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The supercritical water oxidation (SCWO) process for diluted wastewater was modelled and simulated using ASPEN 

Plus© of Aspen Technology Inc. Then, thermal integration analysis was searched, to use as much heat of oxidation as 

possible to preheat the raw materials. Afterward, a thorough energetic integration analysis was done, to search for self-

sufficiency conditions. The results obtained considering a turbine using supercritical water detent show that the process 

is energetically self-sufficient for reaction temperatures above 600°C, 23 MPa pressure and oxygen in slight excess than 

the stoichiometric value. The usual performance parameters were computed and used to compare the efficiencies of 

each analysed case and choose the best solution. 

INTRODUCTION 

Industrial activities generate huge quantities of organic wastewaters and sludges, which require 

disposal or destruction. Removal has usually been achieved in landfills, but this practice will rapidly become 

quite expensive and very restricting, due to less permissive laws and public resentment.1–3 Another sensitive 

source is the nuclear industry, where some organic wastes, mixing radioelement compounds and organic 

solvents, are produced. Because of their radioactivity usual processes cannot treat them.4 Many researchers 

have focused their work to develop new technologies in order to achieve: valorisation, decomposition in 

environmentally acceptable end products, final volume reduction of wastes, and reduction of energy 

consumption. A very promising area is the oxidation of organics with dissolved molecular oxygen coexisting 

in the same phase with the pollutant. One direction of research is the wet air oxidation (WAO), and 

researchers have reported some promising results.5 The liquid phase is maintained at high pressure, 

increasing the concentration of dissolved oxygen and thus the oxidation rate. Typical conditions are 

200÷325°C for temperature, 50÷175 bar for pressure and 1 h for the residence time, for pollutant load 

ranging from 10 to 80 kg·m–3, expressed as chemical oxygen demand (COD). The process can treat any kind 

of organic aqueous waste, even toxic, produced by various branches of industrial activity, or it can be 

coupled with a biological treatment facility to eliminate the sludge. The main drawback is that the organic 

pollutant is not completely destroyed, so a supplemental “cleaning up” stage should be provided. 

–––––––––––––– 
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Another even more promising alternative, using the same general guidelines as WAO, is the 

Supercritical Water Oxidation (SCWO) process which is being investigated as a method for totally 

destroying liquid wastes and sludges, even if they are slightly radioactive, due to its compact nature, 

guaranteeing a proper containment. SCWO and WAO are two of the few processes that do not turn pollution 

from one form to another, but really make it disappear.1–4,6 

SUPERCRITICAL  WATER  OXIDATION  PROCESS  STATE  OF  THE  ART 

Water in supercritical conditions (T > 647 K, P > 22.1 MPa) changes dramatically its physical 

properties; density, dielectric constant, viscosity and ionic product drop down, while diffusivity increases, 

transforming SCW into a non-polar solvent with excellent transport properties, responsible for its 

insignificant mass transfer resistance, which is very important in achieving rapid reactions. Due to this 

properties, many non-polar organic compounds (including PCBs), gases and oxidants (air, oxygen hydrogen 

peroxide or NO3) are completely miscible with SCW, since there is no phase interface, no supplemental 

resistance to their mixing exists, like interfacial transport phenomena. Consequently, high destruction rates 

of organic pollutants can be obtained in relatively short reaction times.3 For example, at 450 to 600°C (i.e. 

roughly half the temperature of conventional incineration), many organic contaminants are rapidly (0.1–100 s) 

and efficiently (99.9 to > 99.99%) oxidized, with their constituent carbon, hydrogen, and nitrogen atoms 

being completely mineralized to CO2, H2O and molecular nitrogen gas, together with small amounts of 

nitrous oxides or ammonia.7 N (III) nitrogen is oxidized by the oxidant, while N (V) – e.g. in nitrates – is a 

powerful oxidant itself and is reduced.8 Heteroatoms such as sulphur, chloride and phosphorus, are rapidly 

oxidized to inorganic acids which can be neutralized.3,7 Metals will be oxidized to their highest oxidation 

state1 (iron to iron rust, chromium to chromium oxide). 

