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0   EXECUTIVE SUMMARY 
 

Question 1. Could the concentration of chemicals in the treated effluent be eliminated or 
significantly lowered? 

1 Treated effluent from the proposed Bell Bay Pulp Mill is a mildly brackish waste with an electrical 

conductivity of 1.8 dS/m, a salt content of 1440 mg/L (Table 7) and a soluble organic fraction of 

395 mg/L consisting mostly of lignin derivatives, carbohydrates, organic acids and other wood 

extractives (Table 6). The effluent contains 20 mg/L of suspended solids, negligible levels of 

carbonaceous and nitrogenous nutrients, but with aquatically significant levels of phosphorous 

(0.8 mg/L).  

2 The proposed level of treatment produces an oxidised and clarified effluent that affords the 

opportunity for immediate reuse in some agricultural applications without additional treatment. 

Further treatment with chemical coagulation and granular media filtration would significantly lower 

the phosphorous content and reduce the suspended solids which would eliminate fouling of 

irrigation equipment, while partial demineralisation using a broad spectrum separation process 

such as reverse osmosis would reduce the Sodium Adsorption Ratio (SAR) and allow for 

unrestricted agricultural reuse (Table 8). Complete demineralisation would reduce the 

concentration of salts and organics to a level which would allow substitution of the treated effluent 

for surface water provided by Esk Water (Table 10). 

3 The bulk (>50%) of the mill waste derives from the bleach plant process. The bleach plant effluent 

contains 500 mg/L of carbonaceous nutrients, 200mg/L of suspended solids and 1983 mg/L of 

dissolved solids (Table 10). Comparison of the proposed approach for the management of bleach 

plant effluent with Best Available Technologies identified in a 2001 report by Integrated Pollution 

Prevention and Control (IPPC) in the pulp industries, indicates that there is limited scope to further 

reduce the volume of water or expand the amount of  “in-process” recycling and that the best 

opportunity to achieve significant reductions in the concentration of chemicals would occur on the 

treated mill effluent (Section 4). 

Question 2. What technologies could be used to eliminate or significantly reduce the 
concentration of chemicals? 

4 Removal of phosphorous and suspended solids would require chemical coagulation and granular 

media filtration. Correction of the salt content and reduction of the SAR would require partial 

demineralisation with a broad spectrum processes such as reverse osmosis. Experience from 

Kraft mills in Victoria and thermomechanical mills in New South Wales indicates that the minimum 

pre-treatment requirements for reverse osmosis would include membrane filtration using either 

ultrafiltration or microfiltration. Moreover, recent pilot plant data from a Kraft Mill in Victoria 

indicates that either additional coagulation or ozonation followed by biologically activated carbon 
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would be required ahead of the membrane filtration to reduce the level of soluble organic matter 

that would foul the reverse osmosis membrane (Section 6).  

Question 3. Are these technologies available at a scale suitable for a project such as the Bell 
Bay Pulp Mill? 

5 Granular media filtration, membrane filtration, ozonation and reverse osmosis are available at a 

scale suitable for the Bell Bay Pulp Mill. Reducing the suspended solids and the phosphorous 

would require a 63,000 m3/day lamellar plate clarifier followed by a granular media filter (Table 12 

and Figure 4). These technologies are readily available in Australia and operate on organic rich 

water; for example, the groundwater treatment plant operated by Orica in Botany. Partial removal 

of salt and reduction in the SAR would require 25,000 m3/day of membrane filtration followed by 

reverse osmosis (Table 12 and Figure 4). Membrane filtration is now used in Australia in 

combination with biological treatment to process Kraft Mill effluent. For example, a 35,000 m3/day 

plant is currently under construction in Gippsland Victoria. Reverse Osmosis is now routinely used 

on wastewaters containing elevated levels of soluble organics. For example, the Orica 

groundwater treatment plant operates on waste containing 100 mg/L of total organic carbon. 

However, experience with both thermomechanical and Kraft processes has been that additional 

treatment such as chemical coagulation or ozone/BAC would be required as pre-treatment, in 

addition to membrane filtration to control fouling (Table 12 and Figure 6).  

Question 4. What are the budget level capital and operating costs for these treatment 
technologies? Alternatively, what would be the feasibility/cost of partial or complete recycling 
of the water component of the effluent stream from the Bell Bay Pulp Mill? 

6 An opinion of the probable capital cost of expanding the proposed effluent  treatment plant to allow 

for additional recycling ranges from $45.7 million to $195 M, assuming no special provisions are 

required for the soluble organic content (Scenario 1 Table 16) and  $104.6 million to $263.5 million 

assuming that ozone/BAC is required to control organic fouling (Scenario 3 Table 16). Unit cost 

($/m3) for these options were calculated based on a debt service period of 25 years at 6% interest 

(Section 6.2).  

7 The costs of removing phosphorous and suspended solids (Recycling option II) ranges from $45.7 

to $53.3 million with a corresponding unit cost of $0.27 to $0.44/m3 (Table 16). 

8 The costs of reducing the salt content and lowering the sodium adsorption ratio to allow for 

unrestricted reuse in agricultural applications (Recycling option III) ranges from $77 to $104 million 

with a corresponding unit cost of $0.44 to $0.69/m3  (Table 16). 

9 The costs of treating to effluent to a level that meets the requirements for use “In-Process” 

(Recycling option IV) ranges from $195 to $263 million with a corresponding unit cost of $1.4 to 

$2.17/m3  (Table 16). 
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Question 5. What would be the feasibility and cost of diverting all or some of the effluent from 
the Bell Bay Pulp Mill for agricultural land-based purposes? 

10 The treated mill effluent contains approximately 1440 mg/L of dissolved inorganic salts and has a 

sodium adsorption ratio of 9.6. Under the (ANZECC 2000) ANZECC guidelines for irrigation (now 

covered under the National Water Recycling Guidelines) this water would be suitable for irrigation 

of salt tolerant crops in well drained solids (Figure 2).  However, without additional treatment it is 

likely that the fixtures and fittings used in the irrigation system would foul as a result of the 

increased level of suspended solids, while the additional phosphorous would exacerbate 

eutrophication of receiving waters subject to agricultural run off. Further reduction of the salt 

content coupled with a reduction of the SAR would result in unrestricted reuse (Section 4.1).  

Question 6. If the water in the effluent stream was to be recycled, how might the residual 
streams containing the chemicals removed during the recycling process be treated in an 
environmentally sound and economically feasible way? 

11 The treatment required for unrestricted agricultural reuse or substitution of surface water will 

requireeither partial or complete treatment using a broad spectrum process such as reverse 

osmosis that will generate a stream of salts and organics at concentrations higher than the current 

levels in the discharge to Bass Strait (Table 11). The concentration of the chemicals in the residual 

stream, as well as many chemicals in the proposed treated effluent, exceed the trigger values 

under the current guidelines for discharge to a marine ecosystem (Table 11).  

12 Additional treatment using mechanical vapour compression and crystallisation could eliminate any 

liquid discharge in the event that it would be necessary to comply with the marine discharge 

guidelines. The additional capital  cost for a reuse system that eliminate the discharge of residuals 

ranges from $127 to $154 million for unrestricted agricultural reuse (Option IIIA) to $332 to $399 

million for substitution of treated effluent for surface water (Option IVA). The corresponding unit 

cost ranges from $0.69/m3 to $1.10/m3 (Option IIIA) to $1.84/m3 to $2.39/m3 (Option IVA) (Table 

16).  
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1  INTRODUCTION 

1.1 Preamble 

The proposal for the development of the Bell Bay Pulp Mill on the Tamar Estuary in Northern 

Tasmania includes provisions for the treatment and disposal of approximately 23 GL/year (64 000 

m3/day) of mill waste via an outfall 3 nautical miles offshore into Bass Strait.  Under the proposal the 

mill waste would receive biological nutrient removal prior to discharge. The purpose of this report is to 

assess the feasibility or reusing the treated effluent in either agricultural or high quality reuse 

applications and provide an opinion of probable costs for additional treatment processes including any 

measures necessary to eliminate the discharge of concentrated residuals generated in the reuse 

process into Bass Strait.   

