Process inputs and assumptions References 

Hydrogen  in O2-steam calcination  

Cyclone 1~5 

• Cyclone types and diameters of cyclones are same with natural gas combustion scenario. 

• Gibbsite-to-boehmite reaction rate is controlled based on kinetics in Saw et al. [26] study in 

Cyclone 2. 

[26, 46] 

Cyclone 0 • A Stairmand-HT type cyclone with assumed diameter of 4 meters. 

[31, 47] 

Cyclone 6 • A Stairmand-HT type cyclone with assumed diameter of 3.5 meters. 

Preheating 

furnace 

• Hydrogen is injected and combusted with oxygen to heat the steam stream. 

• A Stoichiometric reactor model with the outlet temperature set to 1050 °C. 
• Reaction: H2 + 1/2O2 → H2O 

Main furnace 

• A Stoichiometric reactor model simulating hydrogen combustion, which is connected to a 

plug flow reactor modelling boehmite-to-alumina reaction with rate-controlled based on 

kinetic parameters developed by Saw et al. [26]. 

[26, 46] 

 

2.3 Economic analysis 

2.3.1 Capital cost estimation for retrofitting the calciner 

The factored estimation method was used to estimate the total capital investment (TCI), which 

has an inherent uncertainty of approximately 30%. The purchased equipment cost (Cyclones 0 and 6) 

served as the basis for estimating the cost of both indirect and direct cost items. Installed equipment 

costs were calculated using an installation factor of 3, applied to account for multiple cyclone 

installations. Additional direct costs included piping for steam recirculation, the electric control system, 

and buildings construction. Indirect costs included engineering supervision expenses, home office 
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expenses, contractor’ fees, and contingencies. Ratio factors for estimating cost breakdown were 

obtained based on solid-fluid processing plants [49], as presented in Table 5. By multiplying the ratio 

factors with purchased equipment cost, the direct and indirect costs, fixed capital investment and 

working capital cost were obtained. The capital cost includes only the modifications within the calciner 

system and does not include upstream infrastructure costs, such as hydrogen production, storage, 

transportation, or associated manufacturing facilities. 

Table 5. Ratio factors [49] used to estimate total capital investment of retrofitting the calciner. 
Parameters Assumed factor number 

Direct cost (DC) 

Purchased equipment delivered E 

Purchased-equipment installation for 

cyclones 

E*3 

Instrumentation and controls (installed) 0.26*E 

Piping (installed) 0.31*E 

Electrical systems (installed) 0.10*E 

Buildings (including services) 0.29*E 

Yard improvements 0.12*E 

Service facilities (installed) 0.55*E 

Total direct costs (1.63+3)*E 

Indirect cost (IDC) 

 Engineering and supervision  0.32*E 

Construction expenses 0.34*E 

Legal expenses  0.04*E 

Contractor's fee 0.19*E 

Contingency 0.37*E 

Total indirect costs 1.26*E 

Fixed capital investment 

(FCI=DC+IDC) 
(2.89+3)*E 

Working capital (WC=15% of TCI) 0.15*TCI 

Total  capital investment(TCI)   FCI+WC 

The cost of purchased cyclones required for retrofitting was estimated by Equation (5),  in which 

𝑉𝑔𝑎𝑠 denotes the inlet gas volumetric flow rate for the cyclone, 𝐶𝑐𝑦𝑐𝑙𝑜𝑛𝑒 denotes the purchased cost in 

2023 US dollars. 

𝐶𝑐𝑦𝑐𝑙𝑜𝑛𝑒 = 17640 × (
𝑉𝑔𝑎𝑠

4.7 𝑚3/𝑠
)0.66 (4)  [50] 

 

2.3.2 Operating cost 

2.3.2.1 Levelised cost of decarbonising alumina calcination (LCOAC) 

The levelised cost of decarbonising alumina calcination, LCOAC, as shown in Equation (5) , was 

calculated by focusing on fuel-related cost in the calciner, assuming the calciner has a capacity of 120 

t/hr and operates at 90% capacity throughout the year. The retrofitting construction was assumed to be 
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completed within one year. Maintenance costs for the calciner (𝑀𝑡) were assumed be fixed at 3% per 

year of the total retrofitting capital cost. To fairly estimate the alumina calcination cost, the cost of 

CCS was included in Scenario 1, where electricity demand associated with CO2 compression and 

process power represents the primary driver, with the calculation provided in supplementary document. 

Additionally, Scenario 3 achieves an offset value through steam recovery, quantified by the difference 

between electric boiler steam generation and steam recovery using multi-stage mechanical vapour 

recompression (MVR), expressed in Equation (6). The economic offset is driven by the variable 

electricity cost associated with steam generation ( 𝐸𝑆𝐺) and steam recirculation and recovery (𝐸𝑆𝑅 +

𝐸𝐵) for Scenario 3. The generated steam condition was assumed at 200 °C and 8 bar, which is within 

the typically values of 175-230 °C and 6-8 bar for low-temperature digestion. The steam recovery 

process using multi-stage MVR was assumed to consume one-third of the power of that required for 

electric boilers, as reported in the study [21]. The corresponding calculations are provided in 

supplementary document. A sensitivity analysis was conducted with steam  recovery consuming 

1/3±10% of power required by electric boilers, to account for uncertainties in recovery process in 

Scenario 3.  
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     𝐿𝐶𝑂𝐴𝐶 =
∑

It + Mt + 𝐺𝐹t + 𝐶𝐶𝑆𝑡 + 𝑇t

(1 + r)t
n
t=1     

∑
𝐴t

(1 + r)t
n
t=1        

 
(5) 

     𝐶𝐷𝑆 =
∑

I𝐸𝐵 + Mt−S + 𝐸𝐸𝐵 − (I𝑆𝑅 + Mt−S + 𝐸𝑆𝑅 + 𝐸𝐵)
(1 + r)t

n
t=1     

∑
𝑆t

(1 + r)t
n
t=1        

 (6) 

 

Net calcination cost = 𝐿𝐶𝑂𝐴𝐶 − 𝐶𝐷𝑆 × (
100.9

120
) 𝑡𝑠𝑡𝑒𝑎𝑚/𝑡𝐴𝑙2𝑂3 

(7) 

 
𝐼𝑡 Total Investment in calciner retrofitting (TCI)  

𝑀𝑡  Maintenance expenditures in calciner in year t (3% of 𝐼𝑡) 

𝐺𝐹𝑡 Gaseous fuel (natural gas) costs in year t   

𝐶𝐶𝑆𝑡 Carbon capture, transporting and storage costs in year t 

𝑇𝑡 Hydrogen/oxygen transport costs in year t 

I𝐸𝐵 Investment in electric boilers for steam generation  

I𝑆𝑅 Investment in steam recovery  

Mt−S 
Maintenance expenditures in steam generation or recovery in year t (3% of I𝐸𝐵 

or I𝑆𝑅) 

𝐸𝑆𝐺 Electricity cost in steam generation from e-boiler in year t 

𝐸𝑆𝑅 Electricity cost in steam recovery in year t 

𝐸𝐵 Electricity cost in blower to recirculate steam in year t 

𝐶𝐷𝑆 Cost difference via steam recovery or generation  in Scenario 3 

𝐴𝑡 Alumina production in year t (120 t/hr capacity) 

𝑆t Steam amount from Scenario 3  in year t (100.9 t/hr steam recovery rate) 

𝑟 Discount rate  (10%) 

n Life of the equipment (15Y) 

2.3.2.2 Cost of natural gas and CO2 capture, compression, transport and storage (CCS) 

The study assessed sensitivity to the price of natural gas spanning the average prices in United 

States, United Kingdom, Australia and Netherlands (2019-2023), as summarised in Table 7, ranging 

from 3.3 US$/GJ to 13.9 US$/GJ. For the natural gas/air calcination, the cost of CCS was included, 

using 179 US$/tCO2 at an electricity price of 70 US$/MWh as the base value, compromising CO2 

capture and compression is 144.1 US$/tCO2 and 35 US$/tCO2 for transport and storage of compressed 

CO₂, assuming the alumina plants are located at the South-West of Western Australia. The value of 

storage cost was adopted from study from Allinson et al. [51], who estimated CO2 transport and storage 

costs in the South-West region of Australia at 19-51 US$/tCO2, depending on site-specific factors and 

distance to storage. A sensitivity analysis of CCS cost was conducted for electricity prices ranging 

from 30 to 100 US$/MWh, yielding a CCS cost range of 123.5-220.8 US$/tCO2. This range is broadly 

in line with the literature, with the cost of CO₂ avoidance ranging from 65-201 US$/tCO2 [52, 53]. The 

integrated carbon capture and compression process for stack flue gas is summarised in supplementary 
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document, including the technical methodology and economic calculations for the amine-based CO2 

capture system.  

2.3.2.3 Cost of hydrogen and oxygen transport, H2 cost from electrolysis 

The reference cost for hydrogen was based on production via water electrolysis using renewable 

electricity with the estimated costs summarised in Table 6 based on a literature review. A sensitivity 

analysis was also conducted to assess the impact of hydrogen costs on LCOAC, considering projected 

variations in hydrogen prices using different production methods. For hydrogen/air and hydrogen/O2-

steam calcination, in addition to the energy costs, the cost of hydrogen and oxygen transport were also 

included. It was assumed that hydrogen is supplied by a third party and transported via a 200 km 

pipeline, with a transport cost  estimated at approximately 0.26 US$/kgH2, based on IEA estimation 

[54]. Pure oxygen, considered as a by-product of hydrogen production from electrolysers and was 

assumed to incur no additional production cost. The transport cost for oxygen was included, estimated 

at 47 US$/tO2 for transportation via a 200 km pipeline [55]. However, the cost assessment is limited to 

calciner-related fuel costs, and does not include the additional hydrogen infrastructure costs such as 

storage, compression, or decompression and distribution systems.  

Table 6. Major input parameters for the operating cost analysis for the three scenarios. 
Natural gas price worldwide 

Natural gas cost 

In Australia US$/GJ Average 7.5 2019-2023  [56] 

In Netherlands US$/GJ Average 13.9 2019-2023  [57] 
In UK US$/GJ Average 11.4  2019-2023  [57] 

 In US US$/GJ Average 3.3 2019-2023  [57] 

H2 production cost from electrolysis 

 Description Unit Value 
Reference 

(or predicted) year 
Sources 

Hydrogen from 

electrolysis 
Renewable electricity 

US$/kg 7.5 2018 [58] 

US$/kg 6.8 2019 [59] 
US$/kg 4.2 2019 [38, 59] 

US$/kg 3.5-6.5 2023 [60] 

US$/kg 2.0 2030 [61, 62] 

Cost of H2 and O2 transport 

 Description Unit Value 
Reference 

Year 

Value in 

2023 
Sources 

H2 transport cost 
by pipeline 

200 KM pipeline US$/kgH2 0.2 2019 0.26 [54] 

O2 transport cost 

by pipeline 
200 KM pipeline US$/tO2 35 2020 47 [55] 
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3. Results  

3.1 Overall calcination performance for the three scenarios 

3.1.1 Calculated volumetric flow rates 

Table 7  presents the operating conditions including inlet gas volume and temperature of each 

cyclone and the holding vessel for the three scenarios. In general, the inlet gas volume for Scenario 2 

match those for Scenario 1 to within ±4%, with slight differences caused by differences in conditions. 

For Scenarios 1 and 2, both the inlet gas volume and  temperature in Cyclones 3, 4 and 5 are the exactly 

the same, consistent the same amount of input air. However, the inlet gas volume in Cyclones 1, 2 and 

the holding vessel are slightly higher for hydrogen/air combustion than for the natural gas/air 

combustion, consistent with the lower volumetric energy density of hydrogen than natural gas. 

Similarly, after the combustion reaction in the main calciner, the total molar gas flow rate is higher for 

hydrogen/air than for natural gas/air, also leading to slightly higher volumetric flow rates at the same 

operating temperatures in Cyclones 1, 2 and holding vessel. Approximately 62 t/hr of steam is 

recirculated back to calciner circuit in Scenario 3 . Compared to Scenario 1, the gas volume in Scenario 

3 differ by within ±20%, resulted from the variations in operating conditions. Specifically, the gas 

volume in Cyclones 3 to 5 are estimated 10-20% lower than that for natural gas/air, while the flow 

rates in Cyclones 1 to 2 are approximately 20% higher. These differences are attributed to the lower 

density of steam compared to air, resulting in higher gas volumes and corresponding changes in gas 

velocity throughout the system. For the additional Cyclones 0 and 6, the inlet gas volumetric flow rates 

are estimated at 86 and 40 m3/s, respectively. For the case of O2-steam calcination, maintaining 

volumetric flow rates comparable to air combustion is challenging, as both the gas molar flow rate and 

operating temperature influence the actual volume. When alumina calcination occurs in a steam-rich 

environment (>99%), the temperature profile in each cyclone varies, causing these variations relative 

to air combustion. The associated temperature differences are discussed in Section 3.1.3.  
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Table 7. The calculated operating conditions for each cyclone for the three scenarios. 
 Scenario 1  

 Solid mole 

flow (kg/s) 

Gas mole flow 

(kmol/s) 

Gas density 

(kg/m3) 

Gas viscosity 

(cP) 

Inlet gas 

velocity (m/s) 

Temperature 

(°C) 

Inlet gas 

volumes (m3/s) 
Cyclone 1 52.7 2.50 0.68 0.021 19.0 165  85.6 

Cyclone 2 43.6 2.32 0.51 0.028 19.1 330 108.0 

Holding vessel 34.5 1.68 0.27 0.050 15.8 950  158.0 
Cyclone 3 33.6 1.21 0.38 0.043 19.9 716  91.2 

Cyclone 4 33.5 1.08 0.48 0.037 15.8 523  65.3 

Cyclone 5 33.0 1.04 0.66 0.030 13.1 307  45.3 

 Scenario 2  

Cyclone 1 52.7 2.57 0.65 0.021 19.6 165  87.3 

Cyclone 2 43.5 2.38 0.48 0.028 20.0 330 111.5 

Holding vessel 34.5 1.74 0.26 0.051 13.9 950  164.0 
Cyclone 3 33.7 1.21 0.38 0.043 19.9 716  91.3 

Cyclone 4 33.8 1.08 0.48 0.037 15.8 523  65.4 

Cyclone 5 33.0 1.04 0.66 0.030 13.1 307  45.3 

 Scenario 3  

Cyclone 0 52.7 2.50 0.53 0.015 19.0 167  85.6 

Cyclone 1 52.7 2.32 0.39 0.022 23.9 332  107.6 

Cyclone 2 43.0 2.32 0.34 0.026 22.0 435  125.1 

Holding vessel 34.5 1.78 0.19 0.047 16.5 950  166.4 

Cyclone 3 33.8 0.95 0.23 0.040 16.9 782  76.3 

Cyclone 4 33.7 0.83 0.25 0.035 14.6 665 50.1 
Cyclone 5 33.7 0.79 0.29 0.031 14.5 547 50.1 

Cyclone 6 33.2 0.79 0.36 0.024 11.6 389 40.0 

 

3.1.2 Calculated separation efficiency and pressure drop of cyclones 

Figure 3(a) presents the calculated separation efficiency of each cyclone for the three calcination 

scenarios. In general, separation efficiencies for Scenarios 2 and 3 are nearly identical to those in 

Scenario 1, with variations within ±1%. The calculated separation efficiencies of Cyclones 1 to 5 

exceed 97%, of the holding vessel (HV) achieves approximately 93%. Specifically, in Cyclones 1, 2, 

and HV in Scenarios 2 and 3, the increased inlet gas velocity results in slightly higher separation 

efficiency (1%), in accordance with the Shepherd and Lapple theory [48]. A higher inlet gas velocity 

and lower gas viscosity lead to improved separation efficiency. In contrast, for Cyclones 3 to 5, the 

calculated efficiencies in Scenario 3 are approximately 1% lower than those in Scenario 1, consistent 

with the lower inlet gas velocity reported in Table 7. The additional Cyclones 0 and 6 achieve 

efficiencies exceeding 97%, which is attributed to the consistently higher inlet velocities and lower 

gas viscosity.  

Figure 3 (b) presents the calculated pressure drop across each cyclone. Overall, the calculated 

pressure drops across each cyclone in Scenario 2 is comparable to Scenario 1, resulting in close total 

pressure losses across calciner circuit of 0.35 bar and 0.34 bar, respectively. For Scenario 3, despite 
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the inclusion of additional cyclones (Cyclones 0 and 6), the overall pressure drop remains comparable, 

at approximately 0.34 bar, due to the lower pressure drop across individual cyclones. More specifically, 

for Scenario 3, the pressure drop across Cyclones 3 to 5 is estimated to be 50% to 70% lower than 

those for Scenario 1, due to the lower gas density and lower inlets velocity (Table 7), consistent with 

the principle that pressure drop increases with higher gas density and higher inlet velocities[63].  

A reduction in cyclone separation efficiency is expected to result in a slight increase in overall 

energy consumption, due to the reduced counter-current heat recovery efficiency [64]. A drop in 

cooling cyclones’ separation efficiency from 100% to 90% results in an estimated 1.8% rise in fuel 

consumption [64]. However, the small variations in cyclone separation efficiency, as shown above, 

are not expected to significantly influence the overall energy use for the three scenarios. The pressure 

drop across the calciner circuit must be overcome in Scenario 3 in order to recirculate steam back into 

the system, resulting in a slightly increase in the electrical power consumption for this scenario. 

Nevertheless, it is important to note that the performance estimations were derived using Aspen-based 

mathematical calculations. The behaviour of cyclones under steam-rich environments is not yet fully 

understood. A more comprehensive understanding of cyclone performance under those conditions 

would require Computational Fluid Dynamics (CFD) modelling and experimental validation. It is also 

worth noting that the increased inlet gas velocities for Scenario 3, particularly in Cyclone 1 where it is 

approximately 20% higher than in Scenario 1, may lead to some increased particle breakage, 

highlighting the need for further assessment.  
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Figure 3. A comparison of the calculated cyclone separation efficiency and pressure drop across each cyclone for 

the three calcination scenarios. 

3.1.3 Stream temperature  

Figure 4 presents the calculated stream temperature for the three calcination scenarios. Broadly 

speaking, hydrogen/air calcination exhibits a similar temperature profile to natural gas/air, including 

preheating, main and cooling zones. However, hydrogen combustion in oxy-steam yields stream 

temperatures in Cyclones 1 and 2, as well as Cyclones 3 to 5, that are higher than the natural gas case 

by some 100°C due to the lower heat transfer efficiency between steam and solid compare with air. 

The temperatures in the preheat and main calciner zones are maintained at 1050°C and 950°C, 

respectively, by adjusting the input fuel. The temperature of main calciner is maintained in the range 

of 950-1000°C to ensure the smelter-grade alumina (SGA) meets the required specifications for LOI 

(Loss on Ignition), specific surface area (SSA), and low α-Al2O3 phase content [18]. The preheating 

furnace is maintained at 1050°C to avoid the formation of α-Al2O3, which begins at 1050°C and peaks 

around 1200°C [65]. Specifically, estimated higher temperature in Cyclones 3-6 is because the higher 

temperature of returned superheated steam (167 °C) compared to the input air (50°C), which raises the 

stream temperature after heat exchange in cooling stage. The variations in stream temperatures across 

the cooling cyclones lead to corresponding differences in heat recovery from the hot solids, which are 

further discussed in Section 3.2.1. 
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In the preheating stage, the calculated temperature in Cyclone 2 is approximately 90 °C higher 

than in Scenario 1, at 434°C and 332°C, respectively. This is because the gibbsite-to-boehmite reaction 

is inhibited by the steam-rich environment [66, 67], which also reduces the heat transfer from hot gas 

to gibbsite solid. Simulations under an air-based calcination environment predict 100% conversion, 

based on the applied kinetic models reported in studies [28, 29]. As a result, more enthalpy is retained 

in the gas phase, leading to higher gas temperatures in Cyclones 1 and 2 than in Scenarios 1 and 2.   

 

 Figure 4. A comparison of the calculated temperature of key process streams for the three calcination scenarios. 

3.1.4 Exit flue gas 

Figure 5 presents the compositions and mass flow rates of the exit gas for the three calcination 

scenarios. Scenarios 1 and 2 comprise approximately 47% and 50% N2, respectively, together with 

some 40% and 50% of steam, respectively. Recovering steam from the calcination off-gas can 

potentially reduce steam generation requirement in the refining process, which is desirable. However, 

this high dilution with nitrogen under air combustion increases the complexity of the recovery process=, 

as it requires separation of N2, making direct recovery technically infeasible In contrast, Scenario 3 

achieves a high steam concentration at 99.5%, demonstrating inherent capture. Additionally, all direct 

CO2 emissions from fuel combustion are eliminated in Scenarios 2 and 3. In Scenario 1, direct 

emissions are approximately 0.16 tCO2/tAl2O3, corresponding to 19.5 tCO2/hr at a production rate of 120 
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t/hr alumina. Applying an amine-based CCS system with 90% capture efficiency reduces the residual 

emissions to 0.016 tCO2/tAl2O3 (1.9 tCO2/hr). This reduction requires additional expenditure for CO2 

capture, compression, transport, and storage, with the cost analysis presented in supplementary 

document. The steam in these gases originates primarily from the calcination reactions (64 t/hr, 

Reactions (1)-(3)), but also from gibbsite surface moisture (11.7 t/hr) and the products of fuel 

combustion (natural gas or hydrogen). In total, some 90-98 t/hr (~0.8 t steam/tAl2O3) of steam is vented 

through the stack in Scenarios 1 and 2, corresponding to approximately 1.7 GJ/tAl2O3 in latent energy 

alone [68]. The potential recovery of this steam is hindered, not only by dilution with N2, but also by 

the CO2 for Scenario 1, which reacts with the caustic soda solution (NaOH) used in digestion. In 

contrast, the enthalpy flow rate from Scenario 3 is 2.1 GJ/tAl2O3 from the gas with nearly 99.5% steam 

(100.9 t/hr steam at 1.06 bar). It should be noted that the present study evaluates direct CO₂ emissions 

and does not provide a detailed assessment of NOₓ formation. Hydrogen/air combustion may lead to 

higher flame temperatures compared with natural gas, potentially increasing NOₓ emissions. 

Optimisation of burner configuration and nozzles for fuel injection would be required to minimise hot 

spots and NOx emissions, necessitating the Computational Fluid Dynamics (CFD) modelling. 
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Figure 5.The calculated flue gas composition and mass flow rate from the stack for the three calcination scenarios. 

3.2 Energy consumption  

3.2.1 Calculated energy flow distribution  

Figures 6 and 7 presents the calculated energy flow during the calcination process for the three 

scenarios. Scenarios 1 and 2 have identical energy input, totalling 106.5 MWth (with 22.9 MWth in 

preheating furnace and 83.6 MWth in main calciner), resulting in the same high heating value energy 

consumption of 3.19 GJ/tAl2O3 (HHV). In Scenario 3, total energy input increases by 6.5% to 113.5 

MWth (with 26.4 MWth and 87.1 MWth supplied to the preheating furnace and main calciner), resulting 

increased energy consumption to 3.4 GJ/tAl2O3 (HHV). This increase is caused by lower heat recovery 

in the preheating and cooling zones. The calculated energy flow for each stream was based on the 

reference temperatures indicated at the top of the figures, providing an overview of the energy 

utilisation during calcination process. The details for the main unit balances are presented in 

supplementary document. In greater detail, Figure 6 shows that in Scenarios 1 and 2, preheated air 

delivers 25.3 MWth of heat to the preheating furnace, recovered from hot solids through cyclones 3-5. 

An additional 22.9 MWth of input energy from natural gas or hydrogen (HHV, based on 25°C heat 
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value), raises the gas to 1050°C, transferring approximately 47.2 MWth of energy into the main furnace. 

The fuel input to the main calciner is 83.6 MWth (natural gas or hydrogen) and the incoming boehmite 

stream contributes another 12.6 MWth, totalling 143.4 MWth. Of this, approximately 30 MWth is 

consumed by the boehmite-to-alumina reaction, which occurs at temperature above 500°C [16]. Hot 

gas and solids exit the holding vessel at 950°C, carrying 76.4 MWth and 34.0 MWth, respectively. Heat 

from hot alumina is recovered via three air cooling cyclones to preheat the air, after which the alumina 

is cooled to 302°C. It then enters the fluidised bed cooler, where approximately 7.4 MWth is removed 

by the cooling water, and finally, exits at 75°C with a residual heat of 0.5 MWth. On the hot gas side, 

gas is directed to Cyclone 2, where the gibbsite-to-boehmite reaction occurs, consuming 31.8 MWth 

based on a 300°C reaction temperature. After the reaction, hot gas and boehmite are separated, carrying 

36.7 MWth and 12.6 MWth, respectively. The boehmite solids are then transported to the main furnace, 

while the gas is directed to Cyclone 1 to preheat feed gibbsite from 60°C to 165 °C for moisture 

removal. The heat losses, shown as the green streams, are calculated to be 4.8% of total energy input, 

mainly occurring in the main furnace and preheating furnace, where they are 1MWth and 3 MWth, 

respectively.  