SCWO process can be used for all chemical and biological materials (including contaminated soil), 

even in mixed forms, which eliminates the need for pre-sorting contaminated materials.1,3 SCWO is 

preferentially used for aqueous waste streams with too low an organic content for traditional thermal 

treatment or too high or diverse an organic load for biological waste water treatment.9 A SCWO system 

offers inherent control over emissions and coupling possibilities to energy recovery systems.1 SCWO can be 

used to treat (detoxify) a wide variety of waste streams, including organic solvents, polycyclic aromatic 

hydrocarbons, chlorinated hydrocarbons, PCBs, paint, oil, dyes, sewage sludge, fuels, cutting and/or 

contaminated oils, soils, and groundwater; process wastewater from chemical, petroleum, pulp and paper, 

textile; medical wastes, including fugitive recombinant deoxyribonucleic acid (DNA); chemical warfare 

agents and solid rocket propellants; biomass and human wastes and recycle of vital materials in space 

application; shipboard hazardous materials; and the list is still growing. 

SCWO units can be efficiently installed in self-contained mobile trailers that can be moved quickly and 

easily to wherever it's needed, because the process equipment is relatively small and there is no need to treat 

non-toxic discharge materials.1 

The reaction taking place in SCWO is self-sustaining and energy efficient, as the heat generated by the 

reaction provides the energy required to maintain it, the energy surplus being usefully used for other 

purposes to reduce the cost of the treatment process.10 The SWCO process can be observed as an alternative 

energy generation method where wastes are completely degraded and, besides this, an important amount of 

energy can be produced.11,12 On the other hand, SCWO has some shortcomings, the main of which is the 

high investment and operating costs in comparison with other waste purification processes, which can limit 

the application of SCWO for the depuration of waste waters with very low contaminant concentration. To 

overcome this shortcoming, SCWO can be coupled with a wastewater concentration process, thus obtaining 

an ultimate and cost affordable solution of the waste disposal problem. By coupling the concentration 

process with the SCWO, only a small volume of the original wastewater is to be treated by SCWO, thus 

allowing a reduction of investment and operating costs.10 
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CORROSION  AND  SALT  DEPOSITION 

The main drawback of SCWO, which determine high investment and operating costs, is the extremely 

low solubility of the polar inorganic salts and oxides, inherently present in the raw materials or formed into 

the reactor, during the organic wastes oxidation process. The solid particles tend to accumulate on the 

reactor walls or process surfaces and form plugs, causing expensive and frequent downtime of the SCWO 

system. Depending on the particular salts involved, the corresponding plugs can form in as little as a few 

hours in an initially clean reactor with a diameter of several inches.13 Although oxides have a much lesser 

tendency to adhere to process surfaces, they may still hinder the process if not accommodated. Many wastes 

will have a combination of salt-type and oxide-type solids, and may have an intermediate tendency to stick 

to process surfaces.13 

Removing salts or oxides from raw materials, prior to feeding the reactor is both technologically very 

difficult and uneconomical, i.e., for organic feeds which contain heteroatoms such as chlorine, sulphur, or 

phosphorus, pre-neutralization of the feed with a base such as caustic leads to another source of salt. This 

technique is sometimes used for the reduction of corrosion associated with acid formation in the reactor 

during oxidation of these feeds, but the result is to reduce the corrosion problem in favour of a salt 

precipitation problem. The foreseeable solution is to achieve better overall management of the precipitation 

and transport of salt through the reactor either by creating a salt mixture with improved transport properties, 

or through a better reactor design.13 The reduced solubility of salts at supercritical conditions introduces the 

possibility for a solid–fluid separation. Waste streams containing salts in elevated concentrations should not 

be treated with SCWO with any of the current reactor technologies. Corrosion can be reduced or even 

avoided by the right material choice and/or a slightly modified reactor concept.8,14 

Specific reactor designs and operating techniques have been developed, with the express goals of 

either avoiding high temperatures near the walls, or protecting the wall against corrosives or salt deposition 

to control salt precipitation and solids build-up in SCWO systems.13,15,16 The most used reactor design 

concepts include: reverse flow tank reactor with brine pool, transpiring wall reactor, reverse flow tubular 

reactor, centrifuge reactor, adsorption/reaction on a fluidized solid phase, mechanical brushing, rotating 

scraper, crossflow filtration, density separation while the widespread operating techniques are: reactor 

flushing, high velocity flow, additives use, low turbulence/homogeneous precipitation, and extreme pressure 

operation.13 

This paper presents some efficient possibilities to use the reaction heat released during SCWO to both 

heat integration, by preheating the reactants to the reactor’s input temperature, and energetic integration, by 

generating clean electricity which can be used for pressure changer devices. Bringing SCWO processes to 

energetic self-sufficiency means to save power from power plants, which will reduce the amount of both 

fuel consumption and combustion products emitted to atmosphere. These solutions contributing to save energy 

and reduce environmental pollution are supercritical steam turbine, organic Rankine and closed Brayton 

cycles. 