 

1.2 Terms of Reference 

The report was prepared following review of various documents, including those prepared by the 

proponents of the Bell Bay Pulp Mill, Gunns Limited. A full list of documents cited in preparing this 

report is presented in section 1.3. Review of the information presented in section 1.3 was the basis for 

the formation of an opinion on the following six questions developed by the Commonwealth 

Department of the Environment and Water Resources;  

Question 1. Could the concentration of chemicals in the treated effluent be eliminated or significantly 

lowered? 

Question 2. What technologies could be used to eliminate or significantly reduce the concentration of 

chemicals? 

Question 3. Are these technologies available at a scale suitable for a project such as the Bell Bay Pulp 

Mill? 

Question 4. What are the budget level capital and operating costs for these treatment technologies? 

Alternatively, what would be the feasibility/cost of partial or complete recycling of the water component 

of the effluent stream from the Bell Bay Pulp Mill? 

Question 5. What would be the feasibility and cost of diverting all or some of the effluent from the Bell 

Bay Pulp Mill for agricultural land-based purposes? 

Question 6. If the water in the effluent stream was to be recycled, how might the residual streams 

containing the chemicals removed during the recycling process be treated in an environmentally 

sound and economically feasible way? 
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1.3 Documents reviewed in the preparation of this report 

This report was based on the review of the following documents developed by the proponents of the 

Bell bay Pulp Mill. Additional materials citied in the text are listed in section 7. 

Pre-engineering Report for IIS, Volumes 6 – 8, Rev D, June 28 2006 

Expert witness statement from Mr. Hannu Juhani Jappinen 

Expert witness statement from Ms. Veronique Levy 

Impact Assessment for assessment under the Environmental  Protection Biodiversity Conservation Act 

1999,  Gunns Limited, 2007 

Water usage and effluent recycling in the proposed Bell Bay pulp mill memo, Poyry Forest Industry 

Oy, April 27 2007. 
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2  PROPOSED BELL BAY PULP MILL EFFLUENT QUANTITY AND 
QUALITY 

2.1 Water Consumption 

The proposed Bell Bay Pulp Mill will consume approximately 64,000 cubic meters of water per day 

(m3/day) or 27.4 cubic meters of water per air dried ton (m3/ADt) during the initial production stage, 

including process make-up water and will generate 58,570 m3/day of treated effluent (Table 1). It is 

projected that the water consumption will decrease to 25.4 (m3/ADt) after the initial operating period 

following the transition from a mix of native and plantation timber to 100% plantation timber (Table 1). 

Table 1: Average Water Consumption and Effluents Loads and Amounts for Bell Bay pulp mill  
Production Water Effluent load 

ADt/a m3/ADt m3/d m3/ADt m3/d 

820 000 27.4 64 194 24.7 58 571 

1 100 000 25.4 79 829 23.0 72 286 

1. Based on Volume 6, Page 38 Table 3.27 Jaakko Poyry report revision D. 

2.2 Water Quality Required by Pulp Mill 

Raw water for the pulp mill site will be drawn from the Trevallyn Dam, located approximately 40 km 

from the mill site. The water will be treated prior to use in the mill. A summary of the raw water quality 

supplied by Esk Water and the nominated treated water requirements for mill process water are 

presented in Table 2. (Volume 6, page 84-85)  
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Table 2: Raw water quality and required water qualify for pulp mill 
                  Parameter Unit Tamar Required Mill 

Temperature  ºC 5 – 20 n/a 

Turbidity  NTU 0 – 30 <1 

Colour  TCU 5 – 100 <5 

Physical 

 

Conductivity  mS/m 5 – 20 n/a 

Calcium  mg Ca/L 10 – 50 n/a 

Magnesium  mg Mg/L 5 – 10 n/a 

Sodium  mg Na/L 10 – 20 n/a 

Chlorides  mg Cl/L 10 – 50 n/a 

Sulphates  mg SO4/L 10 – 30 n/a 

Nitrates  mg NO3/L 0 – 5 n/a 

Silica  mg SiO2/L 5 – 15 n/a 

Total iron  mg Fe/L 0.1 – 0.5 <0.05 

Chemical 

 

Total manganese  mg Mn/L 0.01– 0.1 <0.05 

Nutrients COD mg O2/L 3 – 30 4< 

 

 

2.3 Process Generated Effluent 

The volume of waste generated at each stage of the pulping processes was presented in a report 

titled “Water Usage and Effluent Recycling in the Proposed Bell Bay Pulp Mill” prepared by Jaakko 

Poyry dated April 24, 2007. The bulk of the liquid mill waste is generated during the bleaching process 

(55%) and during cooling tower blowdown (10.4%). Additional sources of wastewater include 

stormwater collected from the wood chip and pulp mill storage basins which contributes 16.9% of the 

wastewater collected from the site. (Table 3). The total effluent volume is estimated at 20.3 m3/Adt, 

which represents a reduction of 2.7 m3/Adt on the estimates presented in the original IIS document 

(Jaakko Poyry 2006) based on updated data from the equipment suppliers and accounting for the 

implementation of a suite of water saving measures. A summary of these water saving measures are 

presented in Section 2.4.  

 

        8         7 July, 2007 



 

Table 3: Effluent Source (volume by process) 
Effluent m3/Adt (bl) % 

Wood handling  1.0 5.0 

Cooking and brown stock  0.5 2.5 

Bleaching  11.1 55.0 

Drying  0.5 2.5 

Evaporation  0.3 1.5 

Boilers  0.4 2.0 

Causticizing and lime kilns  0.3 1.5 

Demineralisation plant  0.1 0.5 

Chemical plant  0.2 1.0 

Water treatment  0.2 1.0 

Flush waters  0.1 0.5 

Cooling tower blow down  2.1 10.4 

Stormwater from Chip Mill  3.0 14.9 

Stormwater from Pulp Mill storm water storage basins  0.4 2.0 

Total from the mill  20.2 100 

 

2.4 Proposed Water Saving and Recycling Measures  

The proposed Bell Bay Pulp Mill includes several provisions to conserve and recycle water  in order to 

achieve the effluent target of 20.3 m3/Adt. These measures are consistent with the guidelines for best 

practice options to minimise effluent volume (Integrated Pollution Prevention and Control (IPPC) 

2001). The nominated water saving measures are mostly based on improving the efficiency of the 

bleaching processes which is the largest point source for waste production (on a volume basis) in the 

mill. The proposed water saving measures are listed in Table 4 and include provisions for the 

installation of screens and the use of oxidation measures to allow partial recycling without  

compromising the quality of the pulp or increasing the quantity of chemicals required in the bleaching 

process. The feasibility of expanding the amount of in-process recycling is discussed in more detail in 

section 3.  
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Table 4: Proposed Water Saving Measures 
Water Saving Measures Detail Reference 

Closure of brown stock 
screening and washing 

All brown stock filtrates are returned to the chemical recovery process for 
reintroduction into the plant 

Volume 6   p49-52 

(Volume 7 line diagram 
16B0104-02034) 

Control, containment, recover 
and storage of process fluid 

Using proven technology emission will be controlled to conform with relevant 
environmental laws and approvals. To ensure spill recovery the evaporator plant has a 
10 % excess capacity, based on the design conditions, to be able to process the 
collected contaminated effluents. Provision of large buffer tanks for storage of spilled 
cooking and recovery liquors to prevent loading spikes and occasional upsets to the 
effluent treatment plant 

Volume 6 Chapters 3 & 4, 
(Volume 7 line diagram 

16B0104-02036) 

Stripping and reuse of 
secondary and foul 
condensate 

Secondary condensates are to be separated into several streams according to their 
purity. The most contaminated fraction is led to the stripper together with the foul 
condensate from the cooking plant.  

Volume 6, p52, 73, 79, 

(Volume 7 line diagram 
16B0104-02034, 02030) 

Collection and reuse of 
cooling and sealing waters for 
recirculation to a cooling 
tower  

 

Recycled cooling and sealing water is screened with microscreens and feed to cooling 
water basins.  This water is used as make-up water in the cooling towers 

Volume 6 

p85-87 

(Volume 7 line diagram 
16B0104-02026) 

Partial bleach plant closure The bleach plant would use modern washing equipment and tightly closed water 
circuits. Fresh hot water is used as washing water only at the EOP-stage wash press. 
Clean secondary condensate would also be used as washing water.  