 

        Figure 6. The calculated energy flows for Scenarios 1 and 2 at 120 t/hr alumina production, illustrating the heat 

recovery, fuel input, reaction heat, and thermal energy distribution across the calciner circuit. 
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Figure 7 presents the energy flow for Scenario 3, where superheated steam is utilised as the heat 

exchange medium. Scenario 3 recovers 16% less heat from the hot solids than Scenario 1 in the cooling 

stage, with 21.8 MWth recovered compared to 25.3 MWₜₕ in Scenario 1. To compensate, the energy 

input (H2) is increased by 15%, from 22.9 to 26.4 MWth to maintain the same output gas energy of 

47.2 MWth. In the main furnace, the total energy input is 151.4 MWth comprising 87.1 MWth from 

hydrogen (HHV) and 17.1 MWth from the solids, along with 47.2 MWth from hot steam supplied from 

the preheating furnace. Similar to Scenario 1, approximately 30 MWth is consumed in the boehmite-

to-alumina calcination, but there is an additional 8 MWth required to convert the remaining 24% 

gibbsite from Cyclone 2. The holding vessel discharges 76.4 MWth in hot steam and 34.0 MWth in hot 

alumina. As discussed above, the lower heat recovery results in a higher heat loss of 10.7 MWth through 

the cooling water, compared to Scenarios 1 and 2. On the hot gas side, the gibbsite-to-boehmite 

reaction consumes less energy (23.8 MWth) due to the inhibited reaction, resulting in more thermal 

energy retained in steam. To better utilise this energy, Cyclone 0 is added to the proposed cycle, 

achieving an exit steam temperature of 167 °C, which is close to that for Scenario 1. The recirculated 

steam is assumed to carry no net usable energy, as it is recirculated with minimal temperature change. 

The overall heat loss is calculated to be 4.8% of total energy input, consistent with Scenario 1. In 

conclusion, Scenario 3 has a slightly higher overall gross energy consumption due to the reduced heat 

recovery in the cooling section and incomplete gibbsite conversion in Cyclone 2. However, after the 

first-stage compression and the return of a portion of the recycled steam for use as carrier gas, the 

remaining steam remains available for energy recovery. 
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Figure 7. The calculated energy flows for Scenario 3 at 120 t/hr alumina production, illustrating the heat recovery, 

fuel input, reaction heat, and thermal energy distribution across the calciner circuit.     

  

Figure 8 presents the influence of the conversion of the gibbsite-to-boehmite reaction in Cyclone 

2 on the total calculated energy consumption for Scenario 3.The variation in calculated energy use 

remains within 0.5% across the range, demonstrating an approximately linear relationship. As gibbsite 

conversion  increases, the required energy input to the main furnace decreases accordingly, resulting 

in lower overall energy consumption. The reaction kinetics of gibbsite pre-calcination in a steam-rich 

environment play a critical role, indirectly influencing energy consumption as lower conversion in 

Cyclone 2 leads to suboptimal energy utilisation during preheating. 

  

Figure 8. The calculated influence of gibbsite conversion in Cyclone 2 on the overall energy consumption for 

Scenario 3. 
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High steam concentration environment in Scenario 3 reduces the heat-recovery efficiency in 

Cyclones 3-6 compared with the air-combustion case, where air acts as the heat-exchange medium for 

cooling the hot solids. Even with the addition of an extra cyclone to improve heat recovery, less 

sensible heat is recovered from the hot solids. Furthermore, in Cyclones 1-2, the heat transfer efficiency 

is also expected to decrease under high steam concentration conditions. This is primarily because the 

high steam concentration inhibits the gibbsite to boehmite reactions, resulting in a fraction of 

unconverted gibbsite being transported to the main calciner as discussed above.3.2.2 Calculated energy 

consumption 

Table 8 presents the calculated energy consumption for the three calcination scenarios. Overall, 

Scenario 2 has the lowest energy consumption at 2.7 GJ/tAl2O3 (LHV), compared with 2.88 GJ/tAl2O3 

(LHV) in Scenario 1. Additionally, the calculated overall energy consumption of Scenario 1 was 

checked with the published operating data of a flash calciner, showing close alignment with the 

reference value of 2.85 GJ/tAl2O3 (LHV) [18, 69]. In contrast, Scenario 3 exhibits slightly higher gross 

energy use, ranging from 2.89 to 2.96 GJ/tAl2O3 (LHV), which is 0.3%-3% higher than Scenario 1. This 

increase is indirectly driven by the reduced conversion of gibbsite-to-boehmite in Cyclone 2, at 65%-

76%. Consequently, 24%-35% of unconverted gibbsite is carried into the main calciner, requiring 

additional hydrogen input to achieve complete conversion.  

Table 8. The calculated overall energy consumption for each of the three scenarios. 

 Unit 
Natural gas/air 

(Scenario 1) 

H2/air 

(Scenario 2) 

H2 in O2-steam  

(Scenario 3) 

Total input natural gas t/hr 7.36 / / 

Total input H2 
t/hr / 2.69 2.89~2.96 

Total input air t/hr 128.0 128.0 N/A 

Total input O2 
t/hr / / 24.2~24.8 

Al2O3 production t/hr 120.0 120.0 120.0 

Gibbsite-to-boehmite conversion in Cyclone 2 % 100% 100% 65%~76% 

Overall energy consumption 
GJ/tAl2O3 (LHV) 2.88 2.70 2.89~2.96 

GJ/tAl2O3 (HHV) 3.19 3.19 3.40~3.48 
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3.3 Economic performance for the three scenarios 

3.3.1 Calculated levelised cost of alumina calcination 

Figure 9 (a) summarises the calculated levelised cost of alumina calcination (LCOAC) for the 

three scenarios and Figure 9 (b) presents the cost difference via steam generation from electric boilers 

or steam recovery in Scenario 3. The nearly pure steam in Scenario 3, approximately 100.9 t/hr is 

estimated to offset 31 US$/tAl2O3 compared to direct steam generation via electric boilers at a fixed 

renewable electricity price of 7  US$/MWh. Sensitivity analysis, assuming that steam recovery via 

mechanical vapour recompression consumes one-third (±10%) of the power required by electric 

boilers, results in a cost offset range of approximately 29-33 US$/tAl2O3, reflecting the marginal economic 

impact. Overall, Scenario 3 leading to 12-32% lower costs compared to Scenario 2 for the same 

hydrogen price and a fixed electricity price of 70 US$/MWh [70], driven by the steam recovery offset. 

Additionally, Scenario 3 demonstrates cost advantages over Scenario 1, achieving 31% lower LCOAC 

for a hydrogen price of 2 US$/kg, when CCS costs (179 US$/tCO2) are included and natural gas prices 

at 7.5 US$/GJ. This makes Scenario 3 cost-competitive at a hydrogen price of 2 US$/kg. 

In Scenario 1, CCS costs account for approximately 41-57% of LCOAC, with the cost rising 

from 21.8-40.6 US$/tAl2O3 (without CCS) to 50.4-69.2 US$/tAl2O3 (with CCS). This increase is 

dominated by electricity consumption, which is critical for both solvent regeneration and CO₂ 

compression during the capture process. By contrast, in hydrogen scenarios, the cost of hydrogen 

contributes above 80% of the total calcination cost, making hydrogen price the dominant economic 

driver. Electricity costs still influence the calcination cost in Scenario 3 indirectly, primarily through 

their impact on steam recovery costs, which is secondary relative to hydrogen cost. In Scenario 3, 

capital cost for retrofitting the calciner contributes only ~1% of overall cost. Hydrogen and oxygen 

transport costs contribute an additional6.4 US$/tAl2O3 and 9.8 US$/tAl2O3, respectively. At a high 

hydrogen price from electrolysis of 4.3 US$/kg [59, 71], based on an electricity price of 70 US$/MWh, 
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Scenarios 2 and 3 exhibit LCOAC values of 103.3 and 90.8 US$/tAl2O3, respectively, which is less cost-

effective. 

 

         Figure 9 (a) Calculated levelised cost of calcination for the three scenarios, (b) the cost difference via steam 

recovery or generation  in Scenario 3. 

3.3.2 Sensitivity analysis in Scenarios 2 and 3 

Figure 10 (a) presents the sensitivity of the effects of hydrogen price on the calcination cost in 

Scenarios 2 and 3, accounting for the value of the recovered steam in Scenario 3. It can be seen that 

the break-even hydrogen prices for Scenario 2 and Scenario 3are  estimated at 2.8 and 3.4 US$/kg, 

respectively,  compared with the natural gas of 7.5 US$/GJ and the inclusion of CCS costs. In contrast, 

when CCS costs are excluded, the break-even hydrogen price decreases to approximately 1.4 US$/kg 

for Scenario 2 and 2.0 US$/kg for Scenario 3. Figure 10 (b) presents the calcination cost as a function 

of natural gas price. At a low projected hydrogen price of 2 US$/kg, Scenario 2 becomes cost-effective 

when the natural gas price exceeds approximately 8 US$/GJ, whereas Scenario 3 becomes competitive 

at a significantly lower threshold of around 3 US$/GJ, assuming CCS is included. When CCS costs 

are excluded, the competitiveness threshold shifts substantially. In this case, Scenario 2 requires a 

natural gas price above approximately 12 US$/GJ to become cost-effective, while Scenario 3 requires 

natural gas prices exceeding approximately 17 US$/GJ. 
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Figure 10. (a) the calculated net calcination cost as a function of hydrogen price, (b) the net cost as a function of 

natural gas price.  

Figure 11 shows the sensitivity of the effects of renewable electricity price on net calcination 

cost and the corresponding hydrogen price from electrolysis [38, 71]. Overall, renewable electricity 

prices need to fall below 38 and 42 US$/MWh for Scenarios 2 and 3 to become competitive, 

respectively, corresponding to hydrogen costs of 2.5-2.7 US$/kg, compared with the elevated natural 

gas of 14 US$/GJ with CCS cost. Under a low natural gas price scenario of 3 US$/GJ, the required 

renewable electricity price would need to fall below approximately 5-10 US$/MWh for hydrogen-

based calcination to be competitive, indicating that low natural gas prices present a substantial 

economic barrier to hydrogen deployment. The offset value from steam recovery in Scenario 3 

increases as renewable electricity prices rise [38, 72], widening the gap between the Scenario 3 and 

Scenario 2 curves. However, at lower electricity prices, particularly around 3  US$/MWh, the 

economic difference between the two scenarios narrows, implying that the additional oxygen transport 

cost in Scenario 3 is approximately offset by the value from steam recovery.  
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Figure 11. The calculated net calcination cost and hydrogen cost as a function of renewable electricity price for 

Scenarios 2 and 3. 

4. Recommendation for further work 

This work analyses the techno-economic performance of alumina calcination when transitioning 

to hydrogen combustion pathways using ASPEN-based process simulation. Further research is 

recommended to strengthen the assessment of detailed combustion behaviour. In particular, 

Computational Fluid Dynamics (CFD) modelling is required to resolve combustion profiles under H2–

air and H₂ in O₂-steam combustion, including the impact on NOx emissions, flame temperature, and 

spatial temperature profiles within the calciner. Investigation of calcination kinetics under steam-rich 

environments is also necessary, along with assessment of impacts on alumina quality parameters such 

as loss on ignition (LOI) and specific surface area. Furthermore, given the potential economic benefit 

of steam recovery in the H₂ in O₂-steam configuration, further work is needed to investigate its 

technical and economic feasibility. Additional investigation is also recommended in waste heat 

recovery from N2 diluted flue gas under air combustion, considering its high exhaust temperature and 

potential for improving overall refining process efficiency. 
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5. Conclusions  

This study analyses the techno-economic performance of alumina calcination when transiting 

from conventional natural gas/air combustion (Scenario 1) to hydrogen-based pathways, including H2 

in air (Scenario 2) and H2 in an O₂-steam (Scenario 3) calcination. The replacement of natural gas with 

H2 in air combustion is calculated to lead to a slightly lower energy consumption of 2.7 GJ/tAl2O3 (LHV), 

relative to 2.88 GJ/tAl2O3. While under H2 in O2-steam calcination consumes slightly more energy, at 

2.93±0.3 GJ/tAl2O3, due to less efficient heat exchange in superheating recirculated steam and hot solids 

in cooling stage and inhibited gibbsite-to-boehmite conversion in the preheating stage, a net benefit 

can still be obtained through the novel configuration that enables the recovery of high-concentration 

steam. The proposed configuration is also estimated to achieve a comparable performance (±1%) for 

cyclone separation efficiency to air combustion as it is configured to achieve similar volumetric flow 

rates and gas velocities. Economically, with CCS included and a natural gas price of 7.5 US$/GJ, the 

break-even hydrogen prices are 3.4 US$/kg for Scenario 3 and 2.8 US$/kg for Scenario 2. Excluding 

CCS reduces these thresholds to approximately 2.0 US$/kg and 1.4 US$/kg, respectively. In Scenario 

3, steam recovery provides an offset of approximately 31 US$/tAl₂O₃ (relative to electric boiler steam 

at 70 US$/MWh), which supports the higher break-even hydrogen threshold.  

List of Abbreviations 

Vgas Inlet gas volumetric flow rate, m3/s 

𝐿𝐶𝑂𝐴𝐶  Levelized cost of alumina calcination, US$/tAl2O3 

CCS Carbon capture and storage 

MVR Mechanical vapour recompression 
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St Steam amount from Scenario 3  in year t (100.9 t/hr steam recovery rate) 
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Appendix A for Chapter 3 

Capital cost estimation for steam generation via electric boilers and steam recovery via 

multi-stage mechanical vapour recompression 

          The factored estimation method was used to estimate the total capital investment (TCI), 

which has an inherent uncertainty of approximately 30%. The purchased equipment cost served 

as the basis for estimating the cost of both indirect and direct cost items.  Ratio factors for 

estimating cost breakdown were obtained with consultation with Worley [1], as shown in Table 

A-2. For the breakdowns, tanks and platework costs covers for boiler feed water pumps, 

blowdown tanks. Steam piping covers the transportation of steam within the plant. Electrical 

equipment costs include control and instrument wiring, power wiring, transformers, and 

associated services. Instrumentation costs cover devices used for process monitoring, 

measurement, and control.  

         In present economic analysis, the electric boiler purchase cost is assumed US$ 160 per 

kW (2024 value) [2, 3], with the installation factor 𝑓  of 1.53 [4]. Table A-1 presents the 

reference size and cost of compressors, obtained from open literature. The compressor cost was 

calculated using Equation (A-1), where 𝐶𝑟𝑒𝑓𝑒𝑟 is the reference cost, and 𝑆𝑛𝑒𝑤 and 𝑆𝑟𝑒𝑓𝑒𝑟 are 

the calculated scale in the study and reference scale, respectively. 

𝐶𝑀𝑉𝑅 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 = 𝐶𝑟𝑒𝑓𝑒𝑟 × (
𝑆𝑛𝑒𝑤

𝑆𝑟𝑒𝑓𝑒𝑟

)0.7 (A-1) 

Table A-1. Estimated purchased cost of MVR compressor from open literatures. 

Components Reference 

cost, 𝑪𝒓𝒆𝒇𝒆𝒓 

Reference 

size, 𝑺𝒓𝒆𝒇𝒆𝒓 

Reference 

year 

Scaling 

factor 

Installation 

factor, 𝒇 

Sources 

MVR 

compressors 

1.4 NZD M$ 3 MW 2019 0.7 1.38 [5] 

3 NZD M$ 3 MW 2004 0.7 1.38 [6] 

2.7 USD M$ 4.47 MW 1998 0.7 1.38 [7] 
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Table A-2: Ratio factors used to estimate total capital investment of installing electric boilers. 

Parameters Assumed factor number  

 Electric boilers Mechanical vapour recompression 

Direct cost (DC)  

Purchased main equipment A A 

Purchased-equipment installed  A*1.53 A*1.38 

Earthworks 0.01A 0.01A 
Concrete 0.05A 0.05A 

Structural 0.20A 0.20A 

Insulation 0.03A 0.03A 
Tanks & Platework 0.04A 0.04A 

Piping 0.47A 0.47A 

Electrical Equipment 0.33A 0.33A 
Instrumentation 0.03A 0.03A 

Total direct costs (1.16+1.53)A (1.16+1.38)A 

Indirect cost (IDC)  

Project Development allowance  0.06 A 0.06 A 

EPCM 0.78  A 0.78  A 

Contingency 0.98 A 0.98 A 

Total Indirect costs 1.82 A 1.82 A 

Total capital investment (TCI) (2.98+1.53) A (2.98+1.38) A 

Process modelling of electric boilers  

        A heater is used to estimate the energy consumption of electric boilers [8], assuming an 

inlet water temperature of 40°C and an efficiency of 98% [3, 9]. The calculated energy 

consumption is 2.78 GJ/tsteam from Aspen simulation. Thermodynamic minimum for producing 

low-pressure saturated steam is calculated at 2.65 GJ/tsteam with no losses. When accounting 

for the realistic operation of electric boilers, such as boiler efficiency (98%), small blowdown 

with proper operation (1-3%), deaerator losses (~0.5%) [10], the required energy increases to 

approximately 2.75-2.8 GJ/tsteam. This range is consistent with the Aspen result, indicating that 

the modelled value is thermodynamically and operationally plausible.  

Calculation of thermal energy required for steam generation 

Feedwater inlet: 40 °C 

Boiler efficiency: 98% 

Latent heat of vaporisation at 8 bar (hf,g): 2.06 MJ/kg 

Water specific heat (Cp,w): 4.18 kJ/kg·°C 

Steam specific heat at 170 °C (Cp,s): 2.5 kJ/kg·°C 

1. Heat per kg Steam 

Sensible heat = Cp,w × ΔT = 4.18×10⁻³ × (170–40) = 0.54 MJ/kg steam 

Latent heat = hf,g = 2.05 MJ/kg steam 

Sensible heat = Cp,s  × ΔT = 2.4×10⁻³ × (200–170) = 0.06 MJ/kg steam 

Total = 0.54 + 2.05+0.06 = 2.65 MJ/kg steam 



 

87 

 

References  

[1] Worley, “Discussion on capital cost breakdwon,” personal consultation. 

https://www.worley.com/. [accessed on 1 June 2023]. 

[2] Lagendijk J. An Exploration of the Company Perspective on the Adoption of Industrial Electric 

Boilers. 

https://pure.tue.nl/ws/portalfiles/portal/313517534/1253492_final_version_master_thesis_JSL

agendijk.pdf. [accessed on 4 April 2025]. 

[3] Zuberi M J S, Hasanbeigi A, and Morrow W. Electrification of industrial boilers in the USA: 

potentials, challenges, and policy implications. Energy Efficiency, 2022. 15(8): p. 70. 

https://doi.org/10.1007/s12053-022-10079-0. 

[4] Garrett D E. Chemical engineering economics. Springer Science & Business Media.2012. 

[5] Energy Efficiency and Conservation Authority. MVR (Mechanical Vapour Recompression) 

Systems for Evaporation, Distillation and Drying. https://genless.govt.nz/assets/Business-

Resources/Mechanical-vapour-recompression-for-evaporation-distillation-drying.pdf. 2019 

[accessed on 7 July 2024],Chatfield R. Mechanical vapor recompression (MVR) for low carbon 

alumina refining, MVR technical and commercial feasibility studies. 

https://arena.gov.au/projects/mechanical-vapour-recompression-for-low-carbon-alumina-

refining/. 2022 [accessed on 14 June 2024]. 

[6] Reuben W. Bouman, Scott B. Jesen, Maria L. Wake, and Earl W B. Process Capital Cost 

Estimation for New Zealand 2004. https://books.google.com.au/books?id=_sfzPAAACAAJ. 

2005 [accessed on 1 March 2025]. 

[7] Energy. T U S D o. Process equipment cost estimation, final report. 

https://www.osti.gov/servlets/purl/797810. 2002 [accessed on 8 June 2024]. 

[8] Hameed K W. Chemical Process Simulations using Aspen Hysys. John Wiley & Sons.2025. 

[9] Schoeneberger C, Zhang J, McMillan C, Dunn J B, and Masanet E. Electrification potential of 

US industrial boilers and assessment of the GHG emissions impact. Advances in Applied 

Energy, 2022. 5: p. 100089. https://doi.org/10.1016/j.adapen.2022.100089. 

[10] Industrial combustion boilers. https://iea-etsap.org/E-TechDS/PDF/I01-ind_boilers-GS-AD-

gct.pdf. 2010 [accessed on 6 June 2024]. 

 

https://www.worley.com/
https://pure.tue.nl/ws/portalfiles/portal/313517534/1253492_final_version_master_thesis_JSLagendijk.pdf
https://pure.tue.nl/ws/portalfiles/portal/313517534/1253492_final_version_master_thesis_JSLagendijk.pdf
https://doi.org/10.1007/s12053-022-10079-0
https://genless.govt.nz/assets/Business-Resources/Mechanical-vapour-recompression-for-evaporation-distillation-drying.pdf
https://genless.govt.nz/assets/Business-Resources/Mechanical-vapour-recompression-for-evaporation-distillation-drying.pdf
https://arena.gov.au/projects/mechanical-vapour-recompression-for-low-carbon-alumina-refining/
https://arena.gov.au/projects/mechanical-vapour-recompression-for-low-carbon-alumina-refining/
https://books.google.com.au/books?id=_sfzPAAACAAJ
https://www.osti.gov/servlets/purl/797810
https://doi.org/10.1016/j.adapen.2022.100089
https://iea-etsap.org/E-TechDS/PDF/I01-ind_boilers-GS-AD-gct.pdf
https://iea-etsap.org/E-TechDS/PDF/I01-ind_boilers-GS-AD-gct.pdf


88 

 

Appendix B for Chapter 3 

        Table B-1 summarises the exit-gas composition from the natural-gas/air combustion 

calcination process. 

Table B-1. Exit gas from natural gas/air combustion calcination based on 120 t/hr Al2O3 capacity. 

Gas volume m3/s 87 

Temperature °C 165 

Pressure (absolute) bar 1.06 

Flue gas mass fraction 

N2  % 46.9% 

CO2 % 9.3% 

O2 % 1.1% 

H2O % 42.8% 

Total gas flow t/hr 210 

Density of gas kg/m3 0.67 

 

          Figure B-1 shows the amine-based CO2 capture process applied to the exit gas, adapted 

from a previous study [1]. Stack gas first enters a pre-scrubber cooler to remove particles / and 

cool to ~35 °C. The cooled gas passes up a packed absorber where 30 wt% amine (MEA) 

absorbs CO2. The CO2 rich amine solution is preheated in a lean/rich heat exchanger and sent 

to a desorber operating at 2.0 bar. A reboiler, supplied with low-pressure saturated steam 

generated by electric boilers in this study, regenerates the solvent and releases CO2. The 

overhead vapour is condensed to ~35 °C to remove water, after which the CO2 is sent to four-

stage compression with intercooling (air coolers). The compressed CO2 is delivered at 80 bar 

and 35 °C for pipeline transport. 

 

Figure B-1. Schematic illustration of amine-based CO2 capture process from exit gas.(adapted from previous study [1]) 

      

         Table B-2 summarises the input parameters for the amine-based CO2 capture model, 

including symbols, units, baseline values, and the references cited for each parameter used in 

the calculations. 
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Table B-2. Input specifications for the amine-based CO2 capture. 

Parameter Value Symbol  Unit References 

MEA (amine) concentration 0.30 wt% kg/kg [2] 

MEA liquid heat capacity 3.7 𝐶𝑝,𝐿 kJ/kg·°C [3] 

Cooled gas heat capacity  1.0 𝐶𝑝,𝑔 kJ/kg·°C  

Total heat capacity rate 314.9 𝐶tol kW/°C  

Lean amine loading 0.20 𝛼𝑙𝑒𝑎𝑛 mol CO2/mol MEA [1, 2]  

Rich amine loading 0.50 𝛼𝑟𝑖𝑐ℎ mol CO2/mol MEA [4] 

Loading difference 0.30 
𝛼𝑟𝑖𝑐ℎ
− 𝛼𝑙𝑒𝑎𝑛 

mol CO2/mol MEA [1] 

Heat of CO2 absorption 85 ∆𝐻𝑎𝑏𝑠 kJ/mol CO₂ [5] 

CO₂ capture rate 90  % [2] 

CO₂ captured 17.58  t/hr  

Flue gas temperature at absorber inlet 35  °C  

Lean amine temperature at absorber inlet 35  °C  

Pumps efficiency 70 η % [6, 7] 

Fans efficiency 70 η % [8] 

Rich amine pump 1 discharge pressure 3.0  bar(a) [2] 

Lean amine pump 2 discharge pressure 3.0  bar(a) [2] 

Fan 1 discharge pressure 1.1  bar(a)  

Fan 2 discharge pressure 1.2  bar(a) [1] 

The lean/rich amine heat exchange hot-side approach 10  °C [2] 

Condenser temperature 35  °C [1, 2] 

Desorber, condenser pressure 2  bar(a) [1] 

Reboiler duty 3.2  𝑄𝑟𝑒𝑏 GJ/t CO2 [1] 

Low-pressure steam from electric boiler 4 bar/144°C   [1, 9] 

Compressors isentropic efficiency  75%   [10] 

Assumed pressure ratio per stage (4 stages) 2.51    

Cooling air temperature rise assumed in air cooler 20  °C  

Inlet cooling air temperature  20.5  °C  

Stack pressure blowing air assumed  0.4  KPa [11-13] 

 

           Table B-3 summarises the electrical power consumption of the amine-based CO₂ capture 

system. The total specific electricity is about 1.36 MWh/tCO2 captured. Power use is dominated by 

steam generation via the electric boiler (81% of the total), with auxiliaries for fans and pumps 

contributing 13%, and CO₂ compression accounting for the remaining 6%. For the design case 

(17.58 t/hr CO₂ capture), this corresponds to approximately 19.7 MW for steam, 3.2 MW for 

auxiliaries, and 1.6 MW for compression. 