MODELLING  AND  SIMULATION  DETAILS 

The SCWO process was modeled and implemented in Aspen Plus of Aspen Technology Inc., in order 

to use its powerful database for physico-chemical properties, together with its extensive range of 

implemented unit operations. Some attempts are also reported in the literature, designating Aspen Plus© as a 

convenient tool to model SWCO processes.11,12 

The parameters which characterize the process operation necessary for the development of simulation 

are: temperature and pressure, flow rate and concentration of waste water, nature of the pollutant, oxidation 

chemical pathway, reaction kinetic and thermal parameters, reaction type, nature and excess of the oxidant. 
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The working pressure of 23 MPa was chosen, for economical reasons, as it has been demonstrated that 

the pressure effect is negligible in SCWO processes.17 

A stoichiometric amount of oxygen, or an excess lower than 10% is enough for total waste 

destruction.8,11,18 Pure oxygen was used as oxidant on the one hand to avoid inutile energy consumption and 

on the other hand because the nitrogen (present in air) may act as an antisolvent, decreasing the solubility of 

dissolved salts thus favouring their precipitation. The oxygen excess,11 OE, is defined as: 
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Although there are many kinetic studies trying to elucidate the mechanism of SCWO of different 

organics,19–32 for simulation purposes a kinetic model as general as possible should be used. Portela et al.33 

proposed a generalized kinetic model based on a simplified reaction scheme (Fig. 1), with two possible 

refractory products (acetic acid or carbon monoxide):  

 

Fig. 1 – Simplified reaction schemes. 

Because the presence of ions is very important due to corrosion processes which have to be accounted for, 

the mechanism having acetic acid as a refractory product was used in the simulations (Fig. 1a). All the 

reactions involved in this mechanism are considered first order with respect to the organic and zero order 

with respect to oxygen, as long as OE has positive and large enough values. For the present work, a value of 

5.2% proved to be sufficient. The Arrhenius parameters for the reaction’s rates constants are listed in 

Table 1. 

Table 1 

Arrhenius parameters for the rate constants used in the generalized kinetic model based on acetic acid33 

Generalized model based on acetic acid (Fig. 1a) Rate coefficient A (s–1) Ea (kJ/mol) 

 k1 7.768 ×€105 93.08 

 k2 5.143 ×€104 96.23 

 k3 2.55 ×€1011 172.7 

The reactor for SCWO should be as easy to built (and thus as cheap) as possible, solve or avoid the 

corrosion and erosion problems (throughout reactor velocity control) and solve or evade the plugging 

problem.8 The tubular plug flow reactor, 6 cm internal diameter, is the right choice, because it minimizes 

both the plugging occurrence, caused by the inorganic solids, and the reactor’s volume, since this is the most 

efficient type of reactor for the considered kinetic mechanism.1 The length of the reactor results from the 

condition that, under adiabatic steady-state operating conditions, the pollutant (and, of course all the 

refractory compound, acetic acid) should be consumed. The temperature profile is another key parameter, 

affecting the length and, for the present study, the experimental results reported in the literature8,11–13,33 

were used to establish the value of around 625°C as the reactor exit stream temperature. Higher values could 

damage the reactor inlets, whilst lower values mean an inefficient use of the volume of reaction. 
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From the property methods recommended by Aspen Plus© simulator’s manual, the PRMHV2 

(Peng-Robinson equation of state with modified Huron-Vidal mixing rules) package was used in the present 

work, since it is consistent in the critical region. 