Efficient pulp washing   The pulp drying machine would be a modern airborne drying machine. It would feature 
as closed cycle water circuits as possible. 

Volume 6 

p52-55, 115-116 

(Volume 7 line 

diagram 16B0104-02026) 
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2.5 Proposed Process Effluent Quality 

Table 5: Proposed mill effluent quality 

Parameter Bleach Plant 
Effluent 

Proposed 

Effluent 

Physical Properties   

pH  6.5 

TSS (mg/L) 200 20 

Colour  588 493 

COD (mg/L) 3.3 466 

AOX (mg/L) 27 6.8 

TDS (mg/L) 1983 2253 

Chlorate (mg/L) - 3.7 

Nutrients   

BOD5  585 11 

Total-N (mg/L)  2.5 

Total-P (mg/L)  0.8 

Metals and Metalloids   

Aluminium (µg/L)  601 

Arsenic (µg/L)  2.8 

Barium (µg/L)  17 

Beryllium (µg/L)  1.4 

Boron (µg/L)  35 

Cadmium (µg/L)  0.98 

Chromium (VI) (µg/L)  26 

Cobalt (µg/L)  2.8 

Copper (µg/L)  19 

Iron (µg/L)  817 

Lead (µg/L)  2.8 

Manganese (µg/L)  817 

Mercury (µg/L)  0.25 

Molybdenum (µg/L)  1.3 

Nickel (µg/L)  26 

Selenium (µg/L)  7.4 

Vanadium (µg/L)  1.3 

Zinc  (µg/L)  84 
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Organics   

Total Extractives; Pine (mg/L)  0.5 

Total Extractives; Eucalypt (mg/L)  0.5 

Resin Acids; Pine (mg/L)  0.25 

Resin Acids; Eucalypt (mg/L)  0 

Fatty Acids; Pine (mg/L)  0.19 

Fatty Acids; Eucalypt (mg/L)  0.35 

Neutral Extractives; Pine (mg/L)  0.06 

Neutral Extractives; Eucalypt (mg/L)  0.15 

 

2.6 Dissolved Organic Matter in Process Effluent 

The expected organic load in the final effluent after activated sludge treatment was provided in Annex 

5 of Volume 8 (page 3) and is presented in Table 6. (These values have been converted from kg/ADt 

to mg/L given 20kL/ADt of effluent as reported in Annex 5 of Volume 8 page 2 (Jaakko Poyry 2006)). 

Table 6: Organic Load  in Final Effluent 
 DOM (mg/L) BOD5 (mg/L) COD (mg/L) 

Lignin Derivatives 369.4 3.7 554.1 

Carbohydrates 10.5 4.2 10.5 

Organic Acids 6.4 2.55 6.4 

Methanol 0.75 0.65 1.1 

Extractives 8.25 0.85 14.05 

Total 395.3 11.95 586.15 

 

The material reviewed in the preparation of this report contained limited data on the detailed 

composition of the organics in the treated effluent (Table 6). Broad-spectrum chemical analysis of 

extracts of wood (Gutierrez, del Rio et al. 1998; Nuopponen, Willfor et al. 2004), pitch (Gutierrez, del 

Rio et al. 1998; Cruz, Barbosa et al. 2006), pulp (Freire, Silvestre et al. 2006; Gutierrez, del Rio et al. 

2006) and Kraft bleachery effluent (Sharma, Mohanty et al. 1999) have all been previously reported. 

 

Consistently reported constituents among these studies include tannins (polar phenolic polymeric 

compounds ranging in mass from 500 – 3000 g/mol), resin acids (tricyclic diterpenes that occur 

naturally in the resin of wood and are transferred to process waters during pulping), fatty acids 

(predominantly unsaturated 16-C and 18-C carboxylic acids including oleic acid, linoleic acid and 

linolenic acid). Halogenated compounds are also reported for bleaching effluents. 
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Gas chromatographic determination of chemicals in Kraft bleachery effluent from Eucalyptus pulp has 

been reported for effluents produced by the chlorination stage and for those produced from the caustic 

extraction stage (Sharma, Mohanty et al. 1999). These included 17 observed chlorophenolic 

compounds with individual concentrations 0.1 – 7.3 g/Adt. On a mass percentage basis, these were 

comprised of monochlorophenols (36%), dichlorophenols (28%), trichlorophenols (16%), 

tetrachlorophenols (2%), pentachlorophenols (18%), phenols (29%), catechols (7%), guaiacols (18%) 

and other chlorinated phenols (45%). Furthermore, 11 resin acids and fatty acids were reported in the 

effluents at individual concentrations between 0.1 – 125 g/Adt. On a mass percentage basis these 

were saturated fatty acids (64%), unsaturated fatty acids (26%), chlorinated resin acids (7%), and 

chlorinated fatty acids (2%). 
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3 IN-PROCESS WATER TREATMENT AND RECYCLING OPTIONS 
The two waste streams that would be most suitable for partial, or complete, water recycling in the 

proposed Bell Bay Pulp Mill would be the waste from the bleaching plant (approximately 50% of the 

waste by volume) or the co-mingled waste post treatment in the effluent treatment plant. Treatment 

and recycling of the bleach plant effluent will be referred to as “In-Process Recycling” while treatment 

and recycling of the water from the effluent treatment plant is referred to as “External Recycling”. The 

following is an assessment of the feasibility to increase the amount of water recycled within the pulp 

mill (In-Process Recycling). An assessment of the feasibility of recycling the water outside the mill 

(External Recycling) is presented in Section 4. The treatment options for the recycling of bleach plant 

effluent include complete closure and partial closure of the bleach process (i.e., either complete or 

partial recycling of effluent generated in the bleaching plant). 

3.1 Complete Closure 

The complete closure of the bleaching stage is based on the recovery of all the waste generated 

within this process. The primary benefit for complete closure in a pulp mill is the elimination of the 

need to discharge mill effluent into a nearby stream or ocean outfall. Pulp mills have generally 

experienced a diminishing incremental benefit and increasing technical challenges as the degree of 

bleach plant closure is increased. Complete closure of the system has been more difficult than 

expected and most mills have found sustainable operation only possible for partially closed systems. 

The Beca AMEC report on Arauco Valdivia (Beca AMEC Ltd. 2006) has suggested that as of Q2 2006 

there are no paper grade BKP mills which are operating fully closed bleaching stages on a continuous 

basis. Furthermore, there have been several mills in Sweden which have concluded that partial 

closure coupled with biological treatment of the remaining effluent is an alternative solution to full 

closure and some have either installed or are planning to install treatment facilities (Stratton, Gleadow 

et al. 2004).  

The complete closure of the bleaching process is a feature of a Zero Liquid Discharge (ZLD) plant and 

whilst there are not any ECF pulp mills operating in this manner there are a few examples of 

Chemical-Thermal-Mechanical mills, such as the Millar Western plant in Canada, which has 

successfully closed the bleach process. 

3.1.1 Complete Closure Treatment Options 

The complete closure of the bleaching process would involve a number of elementary steps as shown 

in Figure 1 (reproduced from (T.N. Adams 1994). The fundamental processes that are often included 

are recycling from the bleach plant back to the brown stock washing process, concentration of the 

bleach plant effluent, separation of the organic and inorganic chemicals for chemical recovery and 

disposal of non-process elements. 
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Figure 1: Features of closed-loop schemes reproduced from (T.N. Adams 1994) 
 

Concentration of the bleach plant effluent is often achieved using mechanical vapour recompression 

(MVR) and is currently being used at the Millar Western bleached chemi-thermo-mechanical pulp 

(BCTMP) mill at Meadow Lake. Alternatively multiple effect evaporators have also been proposed for 

this purpose (T.N. Adams 1994). Evaporative separation is used to remove dissolved solids from 

solution, with the condensate returned for use as a make-up water in the chemical plant. The 

recovered solid fraction would undergo organic/inorganic separation in a recovery boiler or incinerator. 