Table B-3. Calculated power consumed for the amine-based CO2 capture. 

Parameter Value Unit  Fraction 

Fan 1 497 KW 

Auxiliary: 

3162.2 KW 
13% 

Fan 2 571 KW 

Pump 1 17.6 KW 

Pump 2 9.8 KW 

Fan for air cooler 1 1760 KW 

Fan for air cooler 2 268 KW 

Fan for air cooler 3 9.7 KW 

Fan for air cooler 4 9.7 KW 

Fan for air cooler 5 9.7 KW 

Fan for air cooler 6 9.7 KW 

Compressor 1 390 KW 

Compression:1560 

KW 
6% 

Compressor 2 390 KW 

Compressor 3 390 KW 

Compressor 4 390 KW 

Electric boiler for steam generation 19704 KW Steam: 19704 KW 81% 

Steam consumption 1.5 t steam/t CO2   

Total electric power input in CO2 capture 24426 KW   

Total electric power input in CO2 capture 1.39 MWh/t CO2   
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         Table B-4 summarises the economic assumptions and calculation of cost of CO2 capture 

and compression used for the amine-based CO₂ capture analysis.  

Table B-4. Economic analysis assumptions used for economic analysis of the amine-based CO2 capture. 

Parameter Value References 

Capital cost, million US$/(t/hr CO2 capture) 3 [1] 

Capital cost, million US$ 52.7  
Capital cost, US$/t CO2 46.8  

Renewable electricity price, US$/MWh 70 [14] 

Interest rate  10%  
Service lifer, years 15  

Maintenance fee per year 3% of capital   
Cost of CO2 capture and compression, US$/tCO2 144.1  

CO2 transport and storage cost, US$/tCO2 19-51 [15] 

 

Table B-5. Sensitivity analysis for CCS cost (CO2 capture, compression, transport and storage). 

Parameter Value References 

Electricity price, US$/MWh 30-100  

Interest rate  10%  

Service lifer, years 15  

Maintenance fee per year 3% of capital   
Cost of CO2 capture and compression, US$/tCO2 88.5-185.8  

CO2 transport and storage cost, US$/tCO2 35 [15] 

Cost of CCS, US$/tCO2 123.5-220.8  
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Preface 

Steam generation for the Bayer circuit usage accounts for 60-70% of the total energy 

consumption and CO₂ emissions in the Bayer process. Recovering steam from the calcination 

process presents a promising opportunity to improve overall energy efficiency and reduce 

emissions. However, challenges such as fine particle contamination and flue gas dilution could 

be a barrier for steam recovery from the calciner circuit technically complex. 

Chapter 3 focus on calcination, investigating three calcination scenarios: natural gas/air, 

hydrogen/air, and hydrogen in oxy-steam, highlighting the potential for high-concentration 

steam recovery from steam-based calcination and the limitations caused by flue gas dilution in 

air-based combustion. Chapter 4 addresses the technical barriers in steam recovery by 

evaluating the feasibility of integrated steam cleaning, diluted-gas separation and recovery 

from various calcination pathways, with  Chapter 3 providing the exit flue gas composition 

data. Supplementary Appendix for Chapter 4 provides data for fully electrified calcination to 

support the analysis. This material is placed in the final section of the thesis due to its length 

and its role as supplementary, preliminary work. 

Highlights of this work include: 

• The integrated venturi scrubber is estimated to reduce solid concertation in steam below 

2.9 mg/Nm3. 

• Steam recovery from various calcination pathways supplies 27-43% of the refinery’s 

total steam demand. 

• Integrating steam recovery with existing gas boilers reduces the energy consumption in 

supplying steam by 21-36%. 

• Steam recovery integration improves the economic viability of conventional natural-

gas steam generation when CO₂ capture and storage costs are included. 
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A B S T R A C T

This study evaluates the techno-economic viability of integrated steam recovery from various alumina calcina
tion pathways. A novel recovery flowsheet is developed to enable fine particle removal prior to mechanical 
vapour recompression (MVR) system, allowing efficient recovery of both diluted and high-concentration steam. 
Four scenarios were evaluated: recovery of diluted steam from either natural gas/air or H2/air combustion 
(Scenarios 1 and 2), and recovery of high-concentration steam from either fully electrified calcination (Scenario 
3) or H2 in oxygen-steam (oxy-steam) combustion (Scenario 4). All the scenarios were modelled in Aspen Plus to 
assess technical performance, and economic feasibility. Scenario 4 achieves the highest recovery rate at 0.86 
tsteam/tAl2O3, followed by 0.64 tsteam/tAl2O3 for Scenario 3 and 0.54–0.55 tsteam/tAl2O3 for Scenarios 1 and 2. High- 
concentration steam recovery is more energy efficient, requiring 0.54 GJ/tsteam of electricity (9% for particle 
removal, 91% for compression) compared with 0.71 GJ/tsteam (5% for gas separation, 95% for compression) for 
diluted steam from air-based calcination. Integrating steam recovery from calcination with existing natural gas 
boilers (the “A” Scenarios) reduces steam-generation energy use by 21–36% and CO2 emissions by 27–43% 
relative to a baseline of 6.63 GJ/tAl2O3. Replacing natural gas boilers with electric boilers (the “B” Scenarios) 
enables zero direct on-site emissions from steam supply and delivers an additional 15% reduction in energy 
consumption. Economically, Scenario 4A achieves the greatest benefit, lowering the levelised cost of deca
rbonised steam (LCOSB) by 26% compared with natural gas boilers with carbon capture and storage cost. Overall, 
the results demonstrate that integrating steam recovery enables substantial improvements in energy efficiency 
and CO₂ reduction, with high-concentration steam recovery provides superior thermodynamic and economic 
performance over conventional air-based systems.

1. Introduction

The industrial sector is a major contributor to global greenhouse gas 
emissions, with energy- and carbon-intensive industries such as cement, 
steel, aluminium and alumina refining playing a significant role [1–4]. 
In Australia, alumina refining alone accounts for approximately 24% of 
scope-1 manufacturing emissions and around 3% of national greenhouse 
gas emissions [5–7], with a typical carbon intensity of 0.68 tCO2/tAl2O3 
[8]. Decarbonising alumina refining is therefore critical to advancing 
broader sustainable industrial production objectives [4,9,10]. Within 
the Bayer process, steam generation supplied by fossil-fuel-based boilers 
represents a dominant source of both energy consumption and CO₂ 

emissions, accounting for approximately 60–70% of the total process 
energy demand [11]. Consequently, decarbonising steam generation is a 
key lever for reducing the overall carbon footprint of alumina produc
tion. However, the direct substitution of fossil fuels with low-carbon 
energy sources alone may increase production costs, highlighting the 
need for alternative approaches. Accordingly, new analyses of innova
tive process configurations are required that can simultaneously 
improve process efficiency, reduce emissions, and enhance the economic 
viability of net-zero alumina production.

The Bayer circuit employs steam at high temperature and pressure to 
dissolve the alumina hydrate from the ore with a caustic soda solution 
and precipitate it in a pure form, thereby separating it from the 
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impurities [12]. The magnitude of the temperature and pressure, 
together with the details of the process design, depend on the properties 
of the bauxite, but are typically divided into a higher temperature range 
for boehmite and a lower temperature range for bauxite options [13]. 
For digestion of gibbsite-rich bauxite, the pressure and temperature 
typically range from 6 to 8 bar and 175 ◦C to 230 ◦C [14]. This steam 
consumption is typically 6–7 GJ/tAl2O3, derived from natural gas fossil- 
fuel fired boilers [15,16]. The calcination step, which is another energy- 
intensive step, produces steam originating from gibbsite dehydrox
ylation and fuel combustion. However, this steam is currently vented to 
atmosphere due to its high dilution with N2 and CO2 [14]. Recovering 
this steam for digestion reuse could potentially reduce the steam gen
eration from natural gas boilers, thereby reducing fossil fuels con
sumption. Hence, the present study aims to assess the viability of 
recovering steam from calcination for a typical lower-temperature Bayer 
circuit, with a view to significantly reducing both CO2 emissions and 
energy consumption for the steam generation.

The calcination process converts gibbsite to smelter-grade alumina 
(SGA), releasing chemically-bound steam at approximately 0.7 tsteam/ 
tAl2O3, with an associated latent energy of approximately 1.7 GJ/tAl2O3 
[17]. Liu [18] presented the potential to utilise this waste heat to heat 
water via heat exchanger, saving hot water usage, for example in 
product washing or steam generation. However, no detailed quantitative 
results were provided to estimate the associated energy reduction. Yu 
et al. [19] similarly identified that alumina calciner stack off-gas poses 
itself as a potential for heat and water recovery. Chatfield [20] proposed 
utilising the off-gas as a steam recovery source, separating steam from 
N2 and CO2 using a scrubber. Chatfield [20] proposed utilising the off- 
gas as a steam recovery source, separating steam from N2 and CO2 
using a scrubber. In this approach, steam is first condensed from the flue 
gas and then re-evaporated to low-pressure steam, followed by me
chanical vapour recompression (MVR) to recover and recompress the 
steam. However, no detailed assessment of the performance of this 
proposed method has been reported such as the quantity or properties of 
the recoverable steam from the calciner, thermal energy losses during 
the condensation or the required electric power input needed for its 
recovery. Hence one aim of the present investigation is to evaluate this 
performance.

From the replacement of natural gas/air combustion to alternative 
net-zero energy sources such as the combustion hydrogen in oxy-steam 
or electric calcination, offers the potential to significantly increase the 
viability of steam recovery, as both options avoid dilution with N2 
[14,21]. These approaches have been proposed as key decarbonisation 
strategies in calcination, enabling net-zero calcination when renewable 
hydrogen or electricity is used. However, although the two options can 
yield 0.6–0.8 tsteam/tAl2O3 of high-concentration steam (>99.5% con
centration), the presence of fine particles entrained in the exit steam 
poses a significant additional challenge. Although existing particulate 
control systems, such as electrostatic precipitators (ESP) and baghouses 
can achieve ~99% removal efficiency for particles larger than 2 μm 
[22,23], typically reducing solid concentrations to below 50 mg/Nm3 

(29–41 mg/Nm3) [24–28], this is insufficient for use in MVR system. 
Fine particles can negatively impact the performance and potentially 
damage the MVR system used in subsequent steam compression [29], so 
that a highly efficient fine particle removal system is necessary. To date, 
no integrated steam cleaning and recovery concept has been proposed. 
Hence, further objectives of the present investigation are to propose and 
evaluate such a configuration for both the use of electric calcination and 
for the combustion of hydrogen and oxygen.

Venturi scrubbers are known to be able to achieve a high removal 
efficiency of fine particles smaller than 2.5 μm and also to operate 
effectively in steam-rich environments [30–32]. Ali et al., [33] report 
that the collection efficiency of venturi scrubbers is a function of many 
variables, such as the particle size, pressure drop. Performance curves 
[34–36] indicate that they achieve significantly higher particle removal 
efficiency at a pressure drop of 20 kPa compared to 2.5 kPa, especially 

for fine particles under 0.1–1 μm diameter [37]. However, despite many 
studies evaluating the performance of venturi scrubbers varying the 
particle diameter and pressure drops [38–40], no previous study has 
been conducted on the particle removal efficiency of venturi scrubber 
when integrated into a steam recovery process for steam cleaning. 
Therefore, a further aim is to investigate the particle removal efficiency 
of an integrated venturi scrubber under different particle size distribu
tions, pressure drops, and solid concentrations in the outlet gases from 
alumina calcination in either H2 combustion in oxy-steam or electric 
calcination, with the goal of achieving high purity steam stream.

The Bayer circuit consumes approximately 2 tsteam/tAl2O3 [14]. 
Implementing steam recovery from calcination has the potential to 
offset a substantial portion of the steam demand from natural gas boilers 
[20,41]. For carbon mitigation in steam supply, direct replacement of 
fossil-fuel boilers with electric boilers is another straightforward 
pathway [14,42–44]. At present, there is a lack of detailed economic 
assessments comparing alternative steam supply strategies for the Bayer 
circuit against conventional operation. Such analysis is essential to 
compare the economic viability of steam recovery systems. Accordingly, 
the present study aims to meet this need, evaluating the cost competi
tiveness of various steam supply scenarios including the capital and 
operating cost.

In light of the identified knowledge gaps, the objectives of the pre
sent study are as follows: 

1. To develop and evaluate a steam cleaning and recovery flowsheet 
capable of fine particle removal and steam compression, while 
recovering high-purity steam from H2 in oxy-steam combustion or 
electric calcination pathways.

2. To assess the influence of pressure-drop and particle size distribution 
on fine particle removal efficiency in an integrated venturi scrubber 
within the steam recovery configuration.

3. To compare steam recovery performance from alternative calcina
tion processes spanning diluted steam from air-combustion calcina
tion and high-concentration steam from oxy-steam and electric 
calcination, with regard to the amount of net recoverable steam, 
enthalpy changes, and energy penalties associated with gas separa
tion and cleaning.

4. To evaluate the techno-economic viability of integrating steam re
covery from prospective net-zero calcination configurations 
compared with a reference natural-gas-fired process, and to estimate 
the break-even price of renewable electricity price for a range of 
scenarios.

2. Methodology

2.1. Alumina air-based and steam-based calcination

Fig. 1 illustrates the current flash calcination flowsheet [45], which 
comprises two preheating stages, a main calcination stage, and a cooling 
stage. Gibbsite containing free moisture is preheated sequentially in 
Cyclones 1 and 2 before entering the main furnace, where calcination 
occurs at high temperature. The discharged hot alumina is then 
conveyed to air-cooling cyclones, in which its sensible heat is recovered 
to preheat the injected air. Final cooling is achieved in a fluidised-bed 
water cooler, reducing the alumina temperature to approximately 
75 ◦C. A particulate control system, such as a baghouse or electrostatic 
precipitator (ESP), is employed to limit solid emissions prior to releasing 
the exhaust gas from Cyclone 1 to the atmosphere. Fig. 2 shows the novel 
calcination process design [21] that can operate via either hydrogen 
combustion in an oxy-steam environment or fully electric heating. This 
configuration enables net-zero calcination when renewable energy is 
available and incorporates integrated steam recovery, using recirculated 
superheated steam as the carrier gas for solids transport through the 
calciner. The simplified diagram only depicts the preheating and cooling 
cyclones as single units. The various calcination scenarios, natural gas/ 
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air combustion, H2/air combustion, H2 in oxy-steam combustion and 
fully electrified calcination for 120 t/h alumina capacity were simulated 
and calculated using Aspen Plus [46].

2.2. Solids concentration in exit gases

The entrained solids concentration at the exit gases after the ESP/ 
baghouse (Fig. 1) is assumed to range from 20 to 50 mg/Nm3, with a 
lognormal distribution shown in Eq. (1), representing the particle size 
distribution by varying the natural logarithm of mean particle size (μ) 
from − 1 to − 2 and a standard deviation (σ) from 0.5 to 1. This is based 
on current design practice in which particle control systems limit solid 
emissions below 50 mg/Nm3 [24], or between 5 and 30 mg/Nm3 

[27,28], together with operating data from an Australian alumina plant 
with emissions in the range of 29–41 mg/Nm3 [24]. Baghouses typically 
achieve nearly 100% particles removal larger than 2 μm [26], but effi
ciency drops for particles smaller than 1 μm. Similarly, ESP shows 
declined performance for particles in the 0.2–1 μm range [22,23]. 
Therefore, this study assumes the particle size distribution of the solids 
leaving the baghouse ranging from 0.01 to 2 μm, as described by Eq. (1). 

f(x) =
1

xσ
̅̅̅̅̅̅
2π

√ e−
(lnx− μ)2

2σ2 (1) 

2.3. Steam recovery flowsheets

2.3.1. Integrated spray tower with steam compression process
Fig. 3 presents the integrated gas separation and steam recovery 

process for recovering diluted steam from an air combustion calciner 
circuit, which was adapted from previous work [20]. The ESP/baghouse 
exit gases are first directed by a fan to a spray tower, where cooling 
water is sprayed from the top and flows counter-currently to the upward 

gas stream. This enables heat transfer and condensation of water vapour, 
which is collected at the bottom of the tower. The condensate then 
passes through a series of filters to remove solids before being pumped to 
flash tanks. These filters are removable for cleaning and replacement, 
with a pressure drop of 0.4 kPa across the filters [48,49]. After that, a 
portion of warm water is evaporated to low-pressure steam in three flash 
tanks, with a multi-stage MVR system extracting and compressing the 
steam to 8 bar and 200 ◦C. To maintain continuous operation, the pro
cess water is cooled to 40 ◦C in a cooling tower and recirculated to the 
spray tower, while a recirculation tank automatically supplies make-up 
water as needed.

Table 1 presents the operating conditions of the spray tower used in 
this study. Two towers were assumed to operate in parallel to cool ESP/ 
baghouse exit gas flow rates of 87–90 m3/s, as current towers have an 
operating limit of 47 m3/s [35]. The inlet spray water is set at 40 ◦C and 
the rate is assumed be 2.7 kg per cubic meter of inlet gas [50]. The 
pressure drop across the tower was calculated to be 0.04 bar, with step- 
by-step calculation attached in Appendix A, including the diameter, 
height and capital investment of spray tower.

Table 2 summarises some key operating parameters of the cooling 
towers assumed to cool water to 40 ◦C as shown in Figs. 2 and 3, 
including the cooling range, inlet ambient air temperature, and fan 
power required to drive the airflow. A forced draft cooling tower was 
assumed [51,52], with centrifugal fans introducing air into the cooling 
tower at a typical stack pressure of 0.4 kPa [51–53]. In operation, warm 
water is sprayed downward while air is forced upward, enabling 
counter-current contact. A portion of the water evaporates, transferring 
energy to the steam, while the remaining cooled water is collected at the 
bottom for reuse. Evaporation occurs due to the vapour pressure dif
ference between the water surface and the air, raising the relative hu
midity of the air and result in water losses, which needs to be 
compensated by make-up water.

Fig. 1. The conventional flash calciner flowsheet under natural gas/air combustion.
(Modified from previous work [47]).
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The inlet temperature of air is determined by ambient conditions, 
which was assumed to be 20.5 ◦C under and 40% relative humidity. The 
heat exchange between air and water was calculated using Eq. (2) [51], 
where the heat dissipated from the water equals to the heat gained by 
the air. 

L⋅Cp(water)⋅Cooling range = G⋅(h2 − h1) (2) 

Here, L is the water mass flow rate, Cp is the specific heat of water, 
and the cooling range is the inlet-outlet water temperature difference. G 
is the air mass flow rate, determined by liquid to gas ratio (L/G), 

Fig. 2. The process flowsheet to achieve steam recovery from calcination with energy sources (H2 in oxy-steam combustion or electricity) with recirculated steam as 
carrier gas.

Calciner
exit gas

Spray
Tower 

Flash tanks

Desuperheat water

Multi-stage MVR system

Fan

0.27 bar
0.40 bar

0.58 bar
Recirculation

Tank

Non-condensable 
gas

Cooling
Tower

8 bar/
200ºC

Pump

Filters1

2
345

6
7

8

9 13
Absolute pressure, bar

Liquid
Gas

Fig. 3. The steam recovery flowsheet comprising a spray tower, flash tanks and mechanical vapour recompression (MVR) train.
(Adapted from previous work [20]).

Table 1 
Assumed operating conditions of spray towers.

Calcination pathways Natural gas/air or H2/air

Inlet gas volumetric limit [35,50] m3/s 47
Scrubber liquid Water
Scrubber water temperature assumed ◦C 40 ◦C
Liquid to gas ratio [50] kg/m3 2.7
Total spray water amount kg/s 234
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assumed to be 0.8 kg/kg to ensure effective contact [54,55]. The values 
of h2 and h1 are the inlet and outlet specific enthalpies of the air (dry air 
plus water vapour), obtained from the psychrometric chart at the 
specified temperature and relative humidity [52]. The outlet air is 
assumed to be saturated (100% RH).

2.3.2. Venturi scrubber and steam compression
Fig. 4 presents the integrated venturi scrubber and steam compres

sion process that was developed to achieve high purity. A portion of 
superheat steam is recirculated back to the calciner circuit of the elec
trified or the H2 in oxy-steam combustion to transport solids and 
maintain volumetric flow rates comparable to those in natural gas/air 
calcination. The required recirculated steam flow rates are approxi
mately 84 t/h and 60 t/h for electrified and oxy-steam calciner, 
respectively. A blower is employed to overcome the pressure drop across 
the calcination process, compressing the stream to 1.1 bar [53,56,57]. 
Before entering the venturi scrubber, desuperheat water is injected to 
cool the steam to near saturation. An induced-draft fan is used to 
overcome the pressure drop across the scrubber. Spray water is intro
duced at the throat, where high gas velocity and turbulence enhance 

droplet-particle interactions, achieving over 50% capture efficiency for 
submicron particles. The particle-laden condensate collects at the bot
tom, where it is filtered to remove solids, cooled in a cooling tower, and 
recirculated via a storage tank with make-up water added to compensate 
for losses. The cleaned steam exits the scrubber and passes through a 
four-stage MVR system, where its pressure and temperature are 
increased to 8 bar and 200 ◦C.

The separation efficiency of the venturi scrubber was calculated as a 
function of particle size distribution, expressed as the cumulative 
collection efficiency for each particle size range in Eq. (3). Here, η is the 
overall separation efficiency, ηi is the fractional separation efficiency for 
ith particle diameter range, mi is mass fraction of ith particle diameter 
range, and i is the number of particle diameter ranges. The solid sepa
ration efficiency of particles in the 0.1–10 μm diameter range at venturi 
pressure drops between 2.5 and 20 kPa was reported by previous study 
[34–36]. Table 3 presents the operating condition of the venturi 
scrubber assumed, including spray water quantity and pressure drop. 

η =
∑i

0
ηi⋅mi [58] (3) 

2.4. Steam recovery scenarios

Table 4 presents various scenarios for steam recovery and supply to 
the Bayer circuit. The reference case represents conventional steam 
generation method, relying solely on natural gas-fired boilers to 
generate 2 tsteam/tAl2O3 steam [20,46]. The electric boiler case repre
sents direct transition from natural gas boilers without steam recovery. 
Scenarios 1–4 examine alternative steam recovery options from calci
nation. Each is modelled in two sub-scenarios: “A” uses natural gas 
boilers to supply any steam shortfall, while “B” uses electric boilers. The 
scenarios explore different fuel combinations such as natural gas, elec
tricity or both to assess their impact on CO2 emissions and total energy 

Table 2 
The key operating conditions for the cooling towers.

Calcination pathways Natural gas/air or H2/air Fully electrified or H2 in 
oxy-steam

Cooling water rate (kg/s) 242.5 34.5
Liquid to gas ratio (kg/ 

kg) [55] 0.8 0.8

Inlet water temperature 
(◦C) 67 100

Outlet water temperature 
(◦C)

40 40

Air inlet condition 20.5 ◦C (under 40% RH, 1.013 bar), moisture content 
(0.011 kg H2O/kg air)

Air inlet enthalpy (kJ/kg) 62 kJ/kg
Air inlet wet-bulb 

temperature 30 ◦C (100% RH)

Cooling range (◦C) 27 60
Air mass flow rate (kg/s) 303 43
Air outlet enthalpy (kJ/ 

kg)
153 270

Air outlet wet-bulb 
temperature (◦C)

38 ◦C (100% RH) 
Moisture content (0.044 
kg H2O/kg air)

50 ◦C (100% RH) 
Moisture content (0.086 
kg H2O/kg air)

Evaporation rate (kg/s) 10 3.2
Fan power (kW) 144 21
Fan efficiency assumed 

[36]
70% 70%

Calciner
circuit

Venturi
Scrubber

Spray water
(40 C)

Desuperheat water

Desuperheat water

Fan

Pump 1

Filters

Blower
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Fig. 4. Integrated venturi scrubber for steam cleaning with steam recovery flowsheet for calcination in high-concentration steam.

Table 3 
Operating conditions of the venturi scrubber.

Calcination pathways Fully 
electrified

H2 in oxy- 
steam

Spray water temperature assumed ◦C 40 ◦C
Spray water to gas ratio [59] kg/ 

m3
0.67

Inlet gas volume of venturi scrubber m3/s 38 46
Spray water mass flow rate kg/s 25 31
Gas pressure drop kPa 2.5–20
Spray nozzle pressure [59] bar 2.4
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consumption in steam supply.