Although the polluted industrial or sewage wastewater has a complex composition, given by different 

organic species, in the present work a synthetic wastewater was used as feed stream for the simulations, with 

only n-hexane as organic compound, since the obtained results can be generalized to whatever kind of 

organic waste.11–13,33 

SUPERCRITICAL  WATER  OXIDATION  TEST  CASES 

Due to the supercritical state of the water used as reaction medium, the SCWO process could be seen 

as unattractive, because of the power needed for the pumps and compressor, and, eventually, to heat the raw 

materials to the reaction temperature. In order to diminish as much as possible the consumption of these 

utilities or, even, to eliminate it, a thorough investigation was done, to find the operating conditions, the 

organic minimum load and the best heat-to-power conversion procedure. 

THE  COMMON  HEAT-INTEGRATED  PART  OF  THE  PROCESS 

The SCWO process could be conveniently divided into two parts; a common one, dealing with the 

organic pollutant destruction in the reactor and heat recovery by pre-heating the reactants to the feeding 

temperature, and a specific one, dealing with transforming the excess reaction heat into useful electric 

power. The calculations were done ignoring the heat losses. The efficiencies of pressure changer devices 

were considered 0.65 for pumps and 0.64 for compressors and 0.8 for turbines (0.84 isentropic efficiency 

and 0.95 mechanical one). 

The feed flow of the installation is a synthetic waste mixture containing 2000 kg/h water and 37 kg/h 

n-hexane (1.8% wt), salt free, to avoid corrosion problems imposing special reactor design.8 This 

concentration ensures a one stage adiabatic oxidation process, since the temperature after reaction 

completion is about 620°C. 

The wastewater at 20°C and normal pressure is pumped up to the operational pressure of 230 bar. 

Subsequently, the stream passes through the main heat exchanger where it is heated up to 400°C, a value 

taken from the literature.11–13,33 Oxygen (138 kg/h, OE = 5.2%), used as oxidant, is compressed to the 

operational pressure in a 4 stages isentropic multi-compressor with inter-cooled stages. After the last stage, 

refrigeration is disregarded and oxygen with a temperature of about 214°C is mixed with the supercritical 

wastewater, the resulted stream being, then, fed into the plug-flow reactor, where the destruction of the 

organic is done. 

THE  SUPERCRITICAL  STEAM  TURBINE  TEST  CASE 

The complete flowsheet for the SCWO process modelled in Aspen Plus© simulator, is presented in 

Fig. 2, for the test case in which a supercritical steam turbine is used to provide energetic self-sufficiency. 

A pinch point of 12.5 K was fixed for the main heat exchanger. After the completion of pollutant 

oxidation, the resulting mixture, exiting from the reactor at merely 620°C, is split into two streams: the 

larger one is used to acquire the heat integration while the other one is expanded down to the atmospheric 

pressure into an isentropic turbine to generate electrical power. The fraction used to preheat the wastewater 

stream leaves the main heat exchanger as a pressurized liquid, passes through a lamination valve where its 

pressure drops down to atmospheric conditions and then mixes with the fraction living the turbine. The 

resulted stream is then passed through an adiabatic gas-liquid separator. 
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In the conditions employed for simulation, the fraction used to generate power corresponds to an 

optimum value of 25% of the reactor effluent. Lowering it is disadvantageous since the useful heat of the 

stream will be degraded in the lamination valve, after the main heat exchanger. On the other hand, 

increasing it will imbalance the same heat exchanger, lowering the cold stream exit temperature under the 

imposed 400°C value. 

Under the operating conditions, the power generated (140 kW) covers the demand of electricity of both 

the compressor (30.8 kW) and the pump (23.6 kW), which proves that SCWO is an energetic self-sufficient 

process. 

The results obtained for the test case from Fig. 2 are summarized in Table 2, in terms of the main 

parameters characterizing the flowsheet streams. 

 

Fig. 2 – Flowsheet of the SCWO process with supercritical steam turbine. 