An alternative to these processes are wet-air oxidation and supercritical oxidation.  Wet air oxidation is 

being used successfully to treat contaminants such as herbicides/pesticides, PCBs, and petrochemical 

wastes, which involves heating the stream to 240°C for 60 minutes with the addition of air or oxygen. 

Supercritical water oxidation is similar to conventional wet air oxidation, but higher temperature and 

pressures are involved: 400 to 500 °C and 1,700 kPa (3,660 psig). Whilst both these techniques show 

promise, neither have been implemented on an industrial scale. 

3.1.2 Feasibility of complete closure 

Complete closure of the bleach plant may not be technically feasible due to the accumulation of 

metals and organics. Dissolved organic substances and reaction products build up in the filtrate 

circulating through the pre-oxygenation stage resulting in increased consumption of bleaching 

chemicals. Additionally, accumulation of non-process elements such as chlorine and potassium from 

the wood, results in plugging of the recovery boiler. Finally, any calcium present in the pulp can react 

with the oxalic acid formed during oxidative bleaching creating the possibility of precipitation or 

scaling. The occurrence of scaling will increase commensurately with the number of times the filtrate is 

recycled (Integrated Pollution Prevention and Control (IPPC) 2001).  

Separation of the dissolved material from the bleach plant filtrate by evaporation can reduce the 

deleterious impacts between soluble ions and the bleaching chemicals and process equipment. 

However, a bench scale study conducted at the University of Ulu in 1999 on evaporation of acidic 
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effluent from Kraft pulp bleaching, reuse of the condensate and further processing of the concentrate 

(Dahl 1999) found that; 

• Transition metal ions such as iron, copper or manganese should be maintained at low 

concentrations in the process water (a goal which is quite difficult to achieve). 

• The results clearly indicate that univalent ions cannot be removed selectively from the 

evaporation concentrate by a combination of drying and extraction. As a result, the 

evaporation concentrate cannot be incinerated in a bark boiler, as the surplus univalent ions 

disturb the operation of the boiler. 

• It is possible to remove the chloride ions from the concentrate by adding a sufficient amount of 

sulphuric acid and vaporizing the ions to hydrochloric acid. The amount of residual chlorate in 

the concentrate has to be taken into account in this process. 

The studies by Dahl concluded that evaporation of the acidic fraction of bleach plant effluent is not 

technically possible. Complete closure would also result in an increase in the chemicals consumed in 

the bleaching process due to the accumulation of organics (Dahl 1999). 

3.2 Partial Closure  

Partial closure is based on either the recycling of neutral and acidic filtrate for washing brown stock on 

the unbleached portion of the production line or the recycling of alkaline filtrate from the bleaching 

process by counter-current mixing with the brown stock wash stream.  

The main reason for partial closure and recycling of a portion of either the acidic or alkaline bleach 

filtrate is to significantly reduce the discharge of organics, nutrients and metals while avoiding the 

problems associated with complete closure. This is achieved by reducing the volumetric flow through 

the bleach plant. Wastewater (the filtrate stream) is recycled in a counter current direction from the last 

bleach stage via the oxygen washing stage back to the unbleached brown stock (Integrated Pollution 

Prevention and Control (IPPC) 2001). 

The practice of partial closure of the bleach plant cycle is practiced in the SCA Munksund mill, the 

Kappa Kraftliner Piteå mill (formerly AssiDomän Lövholmen) and the AssiDomän Frövi mill, all located 

in Sweden. In SCA Munksund, Kappa Kraftliner Piteå mills alkaline filtrate is recycled counter-currently 

to the brown stock wash stream. The process used at the Kappa Kraftliner Piteå mill is comparable to 

the process proposed for the Bell Bay Pulp Mill. 

In the AssiDomän Frövi mill the neutral or acidic filtrate is returned for washing brown stock on the 

unbleached portion of the production lines and then concentrated in a low temperature evaporation 

stage with the concentrate added to the black liquid concentrators (crystallizers) (Stratton et al., 2004).  

3.2.1 Partial Closure Treatment Options 

The treatment options for the partial closure of the bleach plant consist of screening techniques to 

remove “uncooked” particles and impurities from the accepted fibre and increased oxygen 

delignification to remove lignin compounds from the fibre structure.  
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The technologies used to screen the bleach plant effluent are summarised in Table 4  (above) based 

on information provided by Jaakko Poyry (Section 1.3).  

3.3 Conclusions on Bleaching Process Closure  

There would appear to be limited scope for additional In-Process recycling in the Bell Bay Pulp Mill. 

Much of the technology development related to Kraft Mill Bleach Plant closure involves extensive 

water use reduction and has been coupled to an understanding of non-process elemental behaviour. 

This is consistent with the strategy outlined by Jaakko Poyry (Table 4). The risks attendant with 

increased recycling include scale deposition on process equipment, corrosion, loss of bleaching 

efficiency, increased evaporative loads, reduced production capacity, and loss of operational flexibility.  

The lowest realistically achievable rate of production of bleach plant effluent appears to be15 m3/ADt 

coupled with external biological treatment of the remaining process effluent. Biological treatment is 

considered as best available technology (BAT) for Kraft pulp mills (Integrated Pollution Prevention and 

Control (IPPC) 2001).  Given that the proposed effluent quantity for the Belly Bay Pulp Mill is 

20.3m3/ADt  and lower storm water run-off during the summer months as well as increased cooling 

tower blow-down have been identified as possibilities, this mill is approaching this optimal solution. 
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4  EXTERNAL REUSE 
The two options for external water recycling for the proposed Bell Bay Pulp Mill are use of treated mill 

effluent in agricultural applications or the use of treated effluent as a substitute for surface water 

currently drawn from the Travellyn Dam. The feasibility of agricultural recycling and surface water 

substitution is briefly discussed in section 5.1 and 5.2, respectively. Issues related to the management 

and disposal of these residual streams into the marine environment are presented in Section 5.3. 

4.1 Agricultural reuse  

The feasibility of water reuse in agricultural application is contingent upon the salinity/sodicity of the 

soils, the residual nutrients such as nitrogen and phosphorus present and heavy metals. Where 

irrigation is an option for water reuse the volumes which can be applied to the land are also dependent 

upon the types of soils and crop. 

4.1.1 Salinity and Sodicity 

The salinity is defined as the presence of soluble salts in or on solids or in water. The sodicity 

describes the condition of the soil, where a high sodicity restricts the water entry and reduces the 

ability of the soil to conduct water thereby making it more dispersible. These two factors limit soil 

leaching such that salt accumulates over long periods of time. Additionally, a soil with high 

dispersibility is more susceptible to erosion by wind and water. 

In terms of salinity, irrigation water quality is described by the electrical conductivity (EC). The ability of 

water to conduct electricity is a function of the concentration of various ions such as chloride, sodium, 

carbonate and calcium in the water. 