2.5. Process simulation

The steam recovery flowsheets shown in Figs. 3 and 4 were modelled 
within the Aspen Plus to analyse industrial process mass and energy 
balances and support system-level optimisation [60]. An overview of 
flowsheet model parameters is provided in Table 5. The electric power 
for fan operation was calculated by Eq. (4), where Qg is the gas volume 
flow rate (m3/s), ΔP is the pressure difference (Pa), and η is the overall 
efficiency. The pump power for the liquid circuit was calculated using 
Eq. (5), where L is the liquid flow (m3/s), ρL is the density of the fluid 

(kg/m3), ΔP is the pressure difference. The number of compression 
stages and inter-stage pressure ratios in the MVR system were selected to 
balance the compressor operability. For a given total pressure lift, 
distributing compression across multiple stages reduces the per-stage 
pressure ratio and discharge temperatures. The per-stage compression 
ratio was limited to 1.76, in line with reported operating constraints for 
industrial MVR compressors [61–64]. In the diluted steam case, the first 
and second compressors provide the required vacuum for the flash 
tanks, operating at compression ratios of 1.48 and 1.45, respectively. 
Owing to the low inlet vapour pressure, a 7-stage MVR configuration 
was adopted. In contrast, the high-concentration steam case enters the 
compressor at a higher pressure and requires a smaller total pressure lift. 
A 4-stage configuration with similar per-stage pressure ratios was suf
ficient (Table 5).

2.6. Economic analysis

2.6.1. Capital cost estimation for steam recovery
The factor estimation method was used to estimate the total capital 

investment based on the purchased equipment cost. Table 6 presents the 
breakdown of factor values, provided in consultation with Worley in 
Australia, with an inherent uncertainty of approxiately ±30%. The 
breakdown of direct and indirect costs was estimated using purchased 
equipment cost as the baseline. Costs for major equipment items 
including MVR compressors, electric boilers, flash tanks, and cooling 
towers were estimated using published data from the open literature and 
adjusted to US$ (2024) by the Chemical Engineering Plant Cost Index 
(CEPCI). Tables C-3 to C-7 in the supporting documents (Appendix C) 
summarise the cost estimates for major equipment. The total capital 
investment (TCI) method was used to estimate the costs for the spray 
towers and venturi scrubber, following previous work [36,58], 
including the auxiliary costs for pumps and fans attached in Appendices 
A and B.

2.6.2. Operating cost

2.6.2.1. Levelised cost of decarbonised steam supply for the Bayer circuit.
The alumina refinery is assumed to produce 120 t/h alumina, requiring 
240 t/h steam supply the Bayer circuit at a consumption rate of 2 tsteam/ 
tAl2O3 [14]. The levelised cost of decarbonised steam supply for Bayer 
circuit, LCOSB, was calculated using Eq. (6). To ensure that the com
parison is performed for an equivalent the decarbonised scenario, a cost 
of CO2 capture, compression, transport and storage (CCS) was included 

Table 4 
Steam recovery and supply scenarios to the Bayer circuit.

Steam recovery from various 
calcination pathways

Boilers for supplementary steam generation

Reference Scenarios Natural gas boiler with CCS
Electric boilers

Scenario 1: Natural gas/air

Scenario 1A: steam recovery (Scenario 1) +
natural gas boiler (with CCS) back up
Scenario 1B: steam recovery (Scenario 1) +
electric boiler back up

Scenario 2: H2/air Scenario 2A
Scenario 2B

Scenario 3: Fully electrified Scenario 3A
Scenario 3B

Scenario 4: H2 in oxy-steam
Scenario 4A
Scenario 4B

Table 5 
The inputs and assumptions for the process model for steam recovery (Figs. 3 
and 4).

Unit Process input and assumptions References

Natural gas 
boiler

• Steam output at 200 ◦C and 8 bar.
• Efficiency of 82%.
• Inlet water temperature of 40 ◦C. [64–66]

Electric 
boiler

• Efficiency of is 98%.
• Inlet water temperature of 40 ◦C. [67,68]

Fans

• Assumed efficiency of 70%, accounting for both 
mechanical and motor efficiencies.

• Formula: Efan =

(
Qg

)
× ΔP × 10− 3

η (4) [36,64,69]

Pumps

• Pumps with assumed the efficiency of 70%, 
accounting for both flow and mechanical losses.

• Formula: Epumps =
L*ΔP × 10− 3

η (5) [64,70]

Spray tower
•A two-outlet flash block at 1.06 bar with operating 
condition shown in Table 2. [36,64]

Flash tanks
•Three by two-outlet flash blocks operated at 0.58, 
0.4, and 0.27 bar. [20]

MVR system

• Desuperheat water is injected at each stage.
• 7-stage MVR from 0.27 bar to 8.2 bar.
• Isentropic efficiency of compressors of 76%.
• Pressure ratio of stage 1: 1.48
• Pressure ratio of stage 2: 1.45
• Pressure ratio of stages 3–5: 1.76 for each stage
• Pressure ratio of stage 6: 1.68
• Pressure ratio of stage 7: 1.55 [61–64]

Venturi 
scrubber

•A two-outlet flash block operated at 1.1 bar with 
operating condition shown in Table 4.

Blower

• A compressor with an outlet pressure of 1.1 bar.
• Assumed overall blower efficiency of 70%, 

accounting for both mechanical and motor 
efficiencies.

[36,69]

MVR system

• 4-stage MVR from 1.1 bar to 8.2 bar.
• Pressure ratio of stages 1–2: 1.76 for each stage.
• Pressure ratio of stage 3: 1.7
• Pressure ratio of stage 4: 1.42 [61–64]

Table 6 
Ratio factors used to estimate the total capital investment for installation of the 
steam recovery system.

Parameters Assumed factor number

Direct cost (DC)
Purchased main equipment A
Purchased-equipment installed A*f
Earthworks 0.01 A
Concrete 0.05 A
Structural 0.20 A
Insulation 0.03 A
Tanks & Platework 0.04 A
Piping 0.47 A
Electrical Equipment 0.33 A
Instrumentation 0.021 A
Total direct costs (1.16 þ f)A

Indirect cost (IDC)
Project Development allowance 0.06 A
EPCM 0.78 A
Contingency 0.98 A
Total indirect costs 1.82 A
Total capital investment (TCI) (2.98 + f) A
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for the use of natural gas. The base cost of CCS was calculated to be 179 
US$/tCO2 captured at an electricity price of 70 US$/MWh. This value 
comprises 144.1 US$/tCO2 for capture and compression, as calculated in 
Appendix D, and an additional 35 US$/tCO2 for transport and storage of 
compressed CO₂, based on the study by Allinson et al. [71], who esti
mated CO2 transport and storage costs in the South-West region of 
Australia. A sensitivity analysis of CCS cost was conducted for electricity 
prices ranging from 30 to 120 US$/MWh, yielding a CCS cost range of 
124–249 US$/tCO2. This range is broadly in line with the literature, with 
the cost of CO2 capture cost ranging from 65 to 201 US$/tCO2 [72,73].

The LCOSB was calculated as the cost of supplying steam only, 
excluding differences in calcination process costs associated with natu
ral gas, hydrogen, or electricity. The capital and operating costs of the 
calcination process (hydrogen oxy-steam calcination, natural gas/air or 
hydrogen/air calcination, and fully electrified calcination) were not 
included, as these technologies are at different stages of development 
and their costs are highly site-specific and therefore fall beyond the 
boundary of this study. Nevertheless, the results provide useful inputs 
for future integrated techno-economic assessments of low-carbon 
alumina refining (Table 7). 

LCOSB =

∑n
t=1

TCIt+Mt+Gt+Ct+Et
(1+r)t

∑n
t=1

At
(1+r)t

(6) 

2.6.2.2. Renewable electricity price assumption. The reference value for 
the average price of renewable electricity was assumed to be 70 US 
$/MWh, consistent with modelling by Andrew et al. [74] for a 100% 
renewable electricity supply in the Australian market. A sensitivity 
analysis was then carried out to examine the impact of electricity price 
over the range 30 to 120 US$/MWh. This spans the global range of 2023 
levelised cost of electricity (LCOE) for sources spanning onshore wind, 
concentrated solar power, offshore wind, bioenergy, geothermal, hy
dropower, and standalone solar photovoltaic [75].

2.6.2.3. Natural gas price. Natural gas price sensitivity was assessed 
using 2019–2023 averages for the United States, United Kingdom, 
Australia, and the Netherlands, ranging from 3.3 US$/GJ to 13.9 US 
$/GJ [76,77]. The average Australian price of 7.5 US$/GJ over this 
period is taken as the reference value in this study.

3. Results and discussion

3.1.1. Exit gases from calcination pathways
Table 8 presents the composition, temperature, pressure, flow-rate of 

the exit gases from the calciner, which provide a comparative basis for 
evaluating the steam recovery potential of each calcination scenario. For 
combustion with natural gas/air and H2/air calcination, N2 constitutes 
nearly half of the exhaust flue gas, with a dilution level of approximately 
47%. For steam calcination under fully electrified and H2 in oxy-steam 
combustion, high-concentration steam is generated.

3.1.2. Calculated particle removal efficiency of the integrated venturi 
scrubber

Fig. 5(a)–(d) presents the calculated particle removal efficiency of 
the integrated venturi scrubber and the outlet solid concentration for 
various particle size distribution (PSD) and inlet solid concentrations. In 
general, at a higher steam stream pressure drop of 20 kPa, the estimated 
efficiency exceeds 94%, reducing the outlet solid concentration to 
1.2–2.9 mg/Nm3. Fig. 4(a) and (b) presents the probability distribution 
and cumulative fraction of particle sizes for − 1 < μ < − 2 and 
0.5 < σ < 1. For μ = − 2 and σ = 0.5, the PSD spans between 0.01 μm and 
0.5 μm, indicating a narrow range of fine particles. Fig. 3(c) and (d) 
shows the effects of pressure drops and PSD on the calculated solid 
removal efficiency and outlet solid concentration. For a spray pressure 
drop of 2.5 kPa, the calculated efficiency decreases significantly from 
87% to 18% as the log mean particle size μ decreases from 0 to − 2. This 
reduction is due to the low removal efficiency (<10%) of submicron 
particles (0.1–1 μm) under low-pressure conditions [78]. The resulting 
outlet solid concentration ranges from 16 to 40 mg/Nm3, exceeding the 
recommended threshold of <5 mg/Nm3, or even lower based on internal 
discussions with MVR manufacturers [79]. However, with a higher 
steam stream pressure drop of 20 kPa, the separation efficiency consis
tently high at 94–100% for all PSD's, to achieve outlet solids concen
trations of 1.2 and 2.9 mg/Nm3. This highlights the need for higher 
pressure drops of the gaseous stream in integrated venturi scrubber to 
maintain good separation efficiency for fine particles, despite the higher 
fan energy required to overcome it.

3.2. Energy consumption for steam recovery

3.2.1. Enthalpy change in steam recovery processes
Fig. 6 presents the enthalpy changes in recovering diluted from both 

the case of air-combusted calcination and from the high-concentration 
steam from H2 in oxy-steam or electrified calcination, highlighting the 
differences in two steam recovery processes. The use of high- 
concentration steam avoids unnecessary condensation and re- 
evaporation steps in diluted steam recovery, thereby avoiding 
enthalpy loss and greatly lowering energy demand. It thereby also 
greatly reduces the number of stages in the process.

The initial enthalpy of diluted steam from natural gas/air and H2/air 
calcination is calculated to be 1320–1457 kJ/kg, which is much lower 
than the 2810 kJ/kg of high-concentration steam. In the diluted steam 
case, condensation in the spray tower reduces enthalpy to ~420 kJ/kg 
and temperature to 102 ◦C. This condensation is necessary for re- 
evaporation and subsequent compression but results in additional en
ergy losses, as discussed in Section 3.2.2. Re-evaporation of low-pressure 
steam from three flash tanks results in lower steam pressure and tem
perature compared with high-concentration steam, thereby increasing 

Table 7 
Assumptions for the levelised cost of decarbonised steam supply for the Bayer 
circuit.

TCI (investment expenditures in year t) The construction is within 1 year

Mt , Operating and maintenance 
expenditures in year t

3% of TCI

Gt ,Cost in natural gas in year t 7.5 US$/GJ gas price
Ct ,Cost of CO2 capture and storage in 

year t
179 US$/CO2

Et ,Cost of renewable electricity in year t 70 US$/MWh

At ,Alumina production in year t
With 90% operating time per year, 120 t 
Al2O3/h capacity

r, Discount rate 10%
n, Life of the system 15

Table 8 
The calculated properties of the exit gases from the calciner for the four calci
nation scenarios, based on 120 t/h Al2O3 capacity.

Calcination pathways Natural 
gas/air

H2/air Fully 
electrified

H2 in oxy- 
steam

Gas volume m3/s 87 90 85 85
Temperature ◦C 165 165 176 167
Pressure 

(absolute)
bar 1.06 1.06 1.06 1.06

Gas components (mass fraction)
N2 % 46.9% 47.9% 0% 0%
CO2 % 9.3% 0% 0% 0%
O2 % 1.1% 4.2% 0% 0.8%
H2O % 42.8% 47.9% 100.0% 99.2%
Total gas flow t/h 210 205 159 163

Density of gas
kg/ 
m3 0.67 0.64 0.52 0.53
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Fig. 5. The calculated performance of the venturi scrubber system for the various scenarios showing (a) particle size probability distributions; (b) particle size 
cumulative fraction curves; (c) the effects of PSD and pressure drops of steam stream on the calculated particle removal efficiency; (d) the corresponding calculated 
outlet solids concentration.

Fig. 6. Enthalpy changes in recovering steam for both the diluted gases from air-combusted calcination and for the high-concentration steam from H2 in oxy-steam or 
electrified calcination, showing data on both (a): Enthalpy-Pressure(h-p) diagram, (b): Enthalpy-Temperature(h-T) diagram. Refer to Figs. 2 and 3 for the corre
sponding locations in the cycle diagrams for the states shown here.
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the compression ratio and requiring more MVR stages. Consequently, a 
7-stage MVR system is needed to compress the steam to 8 bar and 
200 ◦C. In contrast, the recovery from high-concentration steam (Sce
narios 3–4) avoids these losses. This system only needs one venturi 
scrubber, instead of the tower and three flash tanks, and achieves the 
pressure with only 4-stages of MVR to achieve the same temperature and 
pressure. In this way it avoids the need for condensation and re- 
evaporation, thereby improving recovery efficiency.

3.2.2. Mass balance and energy flows through steam recovery
Fig. 7 presents the mass flow balance through steam recovery for 

Scenarios 1 and 4. Overall, the recovery of high-concentration steam 
from fully electrified and H2-oxy-steam combustion (Scenarios 3 and 4) 
achieves approximately 94% of the exit steam. For Scenario 4, the total 
steam flow is 162.8 t/h, comprising 62 t/h of recirculated steam and 
100 t/h available for recovery (excluding a small portion of O2). 
Excluding losses in the venturi scrubber, 93.3 t/h of cleaned vapour is 
directed to the MVR system for further compression. In contrast, re
covery of diluted steam from natural gas/air or H2/air calcination ach
ieves a lower recovery rate of 62%, due to losses in the flash vessels. For 
Scenario 1, the flue gas flow contains 90 t/h of steam, of which 55.6 t/h 
is directed to MVR system for further compression.

Fig. 8 presents the calculated flows of energy through the various 
steam recovery processes. Overall, energy losses from condensation in 
flash tanks are much higher in Scenarios 1 and 2, accounting for 43% of 
flue gas energy, compared with 14% in venturi scrubber in Scenarios 3 
and 4, due to greater losses in spray towers and flash tanks than in the 
venturi scrubber. For Scenario 1, the flue gas carries 67.1 MJ/s of en
ergy, of which 1.28 MJ/s is lost to non-recoverable N2 and CO2 in the 
spray tower. The remaining energy is recovered through condensation, 
with the hot water directed to three flash tanks where 37.5 MJ/s of 

energy is evaporated as steam and fed to the MVR system, while 28.8 
MJ/s is lost. Following evaporation step, the MVR system, with a 12.2 
MJ/s electrical power input, compresses this steam, yielding an outlet 
steam with a total energy value of 49.7 MJ/s. In addition, flashing water 
to low-pressure steam increases the overall compression ratio, requiring 
7-stage as noted above. Scenario 2, with H2/air combustion yields a 
slightly higher steam content in the flue gas, resulting in a marginal 
increase in energy output of 50.5 MJ/s.

Scenario 4, which recovers high-concentration steam from H2 in oxy- 
steam combustion, achieves the highest energy recovery, producing 
78.8 MJ/s of outlet steam. A total of 74.2 MJ/s is directed to the venturi 
scrubber for recovery, with a portion recirculated to the calciner circuit, 
about 10% higher than the diluted gas in Scenario 1. Approximately 
10.0 MJ/s is lost due to the condensation in the venturi scrubber. The 
remaining 65.2 MJ/s of steam energy is compressed in a four-stage MVR 
system, requiring 13.6 MJ/s of power. Scenario 3, based on fully elec
trified calcination, achieves a lower net heat recovery of 59.0 MJ/s per 
calciner (120 t/h Al2O3 capacity). As for Scenario 4, it requires steam 
recirculation to the calciner circuit to transport solids and maintain 
volumetric flow rates comparable to those for natural gas/air calcina
tion. As there are no combustion products in fully electrified calcination, 
a greater recirculation volume is required to match gas flow, with esti
mated recirculated steam rates of approximately 84 t/h and 62 t/h for 
Scenarios 3 and 4, respectively. Overall, Scenario 4 achieves the highest 
energy recovery, surpassing Scenarios 1 and 2 by 37% and Scenario 3 by 
25%, though it requires greater power input in MVR system.

3.2.3. Energy consumption and recoverable steam
Fig. 9 presents the energy consumption distribution and recoverable 

steam quantity for the four calcination pathways. Scenario 4 achieves 
the highest recovery at 103 t/h, consistent with the recoverable energy 
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shown in Fig. 6. Its total electric power demand is 15.4 MJ/s, which 
is14–17% higher than Scenarios 1 and 2, and 25% higher than Scenario 
3, driven mainly by the MVR system (13.6 MJ/s). The fans, blower (1.8 
MW) and pumps (0.006 MW) contribute marginally to the energy con
sumption. For Scenarios 1 and 2, about 95% of the total energy is 
consumed by the MVR system, with the remaining 5% required for gas 
separation due to the higher-pressure duty of compressing low-pressure 
evaporated steam. For Scenarios 3 and 4, the MVR system accounts for 
~91% of the total energy use, with fans contributing the remaining 9% 

due to the steam pressure drop of 0.2 bar in the venturi scrubber. Sce
narios 1 and 2 achieve net steam recovery of approximately 65–66 t/h 
per calciner, limited by the flash vessels as discussed above. Scenario 3 
delivers a lower net steam recovery of 77 t/h than Scenario 1, as does not 
generate any combustion products.

Fig. 10 presents the energy consumption required for steam pro
duction or recovery for the four scenarios. In general, recovering high- 
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concentration steam from H2 in oxy-steam combustion and fully elec
trified calcination exhibits significantly higher efficiency, requiring a 
much lower energy input of 0.54 GJ/tsteam. In contrast, recovering 
diluted steam consumes 31% higher energy, requiring energy input of 
0.71 GJ/tsteam. This is because condensation and re-evaporation steps in 
flash tanks and flashing water to low-pressure steam increases overall 
steam compression ratio, as discussed above. In addition, compared to 
steam generation from boilers, steam recovery configurations show 
substantial less energy consumption, conserving 79–84% energy per ton 
of steam relative to natural gas boilers and 75–81% relative to electric 
boilers. With the integration of steam recovery process from calciner, 
the need for boiler-generated steam can be reduced and its impact on 
energy consumption in steam supply for the Bayer circuit is presented in 
Section 3.3.

3.3. Energy consumption in steam supply for the Bayer circuit in 
Scenarios 1A to 4B

Fig. 11(a) presents the recoverable steam and the additional steam 
supplied by boilers for Scenarios 1 to 4. Overall, Scenario 4 recovers 0.86 
tsteam/tAl2O3 from the calciner, enabling the replacement of 43% of 
boiler-generated steam and resulting in a 36% energy reduction 
compared to solely relying on natural gas boilers. For the reference case, 
approximately 6.63 GJ/tAl2O3 is consumed to generate 2 tsteam/tAl2O3 at 
200 ◦C and 8 bar, emitting 0.36 tCO2/tAl2O3 emissions. Scenarios 1 and 2 
achieves 0.54–0.55 tsteam/tAl2O3 recovery rate, thereby offsetting 27% of 
the boiler-generated steam. Scenario 3, in comparison, meets 32% of the 
steam demand through recovery.

Fig. 11(b) presents the energy consumption and associated CO2 
emissions for the steam supply to the Bayer circuit for Scenarios 1A to 
4B. Integrating steam recovery with the exiting natural gas boilers is 
expected to reduce energy use to 4.25 GJ/tAl2O3 for Scenario 4A and 5.23 
GJ/tAl2O3 for Scenarios 1 and 2A, corresponding to reductions of 36% 
and 21%, respectively. They also achieve a 27% and 43% emissions 
reduction due to their decreased reliance on natural gas boilers. Further 
replacing natural gas boilers with electric boiler achieves an additional 
15% energy reduction due to the higher efficiency of the boiler. Scenario 
4B demonstrates the lowest energy use at 3.64 GJ/tAl2O3, corresponding 
to a 45% reduction relative to the reference case of natural gas boilers. 
Furthermore, zero CO2 emissions can be achieved when renewable 
electricity sources are used. Within the defined system boundary 
considering on-site steam-supply operations only, the “B” scenarios 
achieve zero direct CO₂ emissions when renewable electricity is used.

In addition, the proposed scenarios demonstrate substantial CO₂ 
avoidance potential. Total CO2 emissions in on-site steam-supply oper
ations are reduced from 0.37 tCO2/tAl2O3 to 0.26–0.27 tCO2/tAl2O3, 

corresponding to a 27% reduction in emissions associated with steam 
generation in Scenario 1,2 A. Further reduction is achieved in Scenario 
4A, where CO2 emissions decrease further to 0.21 tCO2/tAl2O3, reflecting 
a 43% reduction. Replacing natural gas boilers with electric boilers 
enables zero direct on-site CO2 emissions from steam supply. While 
renewable electricity is considered, upstream emissions associated with 
electricity generation or transport are not included. These results high
light the substantial energy savings and carbon reduction potential of 
integrating high-efficiency steam recovery systems in alumina refining.

3.4. Economic analysis

3.4.1. Levelised cost of decarbonised steam supply
Fig. 12 presents the distribution of levelised cost for the scenarios of 

decarbonised steam (LCOSB), accounting for steam production and re
covery, but not including the costs of the calcination process itself, 
which could influence the alumina production economics. It can be seen 
that by offsetting 43% of the steam from natural gas boilers, Scenarios 
4A reduces LCOSB by 26% to 81.7 US$/tAl2O3 compared to the reference 
case at 110.2 US$/tAl2O3, while Scenarios 1,2A and 3A achieve 12% and 
19% reductions by offsetting 27% and 32% steam from gas boilers, 
respectively, for the reference price of natural gas (7.5 US$/GJ), CCS 
cost (179 US$/tCO2), and renewable electricity price (70 US$/MWh). 
When operating solely on natural gas boilers, fuel and CCS contribute 
46% and 54% of total costs, respectively. As boiler steam demand 
decrease due to steam recovery, these shares drop to 37% (natural gas) 
and 45% (CCS) in Scenarios 1 and 2A, and further to 35% and 42% in 
Scenario 4A. In parallel, the higher steam recovery rate increases the 
cost share for steam recovery from 18% in Scenarios 1,2A to 23% in 
Scenario 4A. Within the steam recovery-related costs, capital expendi
ture accounts for approximately 10–13% of the total cost, while pumps 
and fans operating cost contribute around 1%.

Transitioning from natural gas to electric boilers reduces energy 
consumption, but it is less cost-effective at a renewable electricity of 70 
US$/MWh. The LCOSB increases to 128.8 US$/tAl2O3 (16% CAPEX, 84% 
electricity) when generating steam solely from electric boilers. Inte
grating steam recovery from the calciner enhances cost-effectiveness, 
with Scenarios 1B and 2B reducing costs by 14% and Scenario 4B by 
up to 28% compared with solely electric boilers. However, total CAPEX 
for electric boilers and recovery systems rises to 20–24% of total cost 
due to the additional steam recovery investment. Overall, the “B” sce
narios have 13–17% higher costs than the corresponding “A” Scenarios. 
For the “B” scenarios, electricity price is the primary cost driver, 
whereas in “A” Scenarios, costs are more sensitive to the combined ef
fects of natural gas, CCS, and electricity prices, as shown in the sensi
tivity analysis.
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3.4.2. Sensitivity analysis for the LCOSB
Fig. 13 presents the calculated LCOSB as a function of the cost of 

natural gas price for Scenarios 1A to 4A, employing natural gas boilers. 
The LCOSB increases linearly with higher natural gas prices for “A” 
Scenarios, with Scenario 4A remaining the most cost-effective option 
across the price range. As gas price increasing from 3 to 14 US$/GJ, the 
LCOSB rises from approximately 64.0 to 105.7 US$/tAl2O3 in Scenario 4A 
with CCS contributing 34.6 US$/tAl2O3. This represents a 19–31% 
reduction compared with natural gas boilers, with LCOSB increasing 
from 79.6 to 152.6 US$/tAl2O3 under the same conditions, with CCS 
contributing 59.7 US$/tAl2O3. Scenarios 1, 2A, and 3A fall in between, 
offering intermediate pathways in the cost competitiveness. Gas price 
remains the dominant factor, while steam recovery mitigates overall 
sensitivity to natural gas price fluctuations. In contrast, electric boilers 
are less cost-effective at 70 US$/MWh electricity price than the other 
scenarios. It achieves cost parity with natural gas boilers with CCS is 
achieved when gas price exceeds 10.4 US$/GJ.