Table 2 

Energy and mass balance for the SCWO process with supercritical steam turbine 

 1 2 4 5 6 7 8 9 10 11 12 13 14 15 

T (K) 293.1

5 

297.9 298.15 486.6

9 

666.4

5 

892.8

6 

892.86 892.86 310.48 310.2 372.03 368.6

2 

368.62 368.62 

P (MPa) 0.1 23 0.1 23 23 23 23 23 23 0.1 0.1 0.1 0.1 0.1 

Vapor 

fraction 

0 0 1 1 1 1 1 1 0 0.020 0.933 0.172 0 1 

Total mass 

flow  

(kg/h) 

2037 2037 138 138 2175 2175 1631.2

52 

543.74

8 

1631.2

52 

1631.2

52 

543.74

8 

2175 1742.8

6 

432.14 

Total mole 

flow  

(kmol/h) 

111.4

5 

111.4

5 

4.31 4.31 115.7

6 

116.8

3 

87.624 29.206 87.624 87.624 29.206 116.8

3 

96.71 20.12 
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  H2O 111.0

2 

111.0

2 

0 0 111.0

2 

114.0

2 

85.517 28.503 85.517 85.517 28.503 114.0

2 

96.686 17.334 

 C6H
14 

0.43 0.43 0 0 0.43 0 0 0 0 0 0 0 0 0 

 CO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 CO2 0 0 0 0 0 2.576 1.932 0. 644 1.932 1.932 0. 644 2.576 0.023 2.553 

 O2 0 0 4.31 4.31 4.31 0.234 0.175 0.059 0.175 0.175 0.059 0.234 0.001 0.233 

Enthalpy 

(kW) 

–

8851.

6 

–

8828.

1 

–11.5⋅10–3 6.3 –

7360.

9 

–

7360.

9 

–

5520.7 

–

1840.2 

6981.6 6981.6 –

1987.6 

–

8969.

1 

–

7538.6 

–

1430.5 

 

Table 2 depicts all the streams of the SCWO flowsheet from Fig. 2, together with some of their basic 

properties, as given by the Aspen Plus© simulator. Using these data, the mass balances for every unit 

operation could be checked, and, also, the operating conditions imposed from technological considerations. 

The central disadvantage of this heat to power recovering method is that for real wastewaters, which 

are not salt free, a turbine working under such conditions will have a very short lifetime, due to the above 

discussed problems of corrosion and erosion. Long-time tests are necessary to obtain information about the 

corrosion resistance for power generating systems at typical operation times of months to years.14 

CONCLUSIONS 

The SCWO process was modelled and simulated using ASPEN Plus©, for a thorough analysis 

regarding its potential heat integration and energetic self-sufficiency, under the assumption of no heat losses 

for the heat transfer equipments and normal efficiencies of the pressure changing devices. From the heat 

integration point of view, the SCWO process is self-sustainable, providing that a minimum critical organic 

pollutant concentration exists in the wastewater, enough to cover, through its oxidation, the heat needed for  

pre-heating. The energetic self-sufficiency of the SCWO process depends upon the peculiar technology used 

to recover the supplemental internal energy of the de-wasted water, left after pre-heating the reactor’s input. 

Both direct and indirect possibilities were investigated. The direct approach, using a fraction of the effluent 

as supercritical steam in a turbine, proved to ensure the energetic self-sufficiency, but the short life-time of 

the turbine is the major economical drawback. 

Alternative solutions could be the closed organic Rankine or the Brayton cycles and these will be 

presented in the second part of this paper. 
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LIST  OF  SYMBOLS 

h – enthalpy, J/kg; 

OE – oxygen excess; 

P – pressure, MPa; 

PCBs – polychlorinated benzenes; 

rW – work ratio; 

SCWO – supercritical water oxidation; 

TOC - total organic carbon; 

W – specific work output, J/kg; 

η – cycle efficiency, % 

Specie
s molar 

flow 
(kmol/h

) 
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Subscripts 

p – pump 

t – turbine 

1,2,3,4 – states in system 

REFERENCES 

 1. A. Gidner, L. Stenmark and K. M. Carlsson, The Twentieth IT3 Conference, May 14–18, 2001, Philadelphia, USA (on the site 

http://www.chematur.se/sok/supercrit_scwo). 

 2. D. A. Patterson, L. Stenmark and F. Hogan, The 6th European Biosolids and Organic Residuals Conference, 11–14 November 

2001(on the site http://www.chematur.se/sok/supercrit_scwo). 

 3. A. Gidner and L. Stenmark, The Workshop Managing Pulp and Paper Process Residues, 30–31 May, 2002, Barcelona, Spain 

(on the site http://www.chematur.se/sok/supercrit_scwo). 