The sodicity is described by the ratio of sodium ions relative to other cations in a soluble form in the 

water. An estimate of the sodicity level in irrigation water is evaluated by the sodium absorption ratio 

(SAR) shown in equation [1]. 
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The influence of salinity and sodicity of the irrigation water is dependent on a number of external 

factors which include the rainfall, the types of soil (i.e. sandy loam or clay) and the types of crops to 

which water is applied. However, a general relationship has been established for many soils indicating 

which combinations of EC and SAR are most likely to create soil dispersion problems (see Figure 2). 
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Planned Bell
Bay effluent

Figure 2: Relationship between SAR and EC of irrigation water for prediction of soil structural 
stability (obtained from (ANZECC 2000)) 
 

The ion concentrations of the effluent from the proposed Bell Bay pulp mill were provided in Annex 5 

of Volume 8 of the draft IIS and are reproduced in Table 7.  The effluent has a preliminary water 

salinity rating of medium, which may be used to irrigate moderately tolerant crops. The estimated EC 

and SAR were reported to be 1.80dS/m and 9.6 respectively.  As can be seen from both the table and 

Figure 2, such effluents may pose some structural soil problems depending on the soil properties and 

the rainfall. 
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Table 7: Inorganic salt present in proposed effluent 
Chemical 

(mg/L) 

Fiberline Recovery 
Island 

FWTP ETP Total 

Cations      

Sodium 307 104.5 23  435 

Calcium (estimate) 75 36  2.5 114 

Magnesium (estimate) 15    15 

Aluminium   0.5  0.5 

Potassium (estimate) 37    37 

Iron     0 

Other Cations    1 1 

Total Cations 434 141 23.5 3.5 603 

Anions      

Sulphate 244 218.5 24 0 486 

Silicate      

Chloride 400 0 0.5 5 405 

Phosphate    0.5 0.5 

Nitrate    7 7 

Bicarbonate 180.5 -27 32.5 54.5 240 

Other Anions  67.5  2.5 70 

Total Anions 824 191.5 57.5 69 1141 

Total Salt in Effluent (mg/L)    1441 

TDS in Effluent (mg/L)   2250 

Electrical Conductivity of Effluent (dS/m)   1.80 

SAR of Process Effluent    9.6 

 

4.1.2 Heavy metals and Metalloids 

The guideline values for heavy metals and metalloids are designed to maintain the environmental 

quality and limit the potential for transport of contaminants off-site. The guidelines are defined in terms 

of the short-term trigger values (STV) which gives the maximum concentration of contaminant in the 

irrigation water which can be tolerated for a short period of time (nominally accepted to be  20 years), 

and the long-term trigger values (LTV) which gives the maximum concentration of contaminant in the 

irrigation water which can be tolerated for a maximum 100 years of irrigation. Both these values 

assume a maximum irrigation load of 1000mm annually. 

Considering that the expected life span of the proposed pulp mill is greater than 30 years, this study 

has compared the expected effluent concentration with the LTV, given in Table 8. Based on these 

values the proposed pulp mill effluent is well below the LTV for all of the provided metal parameters. 
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Table 8: Irrigation trigger values compared with proposed effluent quality 

Parameter 
Long-term trigger 

values 

(mg/L) 

Proposed Effluent 

(mg/L) 

Aluminium 5.0 0.601 

Arsenic 2.0 0.003 

Beryllium 0.5 0.001 

Boron 1 0.035 

Cadmium 0.05 <0.001 

Chromium (VI) 1.0 0.026 

Cobalt 0.1 0.003 

Copper 5.0 0.019 

Iron 10 0.817 

Lead 5.0 0.003 

Manganese 10 0.817 

Mercury 0.002 <0.001 

Molybdenum 0.01 0.001 

Nickel 0.2 0.026 

Selenium 0.02 0.007 

Vanadium 0.1 0.001 

Zinc 2.0 0.084 

 

4.1.3 Residual Nutrients 

Soil nutrients, represented by nitrogen and phosphorus content are essential for crop growth, 

however, excessive levels will reduce crop yield and result in off-site impacts.  The influence of these 

parameters in irrigation water on the soil is difficult to account for due to it uptake in the harvestable 

portion of crops. Notwithstanding this, LTV and STVs as defined previously have been established in 

the same manner as those for metals and metalloids. 

For nitrogen the LTV of 5 mg/L is a concentration low enough to ensure no drop in the crop yield or 

quality as a result of higher nitrogen concentration during flowering and fruiting stages. For 

phosphorus, concentrations greater than 0.05 mg/L are known to promote the growth of aquatic plants 

including algae and macrophytes. As such the LTV was set at 0.05 mg/L in order to prevent 

bioclogging of irrigation equipment. 

                                                      

 

 
1 Depends on crop type 
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Table 9: Comparison of effluent nutrients and established trigger values 

Parameter 
Long-term trigger 
values 
(mg/L) 

Proposed Effluent 
(mg/L) 

Total-N 5 2.5 

Organic-N  1.5 

Ammonia-N  0.02 

Nitrate-N  0.98 

Nitrite-N  0 

NOx   0.98 

TKN  1.5 

Total-P 0.05 0.8 

Inorganic-P  0.5 

Organic-P  0.3 

 

From Table 9 it is evident that nitrogen levels are well below the established trigger value whereas 

phosphorus is 16 times greater than its LTV. The excessive phosphorus level in the effluent is not a 

nutritional problem to the plants but will promote rapid growth of many microorganisms potentially 

creating algal blooms. 

4.2 Surface water substitution 

The second recycling alternative for the mill effluent involves treatment to a standard that would be 

suitable for substitution of surface water that is consumed by the mill. Under this scenario the effluent 

could be treated to a standard that is comparable with water from the Tamar River supplied by Esk 

Water or to a standard that meets the requirements for water used in the mill (Table 10). 
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Table 10: Comparison of mill effluent and surface water from the Tamar river 
Parameter Effluent Tamar Required Mill 

Temperature ( ºC)  5 – 20 n/a 

Turbidity (NTU) > 201 0 – 30 <1 

Colour (TCU) 493 5 – 100 <5 

Physical 

 

Conductivity (μS/cm) 18002 5 – 20 n/a 

Calcium (mg/L) 1143 10 – 50 n/a 

Magnesium (mg/L) 153 5 – 10 n/a 

Sodium (mg/L) 435 10 – 20 n/a 

Chlorides (mg/L) 405 10 – 50 n/a 

Sulphates (mg/L) 486 10 – 30 n/a 

Nitrates (mg/L) 7 0 – 5 n/a 

Silica (mg/L) NA 5 – 15 n/a 

Iron (mg/L)  0.1 – 0.5 <0.05 

Chemical 

 

Manganese (mg/L)  0.01– 0.1 <0.05 

Nutrients COD (mg/L) 466 3 – 30 <4 

1. Estimated from data provided on suspended solids 
2. Estimated from on anion and cation analysis (See Section 4.1.1) 
3. Estimated from reported SAR (See Section 4.1)  

 

Water from the Tamar River can be characterized as a fresh water source of low salinity (conductivity 

< 20 μS/cm) with variable levels of suspended solids (turbidity 0-30 NTU) and colour (5-100 

TCU)(Table 10). The treatment requirements for the use of Tamar River water in the mill involve a 

reduction in colour (< 5 TCU) and turbidity (< 1 NTU). These requirements are presumably driven by a 

need to remove organics that would add to the overall chemical demand in the bleaching process and 

suspended solids that would increase the risk of plugging sprays, nozzles and other water fixtures or 

fittings and could compromise the quality of the pulp. Consequently, the treatment of mill effluent to a 

quality that would allow substitution for surface water would require a reduction in colour (498 to <5 

TCU), conductivity (1800 to 5-20 μS/cm) and turbidity (> 20 to < 1 NTU) (Table 10). 

4.2.1 Treatment Technologies 

The treatment process required to treat the mill effluent to a standard that would be suitable for 

surface water substitution can be divided into three categories; 

Processes to remove suspended solids (turbidity); 

Process to remove dissolved organics (colour); and,  

Processes to remove salts (conductivity) 
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4.2.1.1 PROCESSES TO REMOVE SUSPENDED SOLIDS 
The processes used to remove suspended solids to meet a turbidity standard of < 1 NTU are based 

on pressure driven filtration processes. The most common filtration processes used for turbidity 

reduction are granular media filtration and membrane filtration.  

Granular media filtration involves the use of granular particles of garnet, anthracite and sand in a size 

range of 3-0.5 mm that form a filtration bed. The close packing of the particles in the bed creates void 

space that can accommodate the flow of water. Suspended solids are removed from the water either 

at the surface of the bed, on the surface of particles within the bed or in the void space between the 

granular media. Retention of suspended solids on or in the filter bed results in an increase in the 

resistance to the flow of water which can be minimized by periodically fluidizing the filter bed and 

detaching the particles by reversing the direction of flow. The residual produced from granular media 

filters is collected as backwash and allowed to settle in a tank. Suspended material (provided it is of 

large enough size) generally settles to the bottom of the tank and is collected and treated as sludge 

while the liquid is returned to the front of the plant.  