Fig. 14(a) and (b) presents the effects of electricity price on the 
calculated LCOSB for “A” and “B” Scenarios. For the “A” Scenarios, the 

impact of electricity price is less significant than that of “B” as expected, 
although the relationship for each is linear. For reference case of natural 
gas boilers, as the electricity price increases from 30 to 120 US$/MWh, 
the cost of CCS rises from 124 to 249 US$/tCO2, consequently increasing 
the LCOSB by 41.1 US$/tAl2O3, from 91.1 to 132.2 US$/tAl2O3. For the 
“A” Scenarios, the same electricity price increase raises the LCOSB by 
35–39 US$/tAl2O3. In contrast, for electric boilers, the impact is more 
pronounced, with the LCOSB increasing by approximately 137 US 
$/tAl2O3.

For “B” Scenarios, the LCOSB rises by 91–111 US$/tAl2O3 across the 
same electricity price range, showing a more pronounced effect 
compared with the “A” Scenarios. Cost parity with natural gas boilers 
(with CCS) is achieved when electricity prices fall to approximately 102 
US$/MWh for Scenario 4B, with a 7.5 US$/GJ natural gas price. In 
comparison, the break-even electricity prices for Scenario 3B and Sce
nario 1,2B are less favourable, at 82 US$/MWh and 68 US$/MWh, 
respectively. For electric boilers, cost parity with natural gas is only 
achieved when electricity prices fall to around 52 US$/MWh. The results 
indicate that Scenario 4B is the most cost-effective across the electricity 
price range due to its combination of high steam recovery rates. The “B” 
Scenarios gain more benefit from lower electricity prices, while the “A” 
Scenarios benefit more from low natural gas prices.

Fig. 15 compares the LCOSB between Scenario 4A and Scenario 4B. It 
can be seen that the break-even electricity prices vary between 
approximately 30 and 91 US$/MWh, depending on the natural gas 
prices from 3 to 14 US$/GJ. In particular, at a natural gas price of 7.5 US 
$/GJ, the “B” Scenario becomes cheaper than the “A” Scenario when 
electricity prices fall below 52 US$/MWh. At a lower natural gas price of 
3 US$/GJ, renewable electricity prices need to drop below approxi
mately 30 US$/MWh for the “B” scenario to remain cost-competitive. 
The comparison provides an economic perspective between transition
ing decarbonised steam supply for the Bayer circuit to a fully renewable 
electricity-powered process versus retaining natural gas boilers 
including CCS with steam recovery. In the short term, low natural gas 
price remains attractive, although the application of CCS introduces 
challenges associated to CO2 transport and storage. In the long term, 
with projected declines in renewable electricity costs and the develop
ment of supporting energy infrastructure, a fully electrified steam supply 
presents a sustainable option.
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3.5. Discussion

The results demonstrate that the steam concentration of the calciner 
off-gas is a critical determinant of recovery efficiency, compression duty, 
and overall system performance. Recovery of diluted steam in Scenarios 
1 and 2 requires substantially higher compression duty than recovery of 
high-concentration steam in Scenarios 3 and 4. In addition, separation of 
non-condensable gases introduces significantly higher energy losses, 
amounting to approximately 46% in Scenarios 1 and 2 compared with 
14% in Scenarios 3 and 4. As a result, the quantity of recoverable steam 
is lower for diluted off-gas, offsetting approximately 27% of steam de
mand, whereas high-concentration steam recovery offsets up to 43%. 
Although effective particulate control remains essential, it requires a 
venturi scrubber pressure drop of 20 kPa.

From an energy and emissions perspective, integrating steam re
covery from either air-based or steam-based with existing natural gas 
boilers reduces steam-generation energy use by 21–36%, providing a 
meaningful pathway to improve refinery efficiency and reduce CO₂ 

emissions. Economically, although steam recovery from steam-based 
calcination offers greater cost benefits in steam supply, upstream costs 
and emissions associated with hydrogen and electricity supply fall 
outside the defined system boundary and have not been considered in 
this study. Inclusion of these factors in future whole-of-plant techno- 
economic analyses will be important to fully evaluate deployment 
potential.

4. Conclusions

This study investigated the potential to improve the energy effi
ciency and economic viability of decarbonising alumina refining by 
integrating steam recovery from both air-based calcination (natural gas/ 
air and hydrogen/air) and steam-rich calcination pathways (fully elec
trified and hydrogen oxy-steam combustion). For diluted steam, an in
tegrated gas-separation and 7-stage mechanical vapour recompression 
(MVR) configuration was applied. In contrast, high-concentration steam 
recovery employs a venturi scrubber for particulate control combined 
with a four-stage MVR system. The integrated particle-cleaning system 
was calculated to achieve outlet solid concentrations below 2.9 mg/Nm3 

at high pressure drop of 20 kPa prior to MVR.
The results indicate that steam recovery from calcination corre

sponds to approximately 27% of the Bayer circuit steam demand from 
air-based calcination and 32%–43% for steam-based calcination, with 
energy consuming 0.71 GJ/tsteam and 0.54 GJ/tsteam, respectively. This 
integration is estimated to reduce the energy use for steam production 
by 21–36% when retaining existing natural gas boilers (“A” Scenarios) 
for supplementary steam supply. Replacing natural gas boilers with 
electric boilers (“B” Scenarios) enables a further 15% reduction and 
achieves zero direct on-site CO₂ emissions from steam supply. 
Economically, the levelised cost of decarbonised steam is estimated to 
decrease by 10–24% relative to a reference case using natural gas boilers 
with carbon capture and storage (7.5 US$/GJ with 179 US$/tCO2 CCS), 
ignoring any differences in the cost of the alternative calcination 
processes.
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Preface  

Chapter 4 focuses on addressing key barriers such as fine particle removal and flue gas 

dilution to recover steam from calciner. Mechanical vapor recompression (MVR) is used to 

raise steam pressure and temperature after steam clean-up. MVR system is highly sensitive to 

fine particles, thereby effective particle removal is essential. 

Steam compression is a critical step to raise steam pressure and temperature. This chapter 

compares various steam compression technologies from both technical and economic 

perspectives. It evaluates the performance of mechanical vapor recompression (MVR) and 

thermal vapor recompression (TVR) and integrated TVR-MVR systems as low-emission 

alternatives to conventional steam generation. 

 

 

Highlights of this chapter include: 

• MVR systems provide the highest efficiency, achieving 73-85% energy savings with 

a COP of 3.2-5.7, relative to natural gas boilers. 

• Integrated TVR-MVR configurations reduce system complexity and operational risks 

while maintaining competitive performance, achieving ~54% energy savings, 

delivering a COP of 1.9. 

• Multi-stage TVR systems are less viable, offering only 20-43% energy savings with a 

COP of 1.0-1.4. 
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Abstract 

The study reports a techno-economic assessment of various integrated steam recovery 

configurations in alumina refining process, including multi-stage MVR (mechanical vapour 

recompression), multi-stage TVR (thermal vapour recompression), and integrated TVR-MVR 

system, aimed at achieving a decarbonised or net-zero steam production relative to fossil fuel 

boilers. Steam recovery from waste vapour at 1.1 bar/102°C and 0.14 bar/52.5°C to 8 bar/ 

200°C were simulated in Aspen Plus/MATLAB and validated with mathematical models. 

Results show that the multi-stage MVR system achieves the highest efficiency, delivering a 

COP (coefficient of performance) of 5.7 for an inlet pressure of 1.1 bar, corresponding to an 

85% energy savings relative to natural gas boilers which consumes 3.3 GJ/tsteam with an 

efficiency of 82%. The integrated TVR-MVR has a lower COP of 1.9 for an inlet pressure of 

0.14 bar, corresponding to roughly 54% energy reduction relative to natural gas boilers. In 

contrast, multi-stage TVR systems show lower technical viability, with COP of 1.4 at 1.1 bar 

inlet pressure and COP of 1.0 at 0.14 bar inlet pressure. Economically, steam recovery via 

MVR remains competitive with natural gas boilers with CCS cost over an electricity price 

range of 30-120 US$/MWh, even when the natural gas prices are as low as 3 US$/GJ. By 

comparison, the integrated TVR-MVR system requires a break-even electricity price below 34 

US$/MWh, while the TVR system requires prices below 30 US$/MWh under the same 

conditions. 
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Key words: net-zero steam, steam recovery, multi-stage MVR, multi-stage TVR, alumina 

refining decarbonisation 

1. Introduction  

Steam generation for process heat in alumina refining process, currently produced from 

fossil-fuel boilers or co-generation systems, typically accounts some of 70% of CO2 emissions 

from alumina refining [1-4]. The resulted direct CO2 emissions are approximately 0.56 

tCO2/tAl2O3 if natural gas boilers are used, 0.64 tCO2/tAl2O3 for coal boilers, and 0.44 tCO2/tAl2O3 for 

gas turbine cogeneration systems [5]. In low-temperature digestion Bayer process, high-

pressure steam particularly at 6-13 bar and 175°C-230°C is consumed [6]. While it is now 

becoming technically viable to produce this steam from electric boilers powered with 

renewable electricity, exploring alternative methods such as open-cycle heat pumps that offer 

significant higher efficiency in electrifying steam generation by waste heat recovery is also 

significant. Such an option is plausible as a substantial waste steam is presently vented from 

the Bayer circuit at some 102 °C from digestion and at approximately 52.5 °C and 0.14 bar 

from precipitation and evaporation steps [7, 8]. Therefore, the overall objective of the present 

investigation is to evaluate the viability of recovering these sources of vapour to generate high-

pressure steam through steam recovery technologies while eliminating the direct CO2 

emissions from fossil fuel steam generation.  

Mechanical vapour recompression (MVR) and thermal vapour recompression (TVR), 

also known as ejectors, can be used to compress vapour to a higher pressure and temperature 

[9, 10], and are classified as open-loop systems heat pump systems [7, 11, 12]. Numerous 

studies have investigated the integration of TVR and MVR systems in industrial applications, 

with the majority of studies focusing on single-stage integration in the desalination and 

wastewater treatment processes, e.g., studies from Dahmardeh et al. [13], Zhou et al. [14], [13],  

Bamardouf et al. [15] and Shahzamanian et al. [16]. Novel conceptual designs integrate a 
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single-stage MVR or TVR with the multi-effect evaporation system in the alumina refinery’s 

evaporation step [17]. However, the achievable pressure ratio with a single-stage TVR or MVR 

is limited, typically to less than two [18, 19], having a saturation temperature increase of 5-

20°C [20, 21]. It constrains the extent of vapour utilisation as high-pressure steam is needed 

for the alumina refining. Multi-stage MVR or TVR systems are needed to achieve sufficiently 

pressure and temperature increase. For multi-stage TVR, Robert et al. [18] described a multi-

stage TVR system capable of achieving a higher steam pressure ratio. Nevertheless, the 

performance and implementation of such a system in alumina refineries have not been 

comprehensively evaluated. Chatfield et al. [5] assessed the implementation of an up to 11-

stages of MVR for recovering waste vapour from the Bayer process. The study demonstrated 

its potential application at the Australian Wagerup alumina refinery, and identified the 

integration challenges, such as infrastructure limitations and electricity delivery capacity. 

However, no detailed understanding of such a multi-stage MVR system, which are complex 

and multi-component, such as the temperature and pressure rise per stage. Such details are 

important given the wide range of MVR single-stage compression components and systems 

from various suppliers. For example, Thermosag India Ltd. [22] offer MVR systems with a 

saturated steam temperature rise of approximately 8-20 °C in a single stage. Similarly, Piller’s 

VapoFlex technology delivers a temperature rise of around 11 °C per stage, while the 

VapoMaxX configuration can achieve temperature lifts of around 20 °C per stage [23]. In terms 

of pressure performance, the Howden SG series is reported to achieve single-stage pressure 

ratios of up to two [24], although the associated temperature rise has not been reported. To date, 

no studies have evaluated the pressure and temperature rise in multi-stage MVR systems when 

applied in steam recovery processes. Also, no comparative assessments have been made against 

with multi-stage TVR systems. For this reason, the present study aims to evaluate the 

performance of compression using such systems in alumina plants. 
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While MVR systems are highly energy-efficient, they are also constrained by low 

tolerance to particles, requiring rigorous steam cleaning before recompression, and also have a 

limited volumetric flow capacity of up to 170 m3/s [25]. Also, multi-stage MVR systems are 

capital intense and the system requires a large installation footprint. The study by Chatfield [5] 

indicated that ~46 compressors would be needed to recover 611 t/hr steam. At the same time, 

although MVR technology is reliable, operating with many stages introduces challenges such 

as anti-surge control during start-up, significantly reducing overall system reliability [5]. In 

contrast, TVR systems are particle-tolerant, capable of handling large gas volumes, and 

relatively inexpensive [18], but their reliance on high demand of motive steam decreases the 

system efficiency. Given the advantages and limitations of the two methods, integrating TVR 

and MVR may offer a potential method to increase the viability of steam recovery in alumina 

plants. Such a hybrid system offers a reduced number of MVR stages and improve the 

operational stability, although this improvement must be traded off against by a lower overall 

efficiency. No previous studies have proposed or evaluated such a configuration. Therefore, 

the study aims to meet this need by developing a model and evaluating the viability of such 

hybrid options. 

The coefficient of performance (COP) is a key indicator used to evaluate system 

efficiency and is defined as the ratio of thermal energy output to electrical energy input, as 

shown in Equation (1) [26]. Several key factors influencing the COP of MVR systems are the 

compression duty, compressor’s efficiency, and system design [27, 28]. 

COP =
Q (Thermal energy output)

Q (Electric energy input)
 

(1) [26] 

An integrated single-stage MVR with a distillation system can achieve a COP of 10 or higher 

[28]. Michael et al. [27] reported a COP of 7.8 for a two-stage MVR operating at a compressor 

efficiency of 70%. In a pilot project from Dutch government [29], a two-stage MVR system 
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compressed steam from 4 bar to 13.5 bar, yielding an overall COP of 7.5, underscoring the 

significant impact of compression stages on overall system performance. Although the 

performance of single and two-stage MVR systems has been reported, multi-stage 

configurations remain unexplored, leaving a notable gap in understanding MVR systems. 

Hence, the present study aims to estimate the COP value of multi-stage MVR. The COP for 

TVR systems are rarely explored, but depends on the power input required for motive steam 

generation. Likewise, the COP value of an integrated TVR-MVR system depends on both the 

energy consumption for the motive steam generation and the work of mechanical compression 

work. There is a lack of a study reporting such system efficiencies under conditions of 

relevance to the Bayer circuit. Hence, further objective is to evaluate the potential viability of 

hybrid TVR-MVR systems in steam recovery under such conditions.  

Economic viability study is also essential to justify investment for decarbonising steam 

supply cases relative to fossil fuel steam generation. A comparative assessment of the relative 

viability of MVR, TVR, and TVR-MVR configurations should consider differences in capital 

investment, operating costs, and energy consumption. Such comparisons should also be made 

relative to fossil fuel steam generation, such as natural gas boilers which benefit from low gas 

prices, ranging from 3 to 14 US$/GJ across different regions [30]. In contrast, renewable 

electricity for decarbonised steam supply is more expensive, costing approximately 11-50 

US$/GJ, with a levelised cost of electricity (LCOE) ranging from 30 US$/MWh from onshore 

wind, 40 US$/MWh for solar photovoltaic, 70 US$/MWh for bioenergy and up to 120 

US$/MWh for concentrated solar power worldwide [31]. These costs increase further when 

accounting for renewable electricity delivery and storage [32]. The cost disparity poses an 

economic barrier to shifting toward electricity-based steam supply unless steam recovery 

systems provide substantial gains in energy efficiency. Despite this, there is a lack of 

comprehensive studies comparing the capital and operating costs of these recovery 
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technologies with those of traditional natural gas boilers. Hence, a further aim of the present 

study is to fill this gap by comparing the economic viability of these systems, in comparison 

with the use of traditional natural gas boilers. 

In light of the identified gaps, this study aims to develop comprehensive process models 

to evaluate the performance of multi-stage mechanical vapour recompression (MVR) and 

thermal vapour recompression (TVR) systems for application in alumina refineries. The study 

further compares the performance of a novel integrated TVR–MVR configuration with 

standalone TVR and MVR systems. In addition, the coefficient of performance (COP) of the 

three proposed steam recovery systems is assessed. Finally, the economic viability of these 

steam recovery technologies is evaluated by benchmarking the levelised cost of steam against 

conventional natural gas boilers. 

2. Methodologies 

2.1 Assumptions for waste water vapour from the Bayer process  

Figure 1 presents the available water vapour from the digestion, evaporation and 

precipitation steps in the Bayer process, with the conditions adapted from prior studies [5, 33]. 

Two conditions of currently vented vapour were selected, namely 1.1 bar/102°C and 0.14 

bar/52.5°C, while the target outlet steam condition of 8 bar/200°C was selected, which is 

typical steam requirement for low-temperature digestion of gibbsite-rich bauxite [5, 34]. 

Medium-pressure vapour is released from flash tanks in the digestion step. Low-pressure 

vapour is generated by flashing warmed cooling water in precipitation and from the progressive 

heating of the liquor in the evaporation stage [5].  
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Figure 1. The typical conditions of the vapour that is presently vented from the Bayer process, and offer potential for recovery. 

2.2 Steam recovery systems 

Figure 2 presents the proposed multi-stage MVR, TVR and integrated TVR-MVR 

configurations for steam recovery that were assessed here. For steam recovery from calcination 

using MVR, the removal of entrained alumina particles and diluted gases (N2 and CO2) to a 

purity necessary prior to MVR system for reliable operation was assumed to be achievable by 

adapting the flash system proposed by Alcoa [5], which has been modelled by our previous 

work [35]. An 8-stage MVR system is shown as an example, although the exact number of 

stages depends on the inlet and outlet steam pressures. In the first two stages, compressors are 

arranged in parallel to handle the large volume of low-pressure waste steam (at 0.14 bar) due 

to the volumetric capacity limit of individual units (170 m3/s). Desuperheat water is injected at 

each stage to reduce the specific volume before the next stage of compression. Two compressor 

types are considered in this study: low-speed compressors(e.g. Howden’s centrifugal Turbo 

Fan) , with a pressure ratio below 1.45 and a capacity of up to 170 m³/s [25]; and high-speed 

compressors capable of pressure ratios up to 2, which are typically used when the volumetric 

flow rate is less than approximately 120 m3/s [5]. The system was modelled using Aspen Plus 

software to evaluate its performance for various inlet and outlet steam conditions.  

The multi-stage TVR system operates by entraining low-pressure inlet steam using high-

pressure motive steam, which is assumed to be supplied by electric boilers powered by 

renewable electricity. The number of stages is determined by the overall compression duty and 

by the performance characteristics of each ejector. Configurations with three or more stages 
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were evaluated, with a 6-stage TVR flowsheet presented as an example. The quantity and 

pressure of motive steam were selected to suit the system’s compression ratio, based on 

available information [18, 36]. The process was simulated using MATLAB to estimate motive 

steam requirements, including both pressure and flow rate.  

The integrated TVR-MVR system was developed for compressing low-pressure steam 

(0.14 bar), employing TVR for the first two-stages of compression. It can be seen that this 

typically halves the number of MVR units.  

 

Figure 2. An example of equivalent configurations of multi-stage MVR, TVR and integrated TVR-MVR systems for steam 
recovery compatible with electrification.  

2.3 Process simulation for multi-stage TVR 

The mathematical model for the TVR system was developed using MATLAB, as defined 

in Equations (2)-(10), describing the fluid flow and pressure changes across each ejector stage. 

Figure 3 shows schematic of Stage 1 and Stage 2 ejector. 𝐹0 is the mass flow of waste vapour 

entrained into the first stage. 𝐸𝑟1 and 𝐸𝑟𝑖 are the entrainment ratio for the first and ith stage, 

respectively, defined as the ratio of the mass flow of suction vapour to that of motive vapour. 
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𝐶𝑟1 and 𝐶𝑟𝑖 are the compression ratio of the first and ith stage, respectively, defined as the ratio 

of outlet pressure to suction pressure. 𝑃𝑟1 𝑎𝑛𝑑 𝑃𝑟𝑖  are defined as the ratio of the suction 

pressure to the motive pressure for the first and ith stage. 𝐹𝑚1 and 𝐹𝑚𝑖 are the mass flow of 

motive steam for the first and ith stage. 𝑃𝑚1 and 𝑃𝑚𝑖 denote the motive steam pressure for the 

first and ith stage. 𝑃1 and 𝑃𝑖 represent the outlet vapour pressure after first and ith stage. The ith 

value represents the stage number of TVR systems. The values of the ejector’s compression 

ratio 𝐶𝑟, entrainment ratio 𝐸𝑟 ratio, and pressure 𝑃𝑟 were extracted from design curves for 

optimum single-stage ejector from Perry’s chemical engineering handbook [36].  

 

Figure 3. Schematic of the stage 1 and 2 ejectors.  

 

𝐹𝑚1 =
𝐹0

𝐸𝑟1

 Stage 1 (2)  

𝐹𝑚2 =
𝐹0 + 𝐹𝑚1

𝐸𝑟2

    Stage 2 (3) 

𝐹𝑚𝑖 =
𝐹0 + 𝐹𝑚(𝑖−2) + 𝐹𝑚(𝑖−1)

𝐸𝑟𝑖

   (𝑖 = 3,4,5,6. . .14) Stage 3 to stage i (4)  

𝑃𝑚1 =
𝑃0

𝑃𝑟1

 Stage 1 (5) 

𝑃𝑚2 =
𝑃1

𝑃𝑟2

 Stage 2 (6) 

𝑃𝑚𝑖 =
𝑃𝑖−1

𝑃𝑟𝑖

    (𝑖 = 3,4,5,6. . .14) Stage 3 to stage i (7) 

𝑃1 = 𝑃0 ∙ 𝐶𝑟1 Stage 1 (8)  

𝑃2 = 𝑃1 ∙ 𝐶𝑟2 Stage 2 (9) 

𝑃𝑖 = 𝑃(𝑖−1) ∙ 𝐶𝑟𝑖    (𝑖 = 3,4,5,6. . .14) Stage 3 to stage i (10)  

COP𝑇 =
(𝐹0 + ∑ 𝐹𝑚𝑖)𝑖

𝑖=1 ∙ hout

𝑊𝐸𝐵

  (11)  

   

The most energy-efficient configuration, characterised by the lowest total motive steam 

consumption (sum of 𝐹𝑚𝑖 ), was obtained through iterative simulations. The overall system 
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performance, COP𝑇 was calculated as the ratio of thermal output to the combined electrical 

power input of electric boilers for motive steam generation, shown in Equation (8). To ensure 

feasibility, the motive steam pressure constraint is set at 84 bar, aligning with the capabilities 

of current commercial electric boiler technology [37].  

2.4 Process simulation for multi-stage MVR and integrated TVR-MVR 

The multi-stage MVR and integrated TVR-MVR systems were developed within Aspen 

Plus, with Table 1 summarising the parameters assumed in the process model.  

Table 1. Overview of the process simulation parameters employed in steam recovery or generation processes via Aspen Plus. 

Blocks and assumptions used in process simulation References 

Natural 

gas 

boilers, 

Electric 

boilers 

• Outlet steam temperature =200 °C and pressure =8 bar, typical of low-temperature 

digestion. 

• Assumed efficiency of 82 % for natural gas boilers.  

• Assumed efficiency of 98% for electric boilers. 

• A heater is used to heat the inlet water (40 °C). 

• The CO₂ emissions was calculated based on pure methane (CH₄) combustion. 

[38-42]  

Multi-

stage 

MVR 

• A compressor is connected to a flash block, with desuperheat water injected at each 

stage of the compression process. 

• For multi-stage MVR, the units are arranged in series.  

• Isentropic efficiency of compressors =76 %. 

• Compression ratio of low-speed compressors is assumed to range from 1.3-1.45. 

• Compression ratio of high-speed compressors is assumed to range from 1.45 to 2. 

• Desuperheat water is injected to maintain inlet steam temperature 5 °C above 

saturation in high-speed compressors and at saturation temperature in low-speed 

compressors. 

[5, 12, 23-

25, 43] 

Integrated 

TVR-MVR 
• Performance of first and second TVR units: 𝐸𝑟 = 4, 𝐶𝑟 = 1.44, A = 100, 𝑃𝑟 = 0.042  

• Followed by multi-stage MVR simulated in Aspen plus. 
[36] 

Note: All pressures are absolute. 

The simulation is based on an outlet steam flow of 100 t/hr. 