 4. Y. Calzavara, C. Joussot-Dubien, H.-A. Turc, E. Fauvel and S. Sarrade, J. Supercrit. Fluid, 2004, xxx, xxx–xxx. 

 5. H. Debellefontaine and J. N. Foussard, Waste Manage., 2000, 20, 15–25. 

 6. C. Aymonier, A. Gratias, J. Mercadier and F. Cansell, J. Supercrit. Fluid, 2001, 21, 219–226. 

 7. M. Svanström, M. Fröling, M. Modell, W. A. Peters and J. Tester, Resources, Conservation and Recycling, 2004, 41, 321–338. 

 8. P. Kritzer and E. Dinjus, Chem. Eng. J., 2001 83, 207–214. 

 9. B. Misch, A. Firus and G. Brunner, J. Supercrit. Fluids, 2000, 17, 227–237. 

10. G. Del Re and G. Di Giacomo, Desalination, 2001, 138, 61–64. 

11. M. J. Cocero, E. Alonso, M. T. Sanz and F. Fdz-Polanco, J. Supercrit. Fluid, 2002, 24, 37–46. 

12. M. J. Cocero, E. Alonso, M. T. Sanz and F. Fdz-Polanco, Proceedings of the 8th Meeting on Supercritical Fluids, Chemical 

Reactivity and Material Processing in Supercritical Fluid, Tome 2, 2002, 695–702. 

13. P. A. Marrone, M. Hodes, K. A. Smith and J. W. Tester, J. Supercrit. Fluids, 2004, 29, 289–312. 

14. P. Kritzer, J. Supercrit. Fluids, 2004, 29, 1–29. 

15. M. D. Bermejo, M. J. Cocero and F. Fernández-Polanco, Fuel, 2004, 83, 195–204. 

16. M. Hodes, P. A. Marrone, G. T. Hong, K. A. Smith and J. W. Tester, J. Supercrit. Fluid, 2004, 29, 265–288. 

17. E. E. Gloyna and L. Li, Waste Manage., 1993, 13, 379–394. 

18. V. Casal and H. Schmidt, J. Supercrit. Fluid, 1998, 13, 269–276. 

19. E. E. Brock, P. E. Savage and J. R. Barker, Chem. Eng. Sci., 1998, 53, 857–867. 

20. Y. Oshima, K. Hori, M. Toda, T. Chommanad and S. Koda, J. Supercrit. Fluid, 1998, 13, 241–246. 

21. P. E. Savage, J. Yu, N. Stylski and E. E. Brock, J. Supercrit. Fluid, 1998, 12, 141–153. 

22. S. F. Rice and R. R. Steeper, J. Hazard. Mater., 1998, 59, 261–278. 

23. S. N. V. K. Aki and M. A. Abraham, Chem. Eng. Sci., 1999, 54, 3533–3542. 

24. P. E. Savage, J. Rovira, N. Stylski and C. J. Martino, J. Supercrit. Fluid, 2000, 17, 155–170. 

25. F. M. Jin, A. Kishita, T. Moriya and H. Enomoto, J. Supercrit. Fluid, 2001, 19, 251–262. 

26. J. L. Dinaro, J. B. Howard, W. H. Green, J. W. Tester and J. W. Bozzelli, Proceedings of the Combustion Institute, 2002, 

vol. 28, 1529–1536. 

27. Y. Matsumura, T. Nunoura, T. Urase and K. Yamamoto, J. Hazard. Mater., 2000, B73, 245–254. 

28. J. R. Portela, E. Nebot and E. Martínez de la Ossa, Chem. Eng. J., 2001, 81, 287–299. 

29. G. Lee, T. Nunoura, Y. Matsumura and K. Yamamoto, J. Supercrit. Fluid, 2002, 24, 239–250. 

30. Y. Matsumura, T. Urase, K. Yamamoto and T. Nunoura, J. Supercrit. Fluid, 2002, 22(2), 149–156. 

31. T. J. Park, J. S. Lim, Y. W. Lee and S. H. Kim, J. Supercrit. Fluid, 2003, 26(3), 201–213. 

32. I. V. Pérez, S. Rogak and R. Branion, J. Supercrit. Fluid, 2004, 30, 71–87. 

33. J. R. Portela, E. Nebot and E. Martínez de la Ossa, J. Supercrit. Fluid, 2001, 21(2), 135–145. 

 

 

 

 

 