Membrane filtration involves the use of thin polymer films (membranes) that are used in a liquid phase, 

pressure driven separation process. The membranes used to remove suspended solids are usually 

configured as microfiltration membranes (pore size of 1.0 – 0.1 microns) or ultrafiltration membranes 

(0.01 – 0.001 microns). Suspended material nominally larger that the pores of the membrane are 

removed at the surface of the membrane, however, as filtration progresses particles smaller than the 

nominal pore size may be entrained in the larger material retained on the membrane surface. As with 

granular media filtration, the retention of material on the membrane surface increases the resistance 

to flow of liquids across the membrane. This can be reversed in the short term by reversing the flow 

through the membrane or scouring the surface of the membrane with air to remove the retained 

material. However, unlike a filter bed where it is possible to fluidise the granular particles to dislodge 

suspended material, membrane processes require periodic cleaning with surfactants, chelating 

agents, hydrolysis and in some cases enzymes to resuspend and remove the material bound on the 

membrane.  

Granular media and membrane filtration can be used in combination with chemical coagulation and in 

some cases sedimentation. Both granular media and membrane filtration are available for use in 

paper mill applications at a scale required for the Bell Bay Pulp Mill. Further details on how these 

technologies would be applied in an external recycling application such as agricultural reuse or 

surface water substitution are discussed in following sections.  

4.2.1.2 PROCESSES TO REMOVE DISSOLVED ORGANICS 
Dissolved organics present in pulp mill effluent can be removed by a suite of technologies that fall into 

five broad categories; 

Biological decomposition under aerobic or anaerobic conditions 

Non-biological oxidation 
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Physical separation by chemical coagulation, settling and filtration 

Physical separation by filtration at the molecular level using nano-filtration or reverse osmosis 

membranes 

Physical separation by adsorption or exchange  

The efficiency of each process is dependant the type of wood pulp (soft wood or hard wood), the initial 

concentration of the organics and the water chemistry. The literature contains numerous references on 

the treatment of pulp mill effluent.  

Given that proponents of the Bell Bay Pulp Mill have indicated that the effluent would be treated 

through a biological nutrient removal process, it is unlikely that further biological treatment, including 

the use of an anaerobic pre-treatment stage similar to the treatment process under construction at the 

Gippsland Water Factory, would provide sufficient removal of colour or dissolved organic carbon. 

Consequently, the application of additional biological treatment would not be appropriate for the Bell 

Bay Pulp Mill. 

Similarly, in the context of the Bell Bay Pulp Mill, physical separation using coagulants would only be 

used in conjunction with filtration. Experience treating Kraft mill effluent at mills in Australia indicates 

that the coagulant dose for colour removal on waters containing 1000 TCU can exceed 700 mg/L. 

Although the relationship between coagulant dose and colour concentration is not necessarily linear, it 

would be expected that at least 200 mg/L of coagulant would be required to bind and destabilize the 

colour-inducing molecules prior to subsequent removal by filtration or settling. Consequently, 

coagulation would be needed in combination with another treatment process to completely remove the 

colour-inducing molecules.  

 Numerous oxidation methods exist including those based on: 

Ultra violet light; 

Fenton’s reagent; 

High pressure/high temperature oxygen (including wet air oxidation); 

Ozone; and 

Hydrogen peroxide (which may me used in conjunction with ozone in a process known as the 

“Peroxone process”). 

The use of ozone and/or peroxide is a well-established technology in wastewater treatment (Korhonen 

and Tuhkanen 2000; Yeber, Onate et al. 2007), and has been proven to assist in a variety of water 

treatment applications where non-digestible organic colours must be removed, notably in treatment of 

dye house wastes.  

 

4.2.1.3 PROCESSES TO REMOVE DISSOLVED SOLIDS 
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Several technologies exist to remove dissolved solids from solution. These include; 

Thermal distillation processes that exploit differences between the vapour pressure of water and the 

dissolved salts; 

Membrane processes, including reverse osmosis, that use pressure to drive water molecules across a 

semipermeable membrane against an osmotic gradient; 

Electrodialysis, that uses an electrical potential across a small gap separating an anion selective 

membrane from a cation selective membrane; and, 

Mixed bed (anion and cation) exchange resins which use a organic resin to exchange cations for 

protons (H+) and anions for hydroxyl ions (OH-) there-by removing dissolved salts from water.  

4.3 Management and Disposal of Residuals 

Water recycling schemes usually include additional processes for the treatment  of effluent that would 

otherwise be discharged to the environment. The purpose of the additional treatment steps is to 

improve the quality of the effluent for a particular use. However, a consequence of the treatment step 

is the production of a residual stream containing the chemicals and other species that were removed 

from the treated effluent. Generally, the concentration of these chemicals is higher than the original 

effluent. The following section briefly describes the issues associated with the disposal of the residual 

stream into the marine environment.   

4.3.1 Aquatic Toxicity of Residuals 

The aquatic toxicity of pulp and paper mill effluents has been succinctly reviewed by Ali and 

Sreekrishnan (2001).  

4.3.1.1 ORGANICS 
More than 250 organic compounds have been identified in effluents produced from various stages of 

paper manufacture (Ali and Sreekrishnan 2001). They observe that since the pulp produced typically 

corresponds to only 40-45% of the original weight of the wood, the effluents are heavily loaded with 

organic matter. A detailed review of these contaminants is provided for tannins, resin acids, fatty 

acids, halogenated compounds, and chemicals leading to colour. Despite the introduction of elemental 

chlorine free (ECF) bleaching, organochlorins have been shown to still persist in effluents. (Ali and 

Sreekrishnan 2001) report that toxicologically significant levels of chlorinated dioxins and 

dibenzofurans have been reported in effluents from mills that use ECF technology. In addition to 

organochlorins, other wood extractives including phytosterols, stillbenes and retenes are a significant 

concern in terms of potential chronic aquatic toxicity effects (Ali and Sreekrishnan 2001). 

 

4.3.1.2 NUTRIENTS 
Nutrients can be highly problematic since they sustain the growth of aquatic biota such as algae. In 

particular, nitrogen and phosphorous are typically ‘limiting nutrients’ for algal growth and an 

environmental influx of these nutrients can very often lead to blooms of a wide variety of algal species. 
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Aquatic algae can result in a significantly elevated demand for dissolved oxygen leading to anaerobic 

conditions and death of many other aquatic species including fish.  

4.3.1.3 METALS 
Some heavy metals such as cadmium, chromium and mercury have been associated with a number of 

human health concerns and thus significant concentrations can render effluent waters unsuited to 

many crop irrigation schemes.  Furthermore, the physical-chemical nature of many of these metals 

may cause them to be strongly adsorbed to soils and efficiently taken up in foods, thus effectively 

accumulating smaller concentrations over time. 

The literature review by Ali & Sreekrishnan (2001) provides considerable discussion regarding the 

opportunities and limitations of various chemical, physical and biological approaches to pulp and 

paper mill effluent treatment. However, they conclude that satisfactory treatment of effluents remains 

elusive due to the diversity of pulp processing processes internationally and the high concentrations of 

toxic chemicals. 

4.3.2 Marine Ecosystem Trigger Values 

The trigger values for marine water is based on the ‘Australian and New Zealand Guidelines for Fresh 

and Marine Water Quality’ (ANZECC 2000). Consistent with the EWS provided by Veronique Levy, the 

trigger values for 95% species protection were employed with the exception of bioaccumulatory metals 

which were based on 99% species protection.  