 

 

2.4.1 Mathematic models for MVR-systems and integrated TVR-MVR system  

The multi-stage MVR compression processes were also calculated with Equations (12)-

(22) to validate the models developed by Aspen Plus. The compression process follows the 

thermodynamic principles of adiabatic compression, with the ideal case assumed to be 

isentropic. Here, T0 and P0 represent the inlet waste water vapour temperature and pressure, 

while Ti denotes the discharge temperature after stage 𝑖𝑡ℎ compression stage. The actual power 

for the compressor at stage 𝑖, W𝑖, was calculated with Equation (15) and the total electric power 

input for the MVR systems (W𝑇𝑀) was obtained by summing all stage powers shown in 

Equation (20). Desuperheat water is injected before each compression stage to desuperheat the 
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discharge temperature Ti to or near the saturation temperature, thereby avoiding excessively 

high specific volume that would result in higher electrical power consumption. The mass flow 

rate of injected desuperheat water, mD,i, introduced before stage (𝑖 + 1), was calculated with 

Equation (16). For integrated TVR-MVR systems, the first and second stages were calculated 

using Equations (2)-(10), while the subsequent MVR stages were evaluated using the following 

Equations. The coefficient of performance for the MVR system, COPM, was calculated as the 

ratio of thermal output to electrical power input of the MVR compressors. For TVR-MVR 

system, COP𝑇−𝑀 was calculated as the ratio of thermal output to the combined electrical power 

input of both the MVR system and the electric boilers for motive steam generation, as presented 

in Equation (22). 

 

Ti = Ti−1 +
Ti−1∙[(

pi
pi−1

)
k−1

k −1]

ηis
  (12) 

hi = hi−1 + CP ∙ Ti−1 ∙ [(
Pi

Pi−1
)

k−1

k -1]/ηis  (13) 

∆hi = CP ∙ Ti−1 ∙ [(
Pi

Pi−1
)

k−1

k -1]/ηis  (14) 

Wi = mi−1 ∙ ∆hi    (15) 

mD,i = mi−1 ∙
hi−htar−i

hi−hw
   (16) 

mi = mi−1 + mD,i (17) 

∆TC−i = Ti − Ti−1 (18) 

∆Ttar−i = Ttar−i − Ti−1 (19) 

W𝑇𝑀 = ∑ Wi

i

i=1

 (20)  

COPM =
mout ∙ hout

W𝑇𝑀
 (21)  

COP𝑇−𝑀 =
mout ∙ hout

W𝑇𝑀 + 𝑊𝐸𝐵
 (22)    

2.5 Economic analysis 

2.5.1 Capital cost estimation 

The total capital investment for installing steam recovery was estimated using the factor 

method, for which the breakdown of the purchased major equipment, including concrete, 

structural, piping for transporting steam, electrical equipment, and instrumentation, shown in 
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Table 2. An uncertainty of ±30% is adopted to reflect the typical accuracy range of techno-

economic assessments, where capital and operating costs were estimated using scaling 

correlations and literature data [44]. Detailed purchase cost and installation factor  for the TVR, 

MVR, and electric boiler systems are presented in Appendices A and B.  

Table 2. Ratio factors used to estimate the total capital investment of installing steam recovery. 

Parameters Assumed factor number 

Direct cost (DC) 

Purchased main equipment A 

Purchased-equipment installed  A*f 
Earthworks 0.01A 

Concrete 0.05A 

Structural 0.20A 
Insulation 0.03A 

Tanks & Platework 0.04A 

Piping 0.47A 
Electrical Equipment 0.33A 

Instrumentation 0.021A 
Total direct costs (1.16+f)A 

Indirect cost (IDC) 

Project Development allowance  0.06 A 
EPCM 0.78  A 

Contingency 0.98 A 

Total Indirect costs 1.82 A 

Total capital investment (TCI) (2.98+f) A 

 

2.5.2 Levelised cost of decarbonised steam  

The levelised cost of steam (LCOS) was calculated with Equation (23). A reference 

natural gas price of 7.5 US$/GJ was used representing the current Australia gas price [45], with 

sensitivity analysis undertaken over the range 3-14 US$/GJ span average prices in the United 

States, United Kingdom, and the Netherlands (2019-2023) [30]. A reference for decarbonised 

steam generation costs was calculated to be 179 US$/tCO2 based on  carbon capture and storage 

(CCS) for natural gas boilers using a post-combustion capture approach. A renewable 

electricity of 70 US$/MWh was selected as the baseline [46]. This is assumed to qualify for 

net-zero production certification standards, so that addressing the lifecycle emissions of the 

renewable energy is beyond the scope of the present analysis. A sensitivity analysis was then 

conducted over the range 30-120 US$/MWh for the renewable electricity [31]. The CO2 

emissions evaluated in this work correspond solely to on-site steam production. Indirect 

emissions attributable to electricity supply chains are outside the boundary and therefore not 

considered. 
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LCOS =

∑
TCIt + Mt + 𝐺t + Ct + Et

(1 + r)t
n
t=1     

∑
St

(1 + r)t
n
t=1        

 (23) 

 

TCI (Investment expenditures) The construction is completed within 1 year 

Mt , Operating and maintenance expenditures in year t 3% of TCI 

Gt, Cost in natural gas in year t 3-14 US$/GJ gas price 

Ct, Cost of CO2 capture and storage (CCS) in year t Calculated at 179 US$/tCO2 [35] 

Et, Cost of renewable electricity in year t 30-120 US$/MWh 

St, steam production in year t Based on 100 t/hr generation or recovery rate 

r , Discount rate 10% 

n , Life of the system 15 
 

3. Results 

3.1 Multi-stage TVR     

Figure 4 presents that the number of TVR stages significantly influences the total motive 

steam demand. With inlet pressure of 1.1 bar, as the number of stages increases from three to 

six, the total motive-to-inlet steam ratio decreases from 8 to 2.7 tmotive/tinlet. This trend is because 

higher compression ratio per stage requires either greater motive steam quantity or higher 

motive steam pressure [37]. A 6-stage TVR system is the optimal configuration as it achieves 

the minimum required motive steam amount. Similarly, with inlet pressure of 0.14 bar, a 

minimum of a 4-stage TVR system is needed to achieve the high overall compression duty. 

However, this configuration requires an exceptionally high total motive steam ratio of 38 

tmotive/tinlet, highlighting its significant dependence on external steam supply. A 12-stage TVR 

configuration is the optimal solution, reducing the ratio from 38 to 13 tmotive/tinlet.  

 
Figure 4. Ratio of total motive to initial steam of different numbers of multi-stage TVR systems. 
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Figures 5 (a) and (b) presents the calculated temperature and pressure profiles, as well as 

the motive steam requirements for the optimum TVR systems. For the 6-stage TVR system, 

steam pressure rises gradually from 1.1 to 8 bar, with a compression ratio per stage of 1.3-1.45. 

Correspondingly, the pressure required for the motive steam increases from 26 bar to 80 bar. 

While the temperature rises per stage ranges from 11 to 25 °C, all of which fall within 

manageable limits. For compressing steam from 0.14 bar to 8 bar, the optimised 12-stage TVR 

configuration evenly distributes the compression duty, with motive steam pressure gradually 

increasing from 2 to 80 bar.  

 
Figure 5. Temperature and pressure change and motive steam requirements calculated for optimised 

systems with (a) 6-stages TVR  and (b) 12-stages TVR.  

Figures 6 (a) and (b) present the motive-to-inlet steam ratio, energy consumption for 

motive steam generation and the COP value for multi-stage TVR systems. The 6-stage TVR 

system exhibits a COP value of 1.4, requiring a total of 1.9 GJ/tsteam to generate the motive 

steam from electric boilers. This corresponds to an outlet-to-inlet steam ratio of 3.7, with 2.7 

units of motive steam per unit of inlet steam. The 12-stage TVR system has an even lower COP 

of 1, together with an energy demand of 2.6 GJ/tsteam for motive steam generation. The outlet-

to-inlet steam ratio increases significantly to 12.9, as the cumulative effect of the 12 stages 

drives substantially higher motive steam requirements. An increase in motive steam flow rate 

greatly raises steam generation energy demand and reduces overall system efficiency. To fairly 
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benchmark efficiency across different steam generation and recovery methods, a COP 

comparison is provided in Section 3.4. 

 
Figure 6. The calculated values of motive-to-inlet steam ratio, energy consumption and COP for the optimal steam recovery 

systems employing (a) 6-stage TVR and (b) 12-stage TVR.  

3.2 Multi-stage MVR 

Figure 7 (a) presents the temperature-pressure rise during the compression process in the 

multi-stage MVR system for various inlet and outlet steam conditions. The case with a low 

inlet pressure vapour (0.14 bar) requires 8 compression stages to reach the outlet of 8 bar. The 

steam temperature increases significantly after each compression stage, noting that the 

desuperheat water is injected before each stage. For the 0.14 bar inlet pressure, the first four 

low-speed stages achieve a pressure ratio of ~1.45 per stage, with a saturation temperature rise 

of 10-14°C per stage. The subsequent high-speed compressors provide a higher compression 

ratio up to two, leading to a temperature rise 19-23 °C per stage. The case with an inlet steam 

pressure of 1.1 bar leads to a significant reduction in the overall compression duty. Under these 

conditions, only a 4-stage MVR system is required to achieve an outlet pressure of 8 bar, using 

a combination of low-speed and high-speed compressors. When operating with only low-speed 

compressors layout, an 11-stage compression train is required for an inlet pressure of 0.14 bar, 

while approximately 6-stages is needed for an inlet pressure of 1.1 bar. Figure 6 (b) presents 

the outlet-to-inlet steam ratios with water injection after each stage. Overall, with outlet 

pressure of 8-bar, the cumulative water injection increases the ratio to 1.11 and 1.26 for inlet 

   
      

       

0.0

1.0

2.0

3.0

4.0

St 1 St 2 St 3 St 4 St 5 St  Total
  stage T   (1.1   bar)

       

Outlet to inlet steam ratio(t/t)

 otive to inlet steam ratio (t/t)

 nergy consumed (  /t outlet steam)

COP

   

 nlet (1.1 bar), outlet (  bar)

       

       

0

4

 

12

St 1 St 2 St 3 St 4 St 5 St  St 7 St  St 9 St 10St 11St 12Total
12 stage T   (0.14  bar)

     

 nlet (0.14 bar), outlet (  bar)    



130 

 

pressures of 0.14 bar and 1.1 bar, respectively. These values provide a useful basis for selecting 

the inlet vapour flow to meet a given outlet steam requirement.  

 
Figure 7. The calculated dependence on pressure rise through the multi-stage MVR systems with water injection after each stage  

(a) temperature rise, and (b) outlet-to-inlet-steam ratio. 

3.3 Integrated TVR-MVR system 

Figures 8 (a) and (b) present the equivalent calculated values of temperature-pressure 

rise and the outlet-to-inlet steam ratio changes for the hybrid TVR-MVR systems when 

compressing steam from 0.14 bar to 8 bar. For the first and second stages, TVR raises the steam 

temperature by 16-17 °C with high-pressure motive steam. The subsequent MVR provides a 

higher compression ratio up to two, leading to a temperature rise of approximately 20°C per 

stage. With the addition of motive steam and water injection after each stage , the outlet-to-

inlet steam ratio increases to 1.92, which is lower than that of multi-stage TVR but higher than 

that of MVR system. Compared with a 8-stage MVR system operating at 100 t/hr with a total 

of 10 MVRs, an integrated 2-stage TVR and 5-stage MVR configuration halves the number of 

MVR units to 5, significantly lowering both capital equipment requirements and system 

complexity. This configuration also has the potential to reduce the installation footprint by 

approximately 50%, as estimated in Appendix C. It also significantly increasing system 

reliability, both through lower dependence on the failure of individual MVR unit and through 

reduced risk of surging during start-up when steam flow is insufficient [5]. When considering 

practical implications, it is important to consider the available vapour fluctuation from the 
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alumina refining process and the operating risk. In MVR systems, individual compressor 

failure presents operational challenges and the anti-surge issues during start-up may occur 

when steam flow is fluctuated and insufficient [5]. With more stages of compressors, the risk 

of surge can be exacerbated due to the increased complexity of multiple compression stages. 

The integration lowers system complexity and operational risks by reducing the number of 

stages, while incorporating TVR in the initial stages ensures sufficient steam supply from the 

motive steam. Therefore, quantifying the operational risks associated with multi-stage MVR 

and integrated TVR-MVR systems is important, which is limited in this study.  

 
Figure 8. The calculated (a)  temperature and pressure rise and (b) outlet-to-inlet-steam ratio through the integrated TVR-MVR 

system. 

3.4 Energy consumption and system efficiency  

Figure 9 presents the calculated values of energy consumption and COP for the various 

steam generation and recovery configurations. Overall, the MVR systems have the lowest 

energy consumption and highest COP value. For the inlet vapour pressure of 1.1 bar, it requires 

0.5 GJ/tsteam energy, achieving a COP of 5.7. In contrast, the TVR system consumes about four 

times more energy, with a COP of 1.4. Both systems outperform natural gas boilers, leading to 

energy reduction by 85% and 42%, respectively. For the inlet vapour pressure of 0.14 bar, the 

MVR system requires 0.9 GJ/tsteam energy for recompressing and maintains high COP of 3.2. 

This corresponds to a reduction in energy use by 73% relative to the natural gas boilers. The 

integrated TVR-MVR system represents an intermediate option, with a COP of 1.9 and some 
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55% energy savings relative to natural gas boilers. The 12-stage TVR system exhibits a 

relatively low COP close to that of electric boilers (~1) and achieves 21% energy reduction 

compared with than natural gas boilers, indicating limited system efficiency.  

 
Figure 9. A comparison of the calculated energy consumption and  COP (or efficiency) for the various steam generation or recovery 

systems.  

3.5 Economic results 

Figure 10 presents the calculated levelised cost of decarbonised steam (LCOS) for 

various steam generation or recovery systems. The LCOS for the reference case of natural gas 

boilers with CCS is calculated to be 55.1 US$/tsteam, with the carbon capture and storage cost 

contributing 30 US$/tₛₜₑₐₘ alone. Relative to the baseline, the multi-stage MVR systems 

demonstrate the greatest cost reduction potential, lowering the LCOS by 65% and 39% when 

recovering steam from 1.1 bar and 0.14 bar, respectively, corresponding to LCOS at 19.1 and 

33.6 US$/tsteam. These estimates for the reference case assume 70 US$/MWh for renewable 

electricity, 7.5 US$/GJ for natural gas, and 179 US$/tCO2 for CCS. The capital cost of the MVR 

system increases by 74% from 9.5 to 16.5 US$/tsteam for the inlet pressure of 1.1 bar and 0.14 

bar, caused by the increased required stages, accounting for approximately 50% of the LCOS. 

In contrast, the capital cost of the TVR system does not change significantly with changes in 

inlet pressure and is estimated to be 8-10 US$/tsteam, with 99% of cost attributed to the electric 

boilers investment for motive steam generation. Compared with natural gas boilers with CCS, 

steam recovery via multi-stage TVR system achieves apprxoimately18% cost reduction for an 



133 

 

inlet pressure of 1.1 bar, while the LCOS increases by 10% for an inlet pressure of 0.14 bar. 

The integrated TVR-MVR system provides a modest cost saving of 14% relative to natural gas 

boilers, with the LCOS at 47.4 US$/tsteam. Electric boilers cost  4.4 US$/tₛₜₑₐₘ in steam 

generation, reflecting the high electricity costs. However, they offer significant advantages 

such as operational simplicity and may improve their competitiveness should electricity prices 

decline in the future as anticipated. With higher inlet steam quality, the MVR system is 

estimated to become competitive with natural-gas boilers without CCS, with steam recovery 

costing 19.1 US$/tsteam, compared with 25.1 US$/tsteam for natural gas boilers at 7.5 US$/GJ gas 

price.  

 
Figure 10. The calculated values of levelised cost of decarbonised steam (LCOS) for various reference case of steam generation or 

recovery systems. 

Figure 11 presents the calculated LCOS as a function of renewable electricity price. For 

natural gas boilers with CCS, the estimated LCOS increases from 31 to  7 US$/tₛₜₑₐₘ as gas 

prices rise from 3 to 14 US$/GJ. When CCS is included, the CCS cost ranges from 124 to 249 

US$/tCO2, corresponding to electricity price of 30-120 US$/MWh in the economic analysis [35], 

reflecting the electricity intensity during CO2 capture and compression. The CCS cost 

contributes 20-41 US$/tsteam to the LCOS. Among all steam recovery methods, the multi-stage 

MVR system remains cost-effective relative to natural gas boilers with CCS across the 

electricity range, even for low gas prices of 3 US$/GJ. In contrast, the multi-stage TVR system 
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requires electricity prices below 52 US$/MWh to compete with 3 US$/GJ natural gas price at 

1.1 bar inlet pressure, and break-even price decreases to 30 US$/MWh at 0.14 bar inlet pressure. 

The integrated TVR-MVR system has a break-even price of 34 US$/MWh for the inlet pressure 

of 0.14 bar. Electric boilers are the most expensive of the electrified options, exhibiting nearly 

overlapping LCOS curves with the TVR system at 0.14 bar inlet vapour pressure, requiring a 

break-even electricity price of 30 US$/MWh. 

 
Figure 11. The calculated levelised cost of decarbonised steam (LCOS) as a function of renewable electricity price for various 

steam generation or recovery systems and the two inlet pressures for recovered steam. 

4. Conclusions  

Steam recovery via multi-stage MVR, TVR and hybrid TVR-MVR systems were 

assessed from technical and economic perspectives, in comparison with natural gas boilers. 

MVR achieves the greatest energy and cost reduction. When recompressing water vapour to 8 

bar, the MVR system achieves about 85% energy reduction for an inlet pressure of 1.1 bar, 

delivering a COP of 5.7, and approximately 73% for an inlet pressure of 0.14 bar, 

corresponding to a COP of 3.2, compared with natural gas boilers. In contrast, the integrated 

TVR-MVR configuration achieves a modest energy saving of 55% for inlet vapour at 0.14 bar, 

delivering a COP of 1.9. Multi-stage TVR system demonstrates lower efficiency, leading to 

approximately 42% energy savings for 1.1 bar inlet vapour pressure (COP=1.4), and about 21% 

for an inlet pressure of 0.14 bar (COP=1.0) relative to natural gas boilers. From an economic 

perspective, steam recovery via MVR can be cost-competitive with natural gas boilers with 
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CCS over an electricity price range of 30-120 US$/MWh, even when the natural gas price is 

as low as 3 US$/GJ. The integrated TVR-MVR configuration is estimated to reach cost parity 

at an electricity price of approximately 34 US$/MWh for 0.14 bar inlet pressure and 3 US$/GJ 

gas price, while offering advantages in reduced system complexity. In comparison, multi-stage 

TVR systems require a break-even electricity price of approximately 52 US$/MWh to compete 

with natural gas boilers at a gas price of 3 US$/GJ for an inlet pressure of 1.1 bar, while the 

break-even threshold decreases to around 30 US$/MWh for an inlet pressure of 0.14 bar. 

Nomenclature 

𝐹0 kg/s Mass flow of suction steam in the first stage 

𝐹𝑚1 kg/s Mass flow of motive steam for the first stage 

𝐹𝑚𝑖 kg/s Mass flow of motive steam for the ith stage 

𝐸𝑟1  Entrainment ratio in the first stage 

𝐸𝑟𝑖  Entrainment ratio in the ith stage 

𝑃0  Pressure of suction steam in the first stage 

𝑃1  Pressure of outlet steam after stage 1 

𝑃𝑖  Pressure of outlet steam after stage i 

𝑃𝑚1  Pressure of motive steam for the first stage 

𝑃𝑚𝑖  Pressure of motive steam for the ith stage 

𝑃𝑟1  Ratio of the suction pressure to the motive pressure for the first stage 

𝑃𝑟𝑖  Ratio of the suction pressure to the motive pressure for the ith stage 

𝐶𝑟1  Compression ratio for the first and ith stage 

𝐶𝑟𝑖     Compression ratio for the ith stage 

Ti K  Discharge temperature after stage i  

Ttar−i K  Target temperature after stage i after desuperheat water injection 

T0 K  Inlet steam temperature  

Pi bar Discharge pressure after stage 𝑖 

P0 bar Inlet steam pressure 

hi kJ/kg Steam enthalpy of steam at Ti temperature 

htar−i kJ/kg Steam enthalpy of steam at Ttar−i temperature 

h0 kJ/kg Inlet steam enthalpy 

CP kJ/(kg·k) Steam heating capacity 

𝑘  Heat capacity ratio, Cp Cv⁄ , equal to 1.3 for steam 

Wi kW Calculated input electric power for stage 𝑖 

W𝑇𝑀 kW Total input electric power for MVR compressors  

mD,i kg/s Injected desuperheat water before stage (𝑖 + 1)  

𝑚i kg/s Inlet steam mass flow rate for stage (𝑖 + 1) 

mout kg/s Final outlet steam mass flow rate 

W𝐸𝐵 kW Total input electric power for electric boilers  

COPM  COP for multi-stage MVR system 

COP𝑇−𝑀  COP for integrated TVR-MVR system 

COP𝑇  COP for multi-stage TVR system 
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Appendix A for Chapter 5 

         The size factors of TVR were calculated with Equation (A-1) and (A-2) [1]. Table A-1 presents the 

calculated size factor and estimated cost, based on previous study [1]. Table A-2 presents the size factor for 12-

stage TVR system. 

 

Table A-1. The size factors and purchased cost of 6-stage TVR system. (inlet pressure of 1.1 bar and outlet pressure of 8 bar, 

100 t/hr outlet steam mass flow rate) 

 Suction steam 

in TVR (t/hr) 

Suction 

pressure (bar, 

absolute) 

Size factor Purchased cost in 

1992 US$ with 

stainless steel 

material 

Cost in 2024 

US $ 

Stage 1 27.2 1.1 103 30,000 67,039 

Stage 2 34.1 1.6 82 26,000 58,101 

Stage 3 42.6 2.3 71 22,000 49,162 

Stage 4 53.2 3.3 62 20,000 44,693 

Stage 5 66.5 4.7 54 18,000 40,223 

Stage 6 83.2 6.4 50 18,000 40,223 

 

 

Table A-2. The size factors and purchased cost of 12-stage TVR system. (inlet pressure of 0.14 bar and outlet pressure of 8 

bar, 100 t/hr outlet steam mass flow rate) 

TVR Suction steam 

in TVR (t/hr) 

Suction 

pressure (bar, 

absolute) 

Size factor Purchased cost in 1992 

US$ with stainless 

steel material 

Cost in 2024 

US $ 

Stage 1 7.81 0.14 214 46,000 102,793 

Stage 2 9.38 0.18 197 40,000 89,385 

Stage 3 11.72 0.26 171 36,000 80,447 

Stage 4 14.65 0.38 149 34,000 75,978 

Stage 5 18.31 0.54 129 32,000 71,508 

Stage 6 22.89 0.78 112 31,000 69,274 

Stage 7 27.47 1.10 96 27,000 60,335 

Stage 8 34.33 1.58 83 26,000 58,101 

Stage 9 42.92 2.28 72 22,000 49,162 

Stage 10 53.64 3.28 63 20,000 44,693 

Stage 11 67.06 4.73 54 18,000 40,223 

Stage 12 83.82 6.43 50 18,000 40,223 

 

 

 

 

 

 

 

Dryairequivalent(DAE) =
𝑠𝑢𝑐𝑡𝑖𝑜𝑛 𝑙𝑜𝑎𝑑 𝑜𝑓𝑠𝑡𝑒𝑎𝑚(𝑡/ℎ𝑟) ∙ 2205

0.8 ∗ 0.96
 (A-1) [1] 

Size factor(ejector) =
𝐷𝐴𝐸 

𝑆𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑏𝑎𝑟) ∙ 750
  (A-2) [1] 
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Appendix B for Chapter 5 

Cost estimation for MVR 

        Table B-1 presents the reference size and cost of compressors, obtained from open literature. The 

compressor cost was calculated using Equation (B-1), where 𝐶𝑟𝑒𝑓𝑒𝑟 is the reference cost, and 𝑆𝑛𝑒𝑤 and 

𝑆𝑟𝑒𝑓𝑒𝑟 are the calculated scale in the study and reference scale, respectively. 

𝐶𝑀𝑉𝑅 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 = 𝐶𝑟𝑒𝑓𝑒𝑟 × (
𝑆𝑛𝑒𝑤

𝑆𝑟𝑒𝑓𝑒𝑟

)0.7 (B-1) 

Table B-1. Estimated purchased cost of compressor from open literatures. 
Components Reference 

cost, 𝑪𝒓𝒆𝒇𝒆𝒓 

Reference 

size, 𝑺𝒓𝒆𝒇𝒆𝒓 

Reference 

year 

Scaling 

factor 

Installation 

factor, 𝒇 

Sources 

MVR 

compressors 

1.4 NZD M$ 3 MW 2019 0.7 1.38 [2, 3] 

3 NZD M$ 3 MW 2004 0.7 1.38 [4] 

2.7 USD M$ 4.47 MW 1998 0.7 1.38 [5] 

 

Cost estimation for electric boilers  

           The electric boiler purchase cost is assumed US$ 160 per kW (adjusted to 2024 value) [6, 7], with 

the installation factor 𝑓 of 1.53 [8]. Based on give estimations of 50~160 US$/kW for the e-boiler itself 

in year 2018, for capacities between 2.9 MW and 73 MW [7].   
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Appendix C for Chapter 5 

Installation footprint estimation for multi-stage MVR and integrated TVR-MVR 

Size estimation for MVR 

         The operating boundaries for compressors used in MVR systems are defined by an impeller diameter up to 

2.2 m (86 inches), capable of handling a steam volumetric flow rate of 170 m3/s, with a gas velocity of 45 m/s [9]. 

The estimated impeller diameter (D) for each stage is calculated by Equation (C-1), where V (m3/s) represents the 

inlet steam volumetric flow. The 𝐿/𝐷 (length to impeller diameter) ratios of compressors is assumed at 3.8, and 

the specific W/D (width to impeller diameter) ratios is assumed at 2.5 [10]. However, it is important to note that 

factor ratios may vary depending on design specifications and manufacturer standards.  

Size estimation for TVR 

        The TVR size factor was determined using Equations (A-1) and (A-2), which define the suction diameter, 

with the ejector length generally about ten times this diameter, as reported in the book Steam Jet Ejectors for the 

Process Industries (p. 312, figure 10.1) [1]. 

Footprint estimation of systems 

        The estimated footprint of the MVR system depends significantly on the layout arrangement and the 

operating mass flow rates [3]. The installation footprint and number of compressor units were estimated for multi-

stage TVR and integrated TVR–MVR systems, operating at outlet steam flow rates of 100 t/hr and 200 t/hr. Figure 

C-1 presents an example of the optimised layout arrangement for an 8-stage MVR system, adopted from previous 

study [3]. As steam pressure increases, its volume decreases, leading to a smaller impeller size and, consequently, 

a more compact compressor. The space between each stage is assumed to be equivalent to the average width of 

two compressors to ensures operation safety. 

 
Figure C-1. An example of layout arrangement of 8-stage MVR system based on previous study [3]. 

 

            Table C-1 presents the estimated installation footprint and number of units for multi-stage MVR and 

integrated TVR-MVR system. Overall, integrating a two-stage TVR in the initial stages reduces the MVR stages 

by three, thereby decreasing the installation area by approximately 50%. For an 8-stage MVR system, two parallel 

compressors are required in the first two stages to handle the high steam volume, giving a total of 10 compressors 

and an estimated footprint of 566 m² at an operating rate of 100 t/hr. At a higher steam demand of 200 t/hr, two 

D = √
𝑉 ∙ 4

45 ∙ 𝜋
 (C-1) 
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trains of 8-stage MVR systems could be installed, each operating at 100 t/hr steam capacity. In the integrated 

system, incorporating two-stage TVR reduces the number of compressors from 10 to 5 at 100 t/hr, lowering the 

footprint by about 50%.  

Table C-1. Estimated installation footprint and number of units for multi-stage MVR and integrated TVR-MVR systems. 
8-stage MVR system (inlet steam pressure of 0.14 bar and outlet of 8 bar) 

Inlet steam mass 

flow rates (t/hr) 

Outlet steam mass 

flow rates (t/hr) 

Number of 

compressors 

  Estimated installation  

area (m2) 

79 100 10 (1 train)   566 m2  (21.7*26) 

159 200 2*10 (1 train)   2*566 m2 

Integrated TVR-MVR system (2-stage TVR and 5-stage MVR ) (inlet steam pressure of 0.14 bar and outlet of 8 bar) 

  Number of 

compressors 

Number of 

TVRs 

Number of E-

boilers 

Estimated installation  

area (m2) 

52 100 5 (1 train) 2 2 282 m2 (17.1*16.5) 

104 200 2*5 (1 train) 2 2 2*282 m2 
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Optimisation of Steam Recovery from Calcination and the Bayer circuit 
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Preface  

Key results from Chapter 4 shows that steam recovery from calcination can meet up to 

42% of the steam demand in the Bayer circuit. Chapter 5 assesses various steam recovery 

technologies and highlights that multi-stage mechanical vapor recompression (MVR) offers 

the highest energy efficiency among the proposed configurations evaluated. 

Beyond calcination, waste low-pressure vapour from the Bayer circuit can also be 

recovered to further offset steam demand. This chapter therefore assesses the technical and 

economic potential of achieving up to 100% steam supply from recovery. 

Highlights of this chapter include: 

• 100% steam demand can be met via steam recovery, 43% from calcination (e.g. H2 in 

oxygen‑steam combustion), and the remaining 57% from the Bayer circuit. 

• The optimised steam recovery scenario reduces energy use by up to 79%, enabling zero-

carbon steam supply powered by renewable electricity.
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The present study evaluates the technical and economic 

feasibility of recovering vented vapour from the Bayer 

circuit (evaporation, precipitation, and digestion steps) 

and calcination as a decarbonisation strategy for alumina 

refining, using Aspen Plus, compared with conven- tional 

natural gas boilers. Results show that 100% of steam 

supply for Bayer circuit usage can potentially be met via 

internal recovery: 43% from calcination (H2 in oxygen-

steam combustion), 9% from digestion, 37% from 

evaporation, and 11% from precipitation. An esti- mated 

79% reduction in energy consumption for steam supply is 

plausible with full (100%) steam recovery, rela- tive to 

steam generation from gas boilers. Economically, 

compared with boilers at a gas price of 7.5 US$/GJ 

including a cost of carbon capture and storage (CCS) of 

179 US$/tCO2, the full steam recovery scenario is esti- 

mated to reduce the levelised cost of decarbonised steam 

for the Bayer circuit (LCOSB) by 50% at a fixed 70 US$/ 

MWh electricity price, dropping from 110.2 to 55.1 US$/ 

tAl2O3. The capital cost of multi-stage mechanical vapour 

recompression (MVR) is the dominant component (50%) 

of the LCOSB in this scenario, while renewable electricity 

remains the primary operating cost driver. A sensitivity 

analysis indicates that, with natural gas at 7.5 US$/GJ and 
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no CCS, cost parity is achieved when electricity prices fall 

below 60 US$/MWh; with CCS, electricity-based steam 

recovery is cost-competitive for costs above 30 US$/MWh. 
 

 

Steam recovery · Bayer circuit · Calcination · Net-zero 

steam · Multi-stage MVR 

 

 

Introduction 

 
Alumina production via the Bayer process typically consumes 

around 10.5 GJ/tAl2O3 energy, of which approximately 70% 

is attributed to steam generation from natural gas boilers for 

the Bayer circuit [1–3]. High-pressure steam is used, whose 

requirements depend on the bauxite type. Gibbsite ores, 

digested at lower temperatures (175–230 °C, 5–15 bar), 

require less energy-intensive conditions than boehmite or 

diaspore ores (325–400 °C, 50–100 bar) [4]. Substantial quan- 

tities of waste vapour are released from the Bayer circuit, 

owing to its low pressure and/or concentration which make 

recovery challenging. Nevertheless, this presents a significant 

energy loss with significant potential for energy efficiency 

improvement if the waste vapour, along with its heat, can be 

recovered [4–6]. Present cycles typically vent some 2.2 GJ/ 

tAl2O3 in the form of latent heat in the low-pressure steam 

at 0.14 bar and 52.5 °C from the digestion to precipitation 

steps [1, 7, 8]. In addition, medium-pressure vapour at 1.1 bar 

and 102 °C is vented from the digestion tank, carrying latent 

energy of 0.4 GJ/tAl2O3 [3, 9]. This steam is presently gener- 

ated from water using natural gas or electric boilers, the water 

and energy for which could be substantially reduced were 

effective steam recovery approaches to be identified. Simi- 

larly, vapour is also vented from the calcination step, which 

is the last step of Bayer process, that converts gibbsite to 

alumina, releasing chemically bound water. Hence the overall 

aim of the paper is to evaluate the techno-economic potential 

of configurations for which steam recovery is plausible. 
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Recent work has proposed two retrofittable calcination 

pathways, employing either hydrogen combustion or elec- 

trified calcination under a steam environment, with poten- 

tial to generate high-concentration steam for recovery [4, 5] 

while eliminating calcination-related emissions. These path- 

ways are estimated to recover 0.6–0.8 tsteam/tAl2O3 steam, 

equating to 1.4–1.8 GJ/tAl2O3 of latent energy. The amount of 

steam available from both the calcination and Bayer circuit, 

it is possible to satisfy is greater than the steam demand in the 

Bayer circuit, making recovery a desirable target. However, 

the technical and economic barriers to implementing this cost 

effectively are sufficiently great that no systems to achieve 

this recovery have ever been implemented [4]. Hence, the 

study aims to advance the understanding of the technical and 

economic viability of achieving full internal recovery within 

the Bayer process. 

Mechanical vapour recompression (MVR) systems 

increase the temperature and pressure of low-pressure steam 

with mechanical compression, offering potential to 

contribute to recovery of vented vapour. However, mechan- 

ical compression requires steam of sufficient purity and 

quality to avoid damage to the blades, requiring careful 

process design. A multi-stage MVR configuration has been 

proposed for recovery from the Bayer circuit by Chatfield 

[9], while Furlong et al. [10] also demonstrated its potential 

to decarbonise steam generation for meeting the steam 

demand through recovery has the potential to reduce some 

70% of total CO2 emissions from alumina production [9, 11, 

12], aligning with global targets for net-zero emis- sions by 

2050–2070 [13–16]. However, a comprehensive techno-

economic assessment of plausible systems for steam 

recovery from both calcination and Bayer circuit is still 

lacking. Achieving full steam recovery from Bayer process 

may incur high capital investment, particularly for multi- 

stage MVR, while operating costs are sensitive to electricity 

prices. No studies have comprehensively analysed capital 

costs or electricity price sensitivity in comparison with 

conventional boilers. Therefore, this study aims to evaluate 

the economic feasibility of plausible configurations for 

steam recovery from Bayer process. 

In light of these gaps, this study aims to evaluate the tech- 

nical and economic viability of plausible configurations for 

steam recovery to achieve a net-zero steam supply for the 

Bayer circuit. The specific objectives are: 

 

1. To evaluate the technical viability of novel configurations 

for sufficient steam recovery from both the calcination and 

Bayer circuit using steam clean-up and multi-stage MVR 

systems to meet total steam demand. 

2. To estimate potential energy savings and CO2 reductions 

from eliminating the need for steam generation for the 

Bayer circuit from the proposed systems for internal steam 

recovery. 

3. To evaluate the capital and operating costs of full internal 

recovery in comparison with conventional gas boilers, with 

and without carbon capture, compression, transport, and 

storage (CCS). 
 

 

Methodology 

Steam Sources from the Bayer Process 
 
For the steam recovery simulations, we used vapour condi- 

tions for the relevant Bayer steps from prior studies [9, 17]. 

These values are typical, although actual values vary for each 

plant due to differences in vapour conditions and mass flow 

rates. 

● Digestion waste vapour: 1.1 bar absolute, 102 °C, ~0.16 

tsteam/tAl2O3 [17]. 

● Precipitation low-pressure vapour: 0.14 bar absolute, 

52 °C, ~0.35 tsteam/tAl2O3 [9]. 

● Evaporation low-pressure vapour: 0.14 bar absolute, 52 

°C, ~0.59 tsteam/tAl2O3 [9]. 

● Diluted steam from natural gas or H2/air calcination: 

1.06 bar absolute, 165 °C, ~0.75–0.8 tsteam/tAl2O3. 

● High-purity steam from H2 in oxy-steam and fully electri- 

fied calcination: 1.06 bar absolute, 167 °C, 0.6–0.8 tsteam/ 

tAl2O3. 

● The steam consumption in Bayer circuit is assumed at two 
tsteam/tAl2O3 [9]. 

● The steam supply condition is assumed to be 8 bar and 

200 °C for the low-temperature digestion case. 

 

As shown in Fig. 1, the digestion step uses high-pressure 

steam and caustic soda to dissolve bauxite and form a sodium 

aluminate solution [18, 19]. The process incorpo- rates multi-

stage flash tanks to utilise the thermal energy efficiently, but 

the last tank vents a small amount of vapour at approximately 

102 °C [9]. Following digestion, the clar- ification step 

separates the insoluble solids (red mud) from the green liquor 

that carries dissolved aluminium species, which is not a 

primary source of recoverable steam [20, 21]. Next, the 

green liquor proceeds to the precipitation step, where 

gibbsite (aluminium hydroxide) is crystallised by cooling it 

to approximately 75~100 °C using cooling water [9]. The 

steam source from this step is generated by flashing the 

warmed cooling water, together with the evaporated steam 

typically at 0.14 bar and 52 °C [9]. After precipitation, the 

spent liquor is recycled to the evapora- tion step, where 

additional water is evaporated to concen- trate the solution 

for reuse in digestion. This releases an 
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Fig. 1 Vented waste vapour sources in the Bayer process (adapted from previous work [4, 9, 19]) 

 

additional 0.59 tsteam/tAl2O3 low-pressure steam [9]. The 

calcination step generates steam from gibbsite dehydra- tion 

reaction and fuel combustion, converting gibbsite to 

alumina. Under conventional natural gas/air combustion, the 

exhausted steam is diluted by ~ 50% N2, yielding ~0.75– 

0.8 tsteam/tAl2O3. Under H2 in oxy-steam combustion or elec- 

trification calcination in steam environment, can be config- 

ured to produce high-concentration steam in the range of 

0.6–0.9 tsteam/tAl2O3, from the process modelling results of 

calcination using Aspen Plus in previous work. A novel 

configuration is investigated to remove fine particles (typi- 

cally < 2 µm) that are generated from the calcination process 

and persist even after particulate control systems such as 

electrostatic precipitators (ESP) or baghouses. This employs 

a gas separation and steam-cleaning systems prior to the 

MVR unit, with flowsheets developed and analysed. Simi- 

larly, vapour from the digestion tanks may present same 

challenge comparable to calcination vapour, owing to its 

contact with bauxite slurry and the potential entrainment 

of solids, impurities, and non-condensable gases. This also 

requires further investigation and are not yet included at this 

stage. 

Table 1 summarises the steam supply scenarios analysed 

in this study. LD-0 represents the reference case, in which all 

steam is generated from natural gas boilers. LD-1 and LD- 3 

consider steam recovery from different calcination path- 

ways. LD-4 includes steam recovery from both H2 oxy- 

steam calcination and digestion. LD-5 represents scenarios 

where low-pressure steam is recovered from evaporation and 

precipitation. For LD-1 and LD-5, supplementary steam is 

supplied from natural gas boilers when the recovered steam 

is insufficient. LD-6 represents the optimised case, integrating 

steam recovery from H2 oxy-steam calcination, digestion, 

evaporation, and precipitation. 

Table 1 Steam supply scenarios for the Bayer circuit 
 

Steam supply 

scenarios 

Steam recovery from 

various steps 

Steam from boilers 

LD-0 N/A Natural gas boilers 

LD-1 Natural gas/air or H2/air 

combustion calcination 

Natural gas boilers for 

supplementary steam 

generation LD-2 Fully electrified 

calcination 

LD-3 H2 in oxy-steam 

combustion calcination 

LD-4 H2 in oxy-steam 

calcination + digestion 

LD-5 Evaporation + 
precipitation 

LD-6 H2 in oxy-steam 

calcination 
+ digestion + 

evaporation + 
precipitation 

N/A 

 

 

Steam Recovery Process Simulation 
from Different Steps 
 
The steam recovery processes from different steps were 

modelled using Aspen Plus. An overview of the parameters 

assumed is summarised in Table 2. 

 

 

Economic Analysis 

Capital Cost Estimation for Steam Recovery 

The total capital investment was estimated using the factor 

method based on purchased equipment costs, with an 

inherent uncertainty of ±30%. Table 3 presents the break- 

down of factor values, provided in consultation with Worley. 

The breakdown includes tanks and platework for boiler feed- 

water pumps, blowdown tanks, and MVR water injection 

Nearly pure steam, 
~1 bar/165 °C 

Diluted steam, 
~1 bar/165 °C 

Steam 

Gas Steam 

boilers 
Digestion Evaporation “Spent liquor” 

Natural 
flashing 

Gas 
Cooing water 

Slurry Flash 
tanks 

Slurry 
Clarification 

“Green 

Liquor” 

Precipitation 

Al(OH)3 

Mud 
Red 

Al O 2 3 

Natural gas/air Calcination 

H2 in O2-steam Calcination 

Electric calciner (~950°C) 

~1 bar/102 °C 

0.14 bar/52 °C 0.14 bar/52 °C Bauxite ore 
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Table 2 Overview of Aspen Plus process simulation parameters in steam recovery processes based on 120 t/hr Al2O3 production and 240 t/hr 

steam supply in Bayer circuit 
 

 Blocks and assumptions used 

Natural gas boilers • Outlet steam temperature = 200 °C and pressure = 8 bar, typical of low-temperature 

digestion [4] 

• Assumed efficiency of 82% [22, 23] 

• A heater is used to heat the inlet water (40 °C) 

MVR system • A compressor is connected to a flash block, with desuperheated water injected at each 

stage of the compression process 

• For multi-stage MVR, the units are arranged in series 

• Isentropic efficiency of compressors = 76% [24–26] 

• Compression ratio of low-speed compressors is assumed to range from 1.3 to 1.45 [9, 

24, 27] 
• Compression ratio of high-speed compressors is assumed to range from 1.5 to 2 [9, 

24, 27] 

Steam sources 

Precipitation evaporation • An 8-stage MVR system was modelled to compress steam from 0.14 bar to 8 bar 

Digestion • A 4-stage of MVR was implemented to compress steam from ~ 1 bar to 8 bar 

Natural gas/air calcination • An integrated spray tower with 7-stage MVR system for diluted N2 and CO2 

separation and vapour recompression [9] 

H2 in oxygen-steam combustion/electrified calcination • An integrated particle cleaning unit and 4-stage MVR system for fine particle 

removal and vapour recompression 

Note All pressures are absolute 

 

 

Table 3 Ratio factors used to estimate the total capital investment for 

installing steam recovery 

equation, Cr and Sr present the reference cost and size in 

literature, n is the scaling factor, and C and S present the cost 

and size in the study. 

 

n 

C = Cr × 
 

(1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pumps. Steam piping is required for all scenarios to trans- 

port steam. Purchased equipment costs were sourced from 

literature as shown in Table 4 and adjusted to 2024 US$ 

using the scaling factor equation shown in Eq. 1. In this 

Levelised Cost of Decarbonised Steam Supply 

in Bayer Circuit 

The levelised cost of decarbonised steam supply in the Bayer 

circuit, LCOSB, per ton of alumina, was calculated with Eq. 

2, using the assumptions shown in Table 5. To esti- mate 

decarbonised steam generation costs, a carbon capture and 

sequestration (CCS) cost of 179 US$/tCO2 was applied for gas 

boilers using a post-combustion capture approach [31, 32]. 

An amine-based CO2 capture process was simu- lated with 

90% capture efficiency [33]. The CO2 capture and 

compression was calculated to be 144.1 US$/tCO2, and 

transport and sequestration of compressed CO2 contribute 35 

US$/tCO2 [34], assuming the alumina plants are located at the 

South-West of Western Australia. A sensitivity anal- ysis 

was conducted over 30–120 US$/MWh for renewable 

electricity [35] to assess the impact on steam and CCS costs, 

with a 70 US$/MWh as the baseline [36]. The natural gas 

prices were varied over the range 3–14 US$/GJ, with a 

7.5 US$/GJ Australian baseline, to assess impacts on steam 

supply cost [37]. 

S 

 

Parameters Assumed factor number 

Direct cost (DC) 

Purchased main equipment A 

Purchased-equipment installed A*f 

Earthworks 0.01A 

Concrete 0.05A 

Structural 0.20A 

Insulation 0.03A 

Tanks and Platework 0.04A 

Piping 0.47A 

Electrical Equipment 0.33A 

Instrumentation 0.021A 

Total direct costs (1.16 + f)A 

Indirect cost (IDC) 

Project Development allowance 0.06 A 

EPCM 0.78 A 

Contingency 0.98 A 

Total indirect costs 1.82 A 

Total capital investment (TCI) (2.98 + f) A 
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Table 4 Estimated purchased cost of key components from open literature 
 

Components Reference cost, Cr Reference size, Sr (MW) Reference year Scaling factor, n Installation factor, f Sources 

MVR compressors 1.4 NZD M$ 3 2019 0.7 1.38 [9, 28] 

3 NZD M$ 3 2004 0.7 1.38 [29] 

2.7 USD M$ 4.47 1998 0.7 1.38 [30] 

 

Table 5 Assumptions for the levelised cost of decarbonised steam 

supply for Bayer circuit 
 

TCI (Investment expenditures in 

year t) 

The construction is within 1 year 

Mt , Operating and maintenance 
expenditures in year t 

3% of TCI 

Gt , Cost in natural gas in year t 7.5 US$/GJ 

Ct , Cost of CCS in year t 179 US$/tCO2 (under 70 US$/ 
MWh electricity price) 

Et , Cost of renewable electricity 
in year t 

70 US$/MWh 

At , Alumina production in year t 120 t/hr with 90% operating 

r , Discount rate 10% 

n, Life of the system 15 

 

 
n  

TCIt+Mt+Gt+Ct+Et 
(1+r)t 

tion with H2 in oxy-steam combustion, 9% from digestion, 

37% from evaporation, and 11% from precipitation. Alterna- 

tively, vapour could be recovered from the Bayer circuit or 

calcination separately, supplemented by existing gas boilers. 

Scenarios LD-1 to LD-3 incorporate steam recovery from the 

calcination process, including natural gas/air or H2/ air 

combustion, electrified or H2 in oxy-steam combustion. 

These are calculated to meet 27%, 32%, and 43% of total 

demand, respectively. Steam recovery from evaporation and 

precipitation is estimated to meet 37 and 22% of the total 

demand, respectively, shown in LD-5. 

 

Energy Consumption in Various Steam Supply 

Scenarios 
Figure 3 compares energy consumption for each of the steam 

supply scenarios, together with the associated CO2 emis- 

sions. It can be seen that both the energy consumption 

and CO2 emissions decrease with an increase in the extent 

LCOSB = t=1  
n 

 At  

t 
(1+r)t 

(2) of steam recovery. The case with full internal recovery 

scenario is calculated to reduce energy required for steam 

supply by 79%, also enabling zero CO2 emissions where 

 
 

Results 

Technical Results 

Steam Supply Scenarios in the Bayer Circuit 

Figure 2 presents the calculated distribution of sources 

for the steam supply for the series of scenarios, each of which 

satisfies the steam demand for the Bayer circuit (low- 

temperature digestion case). This shows that 100% steam 

usage can be met through internal vapour recovery, for the 

LD-6 case. The sources for this steam are 43% from calcina- 

the need for gas boilers is removed. For Scenario LD-3, with 

~ 42% of steam met from H2 in oxy-steam calcination, 

energy consumption drops by 36% to 4.25 GJ/tAl2O3. For 

Scenario LD-5, ~58% of total steam supplied from evapora- 

tion and precipitation vapour recovery is calculated to reduce 

energy use by 43%, lowering it to 3.74 GJ/tAl2O3. Similarly, 

retaining gas boilers for supplementary steam supply results 

in CO2 emissions ranging from 0.15 to 0.27 tCO2/tAl2O3 in LD-

1 to LD-5. It is also observed that recovering steam from the 

calciner has a more substantial impact compared to recovery 

from evaporation and precipitation, due to high steam 

pressure and temperature, although additional steps are 

required to clean the steam. 

 

Fig. 2 The distribution of 

sources for the steam recovery 

for the various steam supply 

scenarios (see Table 1), each of 

which meets 100% steam 

demand for the Bayer circuit 
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Fig. 3 Distribution of energy 

consumption, together with CO2 

emissions, for the various steam 

supply scenarios to the Bayer 

circuit 
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Fig. 4 Calculated LCOSB for 

the various steam supply 

scenarios to the Bayer circuit, 

ignoring any differences in the 

cost of the alternative 

calcination processes 
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Economic Results 
 
Figure 4 presents the cost breakdown in LCOSB for the 

various steam supply scenarios. The calculated LCOSB 

decreases gradually from 110.2 to 55.1 US$/tAl2O3 with 

increased steam recovery rates. A 50% cost reduction is 

estimated for the case with full steam recovery and for a 

fixed electricity price of 70 US$/MWh. However, this cost 

reduction is accompanied by a significant increase in capital 

investment, rising from 9.7 (for LD-1) to 27 US$/tAl2O3 

(for LD-6), which increases its share from 10 to 50% of total 

cost, due to the additional infrastructure required for the 

MVR systems. For Scenario LD-5, with 59% of the total 

steam recovered from evaporation and precipitation, the 

LCOSB decreases by 23% from the baseline, indicating a 

modest cost advantage from low-pressure vapour recovery. 

 

Sensitivity Analysis 

Figure 5 presents the impact on the LCOSB of changes to the 

gas price to the gas boilers, in comparison with the 100% 

internal recovery scenario LD-6. For gas boilers, the LCOSB 

increases proportionally with the natural gas price, ranging 

from 21 to 94 US$/tAl2O3 across the gas prices from 3 to 14 

US$/GJ without CCS. The baseline 179 US$/tCO2 CCS cost 

contributes a further 59 US$/tAl2O3, raising the LCOSB to 80–

153 US$/tAl2O3. For a fixed electricity price of 70 US$/ MWh, 

LD-6 is more cost-effective than gas boilers without CCS 

once gas exceeds 8.5 US$/GJ. When including the CCS cost, 

LD-6 remains cost-effective across the entire gas price range, 

delivering 26–64% lower cost. 