 

        27         7 July, 2007 



 

Table 11: Marine water trigger values compared with proposed effluent quality 

Parameter Trigger 
Values 

Proposed 
Effluent 

Reuse 

Residual 

Physical Properties    

pH 8.0 6.5 6.5 

TSS (mg/L) - 20 - 

Colour  - 493 1650 

COD - 466 1552 

AOX (mg/L) - 6.8 22 

TDS (mg/L) - 2253 7502 

Chlorate (mg/L) 0.006 3.7 12 

    

Nutrients    

BOD5  - 11 36 

Total-N (mg/L) - 2.5 8 

Total-P (mg/L) - 0.8 2.6 

    

Metals and Metalloids    

Aluminium (µg/L) 20 601 2001 

Arsenic (µg/L) 2.3 2.8 9 

Barium (µg/L) 6 17 56.5 

Beryllium (µg/L) 0.13 1.4 4.5 

Boron (µg/L) 5100 35 116.5 

Cadmium (µg/L) 0.7 0.98 3.0 

Chromium (VI) (µg/L) 4.4 26 86.5 

Cobalt (µg/L) 1 2.8 9.3 

Copper (µg/L) 1.3 19 63 

Iron (µg/L) 300 817 2720 

Lead (µg/L) 4.4 2.8 9.5 

Manganese (µg/L) 400 817 2720 

Mercury (µg/L) 0.1 0.25 0.83 

Molybdenum (µg/L) 23 1.3 4.3 

Nickel (µg/L) 70 26 86.5 

Selenium (µg/L) 3 7.4 24.5 

Vanadium (µg/L) 100 1.3 4.3 

Zinc (µg/L) 15 84 280 

    

Organics Trigger Proposed Reuse 
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Values Effluent Residual 

Total Extractives; Pine (mg/L) - 0.5 1.6 

Total Extractives; Eucalypt (mg/L) - 0.5 1.6 

Resin Acids; Pine (mg/L) - 0.25 0.8 

Resin Acids; Eucalypt (mg/L) - 0 0 

Fatty Acids; Pine (mg/L) - 0.19 0.67 

Fatty Acids; Eucalypt (mg/L) - 0.35 1.16 

Neutral Extractives; Pine (mg/L) - 0.06 0.20 

Neutral Extractives; Eucalypt (mg/L) - 0.15 0.50 

 

 

4.3.3 Alternative Management Options 

A recycling system installed at the proposed Bell Bay Pulp Mill would generate three classes of 

residuals; solid sludge from the turbidity reduction/phosphorous removal/colour removal process; 

liquid backwash from the granular media and membrane filtration process and concentrated salt 

stream (brine) from the reverse osmosis stage. Details of the options for residual management are 

presented in the following section. 

4.3.3.1 SOLID SLUDGE 
The use of a coagulant to either reduce the concentration of phosphorous or improve the performance 

of the filtration process by reducing turbidity or organics would generate solid sludge. The sludge 

would be collected from the clarification stage upstream of the filters. 

In the case of the Bell Bay Pulp Mill the sludge would require dewatering and processing prior to 

haulage to land fill. If the calorific content of the sludge is sufficiently high it may be possible to use the 

material as a fuel stock for the boiler, however, this would be dependant upon the residual 

concentration of metal ions that could cause corrosion problems. Given the high concentrations of 

coagulant that would likely be required to control fouling or remove phosphorous it would be expected 

that the settled sludge would be trucked from the site. 

4.3.3.2 LIQUID BACKWASH 
Liquid backwash generated by the granular media filters or by the membranes will contain suspended 

solids and other material that carryover from the clarifiers and is inherently non-settleable. In the case 

of the Bell Bay Pulp Mill the liquid backwash could be easily returned to the head of the biological 

treatment plant where the solids would readily bind with untreated mill waste. 

4.3.3.3 CONCENTRATED SALT STREAM (BRINE) 
The concentrate stream generated by the reverse osmosis system would contain higher levels of both 

salts and organics than the original feed water. The following treatment steps would most likely be 

required to render this waste stream acceptable for disposal: 
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Oxidation of the brine to reduce the toxicity of organics 

Evaporation ponds, and 

Brine concentrators (evaporators) and crystallizers 

Storage of the residuals in an evaporation basin would not be feasible in the case of the Bell Bay Pulp 

Mill because of lack of land and an annual average precipitation of 600 mm per year. Liquid 

discharges could be eliminated by processing the concentrate in a mechanical vapour compression 

system (similar to that used at a Kraft mill at Millar Western) or the organics could be removed by an 

oxidation process. Although considerable research work has performed on advanced oxidation, the 

few pulp mills that process concentrated waste opt for Mechanical Vapour Compression (MVC).  

Mechanical vapour compression uses mechanical energy to generate heat and evaporate liquid. MVC 

processes use a series of chambers each containing a set of heat exchanger tubes. Water vapour is 

drawn from the evaporation chamber by a compressor and is condensed on the outer surface of the 

heat exchanger tubes in all but the first effect. The heat of condensation is used to evaporate a thin 

film of seawater that is recompressed on the inside of the tubes within the evaporation chambers. The 

smallest MVC systems are typically single effect units that operate slightly above atmospheric 

pressure at a temperature of 102oC. Most systems typically have a capacity of less than 1000 m3/d. 

Larger MVC systems usually operate under vacuum in a horizontal tube falling film configuration. To 

operate under a vacuum the units require special venting systems incorporating pumps and eductors 

to remove the non-condensable gases (NCG). MVC is well suited to applications where low grade 

steam is unavailable. MVC evaporators would convert brine from the RO plant into distilled water for 

reuse. Typically 95 to 98 % of the reject water can be recovered as high purity distillate with a TDS of 

about 10ppm. The remaining 2 to 5%, a concentrated slurry, can be reduced to dry solids in a 

crystallizer or spray dryer. 
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5 WATER RECYCLING OPTIONS 
 

The effluent treatment scheme for the proposed Bell Bay Pulp Mill provides an excellent platform for 

further reuse. The secondary treatment plant is based on a step-feed biological nutrient removal 

process with lime addition to provide sufficient alkalinity for nitrification, urea and phosphoric acid 

addition to balance carbon, nitrogen and phosphorous ratios and a return activated sludge to an 

anoxic zone to achieve de-nitrification. The biologically treated waste will be clarified prior to disposal 

via the proposed 18 km effluent pipe connecting the treatment plant to the ocean outfall.  

The existing proposal includes provision for recycling carbon rich biosolids from the primary settling 

tanks and use of secondary treated effluent as service water within the effluent treatment plant.  

Additional recycling options include; 

Land application without additional treatment (Option I) 

Land application with phosphorous (P) removal and turbidity reduction (Option II) 

Land application with salinity and SAR correction (Option III) 

Land application with salinity and SAR correction with treatment of residual stream (Option III-A) 

High grade reuse applications including substitution of water from dam with treated effluent (with 

residual disposal to the outfall) (Option IV) 

High grade reuse applications including substitution of water from dam with treared effluent combined  

with treatment of residual stream (Option IV-A) 

The feasibility, product water quality, availability and probable cost of these schemes are briefly 

discussed in the following section. 

 

5.1 Option I: Land application without additional treatment 

Water from the effluent treatment plant could be used for irrigation of salt tolerant crops without further 

treatment provided that adequate drainage is provided to prevent water logging of the soil. The 

biologically treated effluent is projected to contain less than 11 mg/L of BOD, 2.5mg/L of total nitrogen 

and 0.8 mg/L of total phosphorous. The presence of these nutrients, coupled with the 20 mg/L of total 

suspended solids could lead to the development of biofilms or other deposits that could block the 

irrigation lines. The problem of suspended solids could be avoided if the water was stored in a dam or 

other impoundment prior to use to allow the solids to settle. Extended storage or unintended run-off of 

the irrigation water would, however, increase the risk of algal growth as a result of the high 

phosphorous levels.  
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5.2 Option II: Land application with phosphorous (P) removal and turbidity 
reduction 

Under this scenario water from the effluent treatment plant would be further treated through a 

conventional media filter. A trivalent metal salt, such as alum or ferric chloride would be used to bind 

residual orthophosphate and improve the filterability of the effluent. The granular media filters would 

be sized to treat 63,000 m3/day of effluent (Table 12,  Figure 4). The most suitable filter configuration 

for this plant would be set of dual or mono media pressure filters each with a capacity of 5000 m3/d. 

The selection of media type would be contingent on filtration studies and jar tests to determine the 

optimum coagulant dose. These units are readily available in Australia and are currently used in both 

industrial and municipal applications. The capital cost for the additional process mechanical equipment 

was estimated at $0.25/L of water treated which includes a 20% loading to account for the additional 

area required to filter the effluent given that the high concentration of dissolved organic material is 

higher than conventional water treatment applications.  