Figure 6 presents the LCOSB as a function of renewable 

electricity price for the full internal recovery scenario. The 

LCOSB is calculated to increase proportionally with the elec- 

tricity price, ranging from 39 to 75 US$/tAl2O3 across 30– 120 

US$/MWh electricity price. For comparison, a gas boiler at 

7.5 US$/GJ without CCS yields 50.6 US$/tAl2O3. Rela- tive 

to this benchmark, electricity-based steam achieves cost 

parity when electricity prices are below 60 US$/MWh. When 

CCS is included, based on the cost assumptions reported 

above, the CCS cost varies from 124 to 249 US$/tCO2 over 

30–120 US$/MWh, which reflects the electricity intensity of 

CO2 capture process, and contributes an additional 41–82 

US$/tAl2O3. Compared with the CCS-inclusive benchmark, 
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Fig. 5 Calculated LCOSB as a 

function of natural gas price and 
CCS cost in comparison with the 
full internal steam recovery 

scenario 
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Fig. 6 Calculated levelised cost 

of steam for the Bayer circuit as a 

function of renewable electricity 

price for the scenario with 100% 

internal steam recovery in 

comparison with gas boilers 
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internal recovery is cost-competitive over the full electricity 

price range considered. 

funding provided by its industry, research, and government partners, as 

well as the Australian Government’s Cooperative Research Centre 

Program. 

 
 

Conclusions 

Integrating steam recovery from both the Bayer circuit and 

calcination has been calculated to be able to meet 100% 

of steam demand for Bayer circuit, although some of the 

assumptions are yet to be verified at commercial scale. Full 

steam recovery is estimated to decrease energy consump- 

tion for the steam generation by 79%, down to 1.4 GJ/tAl2O3 

for a typical low-temperature Bayer circuit. This configura- 

tion also enables the elimination of CO2 emissions through 

the transition from fossil fuel-based steam generation to 

renewable electricity-based steam recovery. Economically, 

full steam recovery is estimated to reduce the cost of decar- 

bonised steam by 50% for the case of a fixed electricity price 

of 70 US$/MWh, natural gas of 7.5 US$/GJ, and CCS of 179 

US$/tCO2. Sensitivity analyses indicate that electricity- based 

steam is cost-competitive with unabated gas for the case in 

which electricity prices are below 60 US$/MWh at a gas 

price of 7.5 US$/GJ without CCS, and remains cost- 

competitive over gas with CCS for electricity prices above 

30 US$/MWh. 
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Chapter 7-Conclusions 
This study advances the understanding of steam recovery integration in the Bayer process, 

contributing to the development of low-carbon alumina production. 

7.1 Applying hydrogen combustion in calcination while increasing the 

viability of steam recovery 

The cyclones performance, heat utilisation, and overall energy consumption when 

replacing natural gas with hydrogen, particularly in oxygen-steam calcination was assessed, 

which enhances the viability of high-concentration steam recovery from calcination. Results 

indicate that hydrogen/air combustion demonstrates the lowest energy consumption at 2.7 

GJ/tAl2O3 (LHV), compared to 2.88 GJ/tAl2O3 (LHV) for natural gas/air combustion. In the 

hydrogen in oxygen-steam combustion, energy consumption ranges from 2.89 to 2.96 GJ/tAl2O3 

(LHV). This is primarily attributed to reduced heat transfer efficiency between superheated 

steam and solids in the cyclones, along with inhibited pre-calcination reactions under a steam 

environment. It was also found that cyclone separation efficiencies remained above 97%, 

comparable to those under air combustion, when recirculated steam was used as the carrier gas 

to maintain similar volumetric flow rates. Economically, the break-even hydrogen price was 

calculated to range from 1.4 to 2.8 US$/kg under H2/air combustion to compete with natural 

gas/air combustion with carbon capture and storage (CCS) cost (3-14 US$/GJ plus 179 

US$/tCO2 CCS). In contrast, for H2 in oxygen-steam scenario, the break-even hydrogen price 

ranged from 2.2 to 3.4 US$/kg if this steam was recovered relative to steam generation via 

electric boilers at fixed renewable electricity price 70 US$/MWh. It should be noted that costs 

related to hydrogen handling, infrastructure, storage, compression, distribution, and safety 

measures fall outside the defined system boundary and are therefore not included in the analysis. 
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7.2 Integrated steam cleaning and recovery from various calcination 

scenarios 

The techno-economic feasibility of recovering diluted and high-concentration steam 

from the calcination step was estimated. Results show that steam recovery from natural gas/air 

(Scenario 1) and H₂/air (Scenario 2) calcination yields 0.54~0.55 tsteam/tAl2O3, with 0.71 GJ/tsteam 

energy use, of which 5% is allocated to gas separation. Fully electrified (Scenario 3) and H2 in 

oxygen steam calcination (Scenario 4) achieve higher recovery rates of 0.64 and 0.86 

tsteam/tAl2O3, respectively, with lower energy consumption of 0.54 GJ/tsteam, with 9% for gas 

cleaning and 91% for steam compression. The recovered steam amount from calcination was 

estimated to offset 27%-43% of the total steam demand currently generated by natural gas 

boilers, corresponding to a 21-36% reduction in energy consumption for steam generation. 

Economically, the calculated levelised cost of decarbonising steam for the Bayer Circuit 

(LCOSB) (normalised per tonne of alumina) was expected to decrease by 10%-24% compared 

with natural gas boilers with CCS (7.5 US$/GJ with 179 US$/tCO2 CCS) at a fixed electricity 

price of 70 US$/MWh, excluding any differences in the cost of the alternative calcination 

processes. 

7.3 Comparison of various steam compression technologies 

Various steam recovery technologies, including multi-stage MVR, multi-stage TVR, and 

proposed integrated TVR-MVR were assessed in terms of their systems efficiency when 

integrated in alumina refineries. Multi-stage MVR achieves the greatest energy conservation 

and cost reduction. Recompressing vapour to 8 bar, the MVR system achieves about 85% 

energy reduction for an inlet pressure of 1.1 bar, delivering a COP of 5.7, and approximately 

73% for an inlet pressure of 0.14 bar, corresponding to a COP of 3.2, compared with natural 

gas boilers. In contrast, the integrated TVR-MVR configuration achieves a modest energy 
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saving of 55% for inlet vapour at 0.14 bar, delivering a COP of 1.9. Multi-stage TVR system 

offers lower efficiency, achieving around 42% energy savings for an inlet pressure of 1.1 bar 

(COP=1.4), and about 21% for an inlet pressure of 0.14 bar (COP=1.0) relative to natural gas 

boilers. From an economic perspective, steam recovery via MVR can be cost-competitive with 

natural gas boilers equipped with CCS over an electricity price range of 30-120 US$/MWh, 

even when the natural gas price is as low as 3 US$/GJ. However, quantifying the operational 

risks associated with system complexity and practical implication, for example, integrated 

TVR-MVR systems lowers system complexity by reducing the MVR stages is limited in this 

study, requiring further detailed assessment. 

7.4 Optimisation of steam recovery from the Bayer circuit and calcination 

Finally, the study considered integrating steam recovery from both calcination and Bayer 

circuit using MVR systems and estimated the various decarbonised steam supply scenarios. 

Results demonstrate that 100% of steam supply for Bayer circuit usage can potentially be met 

via internal recovery: 43% from calcination (H2 in oxygen‑steam combustion), 9 % from 

digestion, 37% from evaporation, and 11% from precipitation. An estimated 79 % reduction in 

energy consumption for steam supply is plausible with optimised steam recovery case, relative 

to steam generation from gas boilers. Economically, compared with boilers at a gas price of 

7.5 US$/GJ including a cost of carbon capture and storage (CCS) of 179 US$/tCO2, the full 

steam recovery scenario was estimated to reduce the levelised cost of decarbonising steam for 

the Bayer circuit (LCOSB) by 50% at a fixed 70 US$/MWh electricity price, dropping from 

110.2 to 55.1 US$/tAl2O3. A sensitivity analysis indicates that, with natural gas at 7.5 US$/GJ 

and no CCS, cost parity is achieved when electricity prices fall below 60 US$/MWh; with CCS, 

electricity-based steam recovery is cost-competitive for costs above 30 US$/MWh. The present 

study optimises steam recovery from both the calcination process and the Bayer circuit. 
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However, the availability of recoverable vapour may vary across different alumina refineries 

depending on plant operating conditions. These variations may introduce uncertainty in the 

assumptions adopted in this modelling study, requiring further investigation. 
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Chapter 8-Future work 

recommendation 
          The present study estimated the techno-economic feasibility of steam recovery 

integration within the Bayer process. Further studies are recommended to build on this work 

considering some of the limitations of the process modelling. Aspen Plus was used to simulate 

the calciner, assessing changes in stream temperature, cyclone performance and overall energy 

consumption. However, other impacts are also relevant and important when transitioning from 

natural gas/air combustion to hydrogen, such as combustion behaviour and potential effects on 

product quality, which cannot be captured through Aspen plus simulation. Computational Fluid 

Dynamic (CFD) process modelling and experimental work are recommended to understand the 

combustion behaviour including the impact on NOx emission, spatial flame behaviour and 

stability when transiting to hydrogen/air combustion. In addition, considering the higher flame 

temperature of hydrogen combustion, additional retrofitting may be required to avoid material 

embrittlement and overheating, along with fuel nozzles modifications for adequate mixing to 

minimise the NOx emissions. From an economic perspective, the cost for hydrogen storage, 

compression and decompression, distribution, and associated safety-control systems are 

outside the scope, which are important and should be incorporated in future work. It is also 

noted that the impact of steam on alumina quality, e.g. LOI (loss on ignition), specific surface 

area, particle breakage, porosity has not been assessed. This highlights the need for further 

experimental work on alumina calcination under steam-rich conditions. Furthermore, it is 

observed in process modelling the pre-calcination reaction may be inhibited under a steam-rich 

environment, indirectly affecting the energy consumption in calcination. To better understand 

this influence, conducting experimental studies on the reaction kinetics under steam conditions 

is necessary. Further retrofitting needs to be considered to address the potential inhibition of 
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the pre-calcination. One possible approach is a two-stage calcination configuration, in which a 

first-stage reactor is introduced to enable the use of renewable heat sources. This first stage 

could be implemented using a Calix drop tube reactor or a fluidised bed reactor, allowing for a 

complete gibbsite to boehmite conversion. These options represent areas for further 

investigation. 

         Other than hydrogen calcination, electric calcination could be explored as a potential 

decarbonisation pathway. However, large scale implementation remains challenging due to 

scaling up and uncertainties in heat transfer efficiency. It is therefore recommended to 

investigate plausible electric calciner technologies from both technical and economic 

perspectives in future work. Steam cleaning and recovery from calcination was investigated in 

this study as an effective particle control system is essential to ensure the steam quality before 

entering the multi-stage mechanical vapour recompression system. Alternative steam cleaning 

technologies may be considered other than venturi scrubber considered in the study, such as 

water electrostatic scrubbing (WES), candle filters and steam-hydro scrubbers for capturing 

fine particles. Further investigation in the potential integration of other steam cleaning 

technologies is recommended, along with experimental work to evaluate the steam cleaning 

efficiency, steam quality prior to multi-stage MVR system.  

            Process modelling in steam recovery process in this study assumes constant recoverable 

steam from the calciner. However, real refinery operation includes several calciners operate 

simultaneously, and one calciner taken offline for maintenance activities may impact the 

recoverable steam for recovery. To supply continuous steam, supplementary steam from 

generation units, e.g., electric boilers, natural gas boilers, to compensate for fluctuations in the 

steam recovery supply is necessary. Future work is recommended to address this issue by 

evaluating the system under practical operating conditions. Fluctuations in steam availability 
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may also affect the operational availability and performance of the MVR system, as inlet 

vapour variation can impact compressor stability and lifetime. Therefore, further evaluation of 

multi-stage MVR performance under dynamic operating conditions, supported by experimental 

studies, is recommended. Multi-stage MVR, multi-stage TVR, and the integrated TVR-MVR 

were assessed in the study, which are all open-loop heat pump systems. The closed-loop 

systems operate with a sealed refrigerant circuit, where the waste heat in vapour is recovered 

and transferred through evaporation and condensation of the refrigerant. Given that the 

potential contamination of the vapour from the Bayer process, indirect heat recovery using 

closed loop systems may be a plausible alternative to explore without the need of vapour 

cleaning. Therefore, it’s suggested that waste heat recovery research could explore the 

integration of closed-loop systems in Bayer process, along with a techno-economic analysis 

against open-loop systems.  

In addition to recover steam from calcination, recovering steam from evaporation, 

precipitation is also assessed in this study to meet the total steam consumption. However, one 

of the limitations is that the modelling assumes a constant steam consumption.  In reality, steam 

consumption varies over time due to redundancy and maintenance requirements within the 

Bayer circuit, which also affects the availability of waste steam. Therefore, a more detailed 

whole plant analysis that incorporates the dynamic steam consumption profile will be necessary 

to fully assess the integration of steam recovery at refinery scale. In addition, the thesis is 

focused on low-temperature digestion, which has relatively lower steam pressure requirement 

(5-15 bar). However, high-temperature digestion requires much higher steam pressure (50-100 

bar), which is not technically feasible for MVR or TVR systems. Further studies are 

recommended to explore alternative steam generation or technologies capable of meeting the 

higher-pressure requirements of high-temperature digestion.  
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Electrifying the steam generation and calcination process offers a pathway for 

decarbonisation. However, due to the substantial increase in electricity demand, factors such 

as electricity price, share of renewable electricity, and the infrastructure investment are critical. 

Further research is needed to establish a high-level transition roadmap that builds on the 

findings in this study to quantify the infrastructure investment and electricity demand needed 

for low-carbon transition pathways.  
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Supplementary Appendix for 

Chapter 4 
Process Modelling for Retrofitting Alumina Calcination for Fully 

electrification 

 

 

Preface 

This chapter provides supplementary data on fully electrified calcination, including the 

amount of exit steam condition to support the analysis presented in Chapter 4. 
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Process Modelling for Retrofitting Alumina Calcination for fully 

electrification 

Abstract 

This chapter evaluated the technical feasibility of retrofitting the Calix electric calciner 

technology into CFB calciner as a low-carbon alternative calcination to conventional natural 

gas/air combustion. The retrofitted configuration utilises recirculated superheated steam as the 

carrier gas, enabling comparable volumetric flow rates to the conventional system. As a result, 

cyclone separation performance is preserved, with efficiencies exceeding 97%. Energy 

consumption was assessed under E-calciner wall temperatures from 900°C to 1100°C, with 

electric power demands estimated at 70-83 MW for the e-calciner and 12-20 MW for the 

electric gas heater under assumed 90% overall heating efficiency. This results in an overall 

energy consumption of 2.73~2.86 GJ/tAl2O3 for electric calcination.  

1. Introduction  

Decarbonising high-temperature industrial processes using electric calcination 

technologies has been proposed as a promising pathway [1, 2]. Calix’s flash electric calcination 

technology is one of the approach which are applicable in alumina refining, cement 

manufacturing, and steel production [3, 4]. The core technology is utilising an indirect heating 

method where minerals descend through the electric reactor tubes, with gases released during 

this process exiting from the top of the tube. A notable integration of this technology is the 

LEILAC (Low Emissions Intensity Lime and Cement) project [3, 5], which allows for the 

capture of released CO2 from the top, significantly simplifying carbon capture. The core flash 

electric calcination technology developed by Calix is also applicable to alumina calcination. In 

this process, steam released during calcination exits from the top of the reactor as a pure stream, 

which can be efficiently recovered and reused within the system [6]. However, this technology 
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is currently limited to pilot-scale testing. A pilot-scale electric calciner located in Victoria, was 

designed to test feed gibbets samples at a rate of  0.06 to 0.144 t/hr [6]. The system is used to 

evaluate the quality of calcined samples based on parameters such as loss on ignition (LOI), 

surface area, and the absence of undesirable α-alumina phases. Tests have been conducted 

across a wall temperature from 900 to 1120 °C, demonstrating promising results in producing 

high-quality alumina. However, there is no studies evaluating the technical viability of the 

potential in retrofitting with full-scale alumina calcination. Conventional alumina calciners, 

such as flash or circulating fluidised bed (CFB) systems, rely on natural gas/air combustion. In 

these designs, air serves both as a combustion medium and as a transport agent for moving 

particles through the process. In contrast, Calix’s electric calcination technology delivers heat 

indirectly via externally heated reactor walls, removing direct combustion in calciner. To 

support particle transport and maintain volumetric flow rates comparable to those in 

conventional calcination processes, superheated steam exiting the system is redirected back 

into the calcination stage, where it functions as the carrier gas [7]. This introduces a pure steam 

environment, which differs from air environment. Therefore, this study aims to evaluate the 

technical feasibility of retrofitting existing alumina calcination processes with Calix’s flash 

electric calcination technology integrated with steam recovery and assess the calcination 

performance, with a particular focus on quantifying the exit steam from the calcination pathway. 

2. Methodology  

2.1 Retrofitted fully electrified calcination integrated with calix technology 

 Figure S1 shows the retrofitted electrified configuration. The boehmite solids separated 

from Cyclone 2 are conveyed to the top of the electric calciner. Figure S2 presents Calix’s 

pilot-scale electric flash calcination reactor. To integrate it into the existing alumina calcination 

process, the conventional main furnace is replaced by the calix electric calciner. Given the 
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capacity limitations of a single large-scale electric calciner, achieving industrial throughput 

may require the use of multiple drop-tube reactors, whereas current demonstrations typically 

illustrate only a single reactor for conceptual representation. The calcined alumina exits from 

the bottom of the reactor, while the generated steam exits from the top. Air is not introduced 

into the system, and instead, a portion of the exiting steam is recycled as the carrier gas to 

maintain volumetric flow rates comparable to those in conventional air-based calcination. The 

recycled steam mass flow is adjusted to ensure consistent gas velocities entering the cyclones, 

preserving cyclone performance and separation efficiency. Remaining steam is directed to 

digestion step following a steam recovery process. Due to the pressure drop caused by the 

cyclone system, a first-stage compression step, utilising either a blower or steam ejector, is 

used to support continuous steam circulation. Additionally, an electric steam heater is 

employed to raise the temperature of steam entering Cyclone 2, supplying the thermal energy 

required for the preheating stage. Under a pure steam environment, the conversion of gibbsite 

to boehmite may be inhibited [8-10]. An additional Cyclone 1.1 is introduced to enhance the 

heat transfer efficiency between particles and steam in preheating stage. 
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Figure S1. Retrofitted alumina calcination with Calix electric calciner technology. 

  
Figure S2. Calix’s pilot electric flash calcination reactor. [6] 

2.2 Process modelling 

The calcination process under fully electrified calcination, as shown in Figure 1 was 

modelled in the Aspen Plus, with Figure S3 presenting the developed model. A summary of 

the key parameter assumptions for each unit operation is provided in Table S1. Gas-solid 

separation efficiency and cyclone pressure drops were calculated using the Shepherd & 

Lapple method [11, 12]. The total heat losses were estimated at approximately 4% of the total 

energy input and were distributed proportionally across the system, with the majority 

attributed to the main furnace and the preheating furnace. 
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Table S1. Process modelling parameters assumptions for retrofitted electrified calcination 

Retrofitted fully electrified calcination 

Electrical steam heater  • Simulated by a heater, with the temperature setting from 900 to 1100°C. varying the outlet temperature 
to see the effects on overall calcination. 

• With a typical 95% efficiency [13]. 

Calix electrical calciner 

 

Simulated by connected  Rstoic model and components separator model 

• A Rstoic reactor model was used to simulate boehmite to alumina, with the outlet temperature  varied 

between 900°C and 1100°C, consistent with the temperature range in pilot-scale experiments[6].  
• Components separator was used to separate solids and gas  

Cyclone 1.1 • Simulated using a Stairmand-HT type cyclone 
• The diameter of the cyclone was set to 4 meters 

Cyclone 2 • Same simulation method was applied as for Cyclone 2 in the conventional calcination case. 

• Reaction kinetics for the boehmite-to-alumina transformation under steam environment were based 

on the model developed by Saw, L.W., and T.C. Tsai et al.[10]. With expected conversion of 
approximately 66-76% under steam environment.  

• Parameter setting of other units is same with natural gas/air calcination in chapter 3. 

• The Calix electric calciner is modelled with an assumed efficiency ranging from 90% to 98% to evaluate its impact on overall 
energy consumption. 

 
Figure S3. Aspen Process model of electrified calcination  

3. Results 

3.1 Technical results 

 Figure S4(a) presents the electric capacity required of the electric calcination system. A 

moderate increase in total electric power input is observed as the E-calciner wall temperature 

rises from 900°C to 1100°C, increasing from 90 MW to 95 MW. This increase is attributed to 

a higher load on the E-calciner. From the pilot experiment data [6], the flash electric calciner 

operating at 900°C enables the production of alumina with a relatively high specific surface 

area (SSA) of 120-140 m2/kg, although it results in a loss on ignition (LOI) of approximately 

3%. In contrast, increasing the wall temperature to 1050-1100°C reduces the LOI to below 1%, 
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but lowers the SSA to 60-80 m2/kg, indicating a trade-off between the product quality. The 

specific energy consumption increases with wall temperature, from 2.73 to 2.86 GJ/tAl2O3, 

reflecting reduced efficiency due to greater thermal losses at higher wall temperatures. A 

modest overall heating efficiency of 90% is assumed in this analysis. As shown in figure S4(b), 

higher wall temperatures also lead to raised exit steam temperature from 171°C to 194°C. 

Figure S4(c) presents the exit pure, comprising 84 t/hr of recirculated steam acting as the carrier 

gas, and 76 t/hr (0.63 t/tAl2O3) of recoverable steam, offering significant potential for direct 

steam recovery. 

Figure S4. Calculated electric power consumption (a), exit pure steam temperature (b) and amount (c) under 

varied e-calciner wall temperature. 
 

3.2 Comparison of calcination process performance 

Figure S5(a) compares the volumetric gas flow rates across each cyclone for the 

conventional natural gas calcination system and the retrofitted fully electrified calcination. The 
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results present the closely matched flow rates, with only minor differences observed at 

Cyclones 1 and 2. The holding vessel (HV is removed in the electrified system due to the Calix 

electric calciner's design, which separates gas and solids vertically, with gases exiting from the 

top and solids discharged from the bottom. Cyclones 3 to 5 exhibit close flow behaviour, with 

steam recirculation. Figure S5(b) presents the separation efficiencies of cyclones, all of which 

maintain comparable efficiencies exceeding 97% under electrified calcination and natural 

gas/air combustion.  

 
Figure S5. The volumetric flow rates (a) and calculated separation efficiency (b) of cyclones in conventional 

natural gas/air and retrofitted fully electrified calcination. 

3.3 Effects of heating efficiency and gibbsite conversion in Cyclone 2 on energy consumption 

Figure S6 illustrates the influence of gibbsite conversion rate and E-calciner heating 

efficiency on the overall energy consumption. Gibbsite-to-boehmite conversion has a 

significant effect on the system’s power demand. Based on current reaction kinetics, a gibbsite 

conversion rate of approximately 66%~76% is expected in Cyclone 2 under a pure steam 

atmosphere, in contrast to the 100% conversion typically achieved under air-based calcination. 

This observation suggests that steam may inhibit the transformation process, in agreement with 

experimental findings [8]. However, the available kinetic data is primarily derived from low 

heating rate experiments and low temperature, which differs from operating conditions of 

industrial calciners under high-temperature, rapid-heating. Therefore, a sensitivity was 
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conducted, showing that varying the gibbsite conversion rate from 100% to 0% leads to an 

increase in overall energy consumption, rising from 2.6 GJ/tAl2O3 to 3.2 GJ/tAl2O3. 

Simultaneously, the heating efficiency of the E-calciner also has a significant impact on power 

consumption. For instance, at a representative gibbsite conversion rate of 76%, the specific 

energy consumption decreases from 2.76 GJ/tAl2O3 at 90% efficiency to 2.58 GJ/tAl2O3 at 98% 

efficiency. As the significant impact of heating efficiency, further research is recommended to 

develop a detailed heat transfer model between the solid particles and the heated wall, with the 

aim of accurately estimating the overall heating efficiency from electricity to particles in the 

calciner. 

 
Figure S6. Effects of heating efficiency of E-calciner and gibbsite conversion on overall energy consumption. 

5. Conclusions and recommended further work 

The fully electrified system demonstrates comparable overall energy consumption to 

conventional natural gas/air combustion, with values of 2.76 GJ/tAl2O3  under an operating 

temperature of 950°C for both the E-calciner (assumed 90% heating efficiency) and E-gas 

heater (95% efficiency). Overall energy demand is sensitive to E-calciner heating efficiency. 

Increasing the heating efficiency from 90% to 98% can yield a potential energy saving of up 

to 0.2 GJ/tAl2O3 . Furthermore, despite differences in carrier gas composition (air vs. recirculated 
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steam), the volumetric gas flow rates through the cyclone stages remained similar in both 

systems, resulting in comparable separation efficiencies consistently above 97%. 

The chapter presents a preliminary process modelling for retrofitting alumina calcination 

for fully electrification by integrating Calix technology. One of missing content is to estimate 

the potential scaling challenge of Calix drop-tube reactor. For example, heat transfer efficiency 

between solid and wall of the scaled-up reactor. It is recommended to develop a detailed heat 

transfer model between wall and solids of the reactor. In addition, the large power requirement 

of the electric calciner, up to 80 MW, poses a significant technical barrier. Partial electrification 

of the calcination process is recommended for future research, offering a more practical 

pathway to decarbonisation. 
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