Experience from Kraft mills on the Australian mainland indicate that alum is a more efficient flocculant 

that ferric chloride for removing colour from biologically treated Kraft mill effluent, however, the 

concentration of coagulant can exceed 200 mg/L. In this instance it would not be necessary to remove 

all the colour molecules, however, there is a possibility that coloured compounds may interfere in the 

binding of phosphorous and destabilisation of suspended materials. In addition, the low concentrations 

of both suspended solids and phosphorous may necessitate the use of a polymer or “sweep 

flocculation” technique. Notwithstanding this, the main role of the coagulant would be to improve the 

filterability of the effluent with most of the suspended solids removed by the media filter.  

Projected water quality is presented in Table 13. The use of a coagulant and media filtration would not 

improve the salinity or sodium adsorption ratio of the effluent. Consequently, the application of this 

water would still be contingent on the selection of salt tolerant plants and well drained soils.  

5.3 Option III: Land application with salinity and SAR correction 

Under this scenario water from the effluent treatment plant would be partially demineralised through a 

reverse osmosis system to reduce the concentration of salt from approximately 1440 mg/L to 800 

mg/L. The partial demineralisation plant would be sized to treat 25,000 m3/d of mill effluent and 

produce 17,000 m3/d of reverse osmosis quality permeate based on a recovery of 68%.  The 17,000 

m3/d would be blended with the balance of mill effluent (38,000 m3/d) to produce a net flow of 55,000 

m3/d of water suitable for irrigation of plants with moderate to low salt tolerance. The Sodium 

Adsorption Ratio can be reduced from >9.6 to approximately 6 through the addition of lime used to 

adjust the alkalinity in the effluent treatment plant. The partial demineralisation process would 

generate approximately 8000 m3/d of reverse osmosis concentrate (Table 12 Figure 5). 

The demineralisation treatment train would be based on the concept used in municipal wastewater 

recycling plants such as the 17,000 m3/d facility at Luggage Point in Queensland, the 20,000 m3/d at 

Kwinana in Western Australia or the 200,000 m3/d currently under design for the Western Corridor 
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project in Brisbane. The treatment train consists of self cleaning screens (typically 0.5 mm to 2 mm 

wedge wire) to remove non-settleable fibres from the secondary clarifier, microporous membrane 

filtration such as ultrafiltration or microfiltration to remove sub-micron sized particles and lower the Silt 

Density Index (SDI) prior to treatment with reverse osmosis.  

Historically, membrane processes such as microfiltration, ultrafiltration and reverse osmosis have had 

a poor track record in the pulp and paper industry. However, in Australia, increasing pressures on 

water consumption and waste discharge have prompted various pilot trials at thermo-mechanical mills 

in New South Wales and Kraft mills in Victoria. Unlike conventional gravity driven separation systems 

such as clarifiers or granular media filters, membrane processes produce excellent quality water in 

both “In-Process” and “External reuse” applications. The problem associated with the use of 

membranes is fouling which reduces the capacity (or throughput of the plant). Microporous 

membranes such as UF and MF have been demonstrated to remove long chain carbohydrates and 

extractives (Nuortilajokinen, Uusluoto et al. 1994) and have been used in both pulp and one paper 

applications (Webb 1997). An example pulp mill application is Store Enso's Nymölla mill in South 

Sweden where an ultrafiltration system is used for the treatment of filtrate from the oxygen 

delignification stage in order to reduce COD. A good example of a paper mill application is M-real's 

Kirkniemi plant in Finland where ultrafiltration membranes are used to process whitewater from a disc 

filter and recycle the filtrate to the paper machine. Ultrafiltration is also used to recover coating 

pigments in the coating machine.  

A 35,000 m3/d ultrafiltration plant, operating in a membrane bioreactor configuration, is currently under 

design at the Gippsland Water Factory in Traralgon, Victoria. The ultrafiltration membrane operates in 

the aerobic zone of a combined anaerobic / aerobic system that is used to treat wastewater from a 

Kraft paper mill process operated by Australian Paper. Experience gained during the pilot studies for 

the Gippsland Water Factory in 2005 and 2006 reveals that fouling of the ultrafiltration membrane can 

be controlled provided that the fibres in the effluent entering the treatment process are attenuated in 

the screens and primary clarifiers. Pilot tests from Gippsland however, indicated that the UF system 

did not remove colour and other dissolved molecules such as residual lignins which make up most of 

the COD. As a result, the performance of the reverse osmosis system downstream of the UF was 

compromised by fouling. Consequently, the consortium responsible for delivering the project did not 

include an RO system in the final design. 

Although It would be expected that a combination of biological treatment plus microscreens would 

provide sufficient pre-treatment for an ultrafiltration or microfiltration plant, in the absence of pilot data 

it would be difficult to size a RO system for the Bell Bay Pulp Mill. However, paper and card facilities in 

plants such as the Mckinley Card and Board factory in New Mexico have operated RO systems on mill 

effluent that contains residual organics and COD at levels that are approximately 25 - 50% lower than 

those expected at Bell Bay. Time constraints on the delivery of the Gippsland Water Factory 

prevented the optimization of the key design parameters for the RO treatment of biologically treated 

Kraft mill effluent. These include recovery, which is determined by the level of total dissolved solids 
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and flux (expressed as litres of filtrate per meter of membrane per hour). Fouling of the membrane, 

particularly by organics will be strongly influenced by design flux. Lowering the flux decreases the rate 

of fouling but increases the capital cost. For dual membrane plants consisting of ultrafiltration and 

reverse osmosis greater than 10,000 m3/d (such as the facilities in Kwinana or Luggage Point), the 

“rule of thumb” capital cost estimate for the process mechanical equipment is approximately $1 per 

litre of filtrate. Given the lack of pilot data, it would be prudent to size the plant based on feed flow 

rather than filtrate and allow for an additional 30% membrane area to accommodate the higher organic 

content which would result in a unit cost of $1.4/L of plant feed which, based on a recovery of 68%, is 

approximately  $32.5 million for membrane equipment.  

5.4 Option IV: High grade reuse applications  

Under this scenario effluent from the treatment plant would be demineralised to reduce the 

concentration of salts from approximately 1440mg/L to 30mg/L (Table 13, Figure 6).  The 

demineralisation scheme would be the same as that described above for Option III, however, the  

plant would be sized to treat 63,000 m3/d of mill effluent to produce 44,000 m3/d. The high quality 

recycled water may be used as a substitute for mill feed surface water. 

Further treatment of the RO residual brine stream (Table 13, Figure 7) via evaporation would increase 

the recycled stream to 62,905 m3/d. 

 

 

        34         7 July, 2007 



 

 

Figure 3: Option I: Agricultural Recycling (No – Additional Treatment) 
 

 

Figure 4: Option II: Agricultural Recycling (Additional Phosphorus, Turbidity Removal) 
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Figure 5: Option III: Agricultural Recycling (Salinity, Sodium Correction) 

 

Figure 6: Option IV: Industrial Recycling (Complete Desalination without Concentrate Recovery) 
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Figure 7: Option IV-A : Industrial Recycling with Concentrate Treatment 
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Table 12: Projected Flows for different water recycling options 
 Option 1 Option 2 Option 3 Option 3A Option 4 Option 5 

Feed (m3/d) 63000 63000 63000 63000 63000 63000 

Product (m3/d) 63000 62370 55000 51960 44000 62905 

Residual (m3/d) 0 630 8000 40 19000 95 

Residual Flow - Filter backwash MF Backwash 

RO Concentrate 

Salt MF Backwash 

RO Concentrate 

Salt 

 

Table 13: Projected Water Quality for Different Water Recycling Scenarios 
 ETP Option I Option II Option III Option IV 

TSS (mg/L) 20 20 < 1 < 1  

TDS (mg/L) 2253 2253 2253 1252 45 

Total Salt (mg/L) 1441 1441 1441 800 30 

EC (dS/m) 1.8 1.8 1.8 1 0.01 

SAR 9.6 9.6 9.6 6 6 

Colour 493 493 493 274 9.3 

COD 466 466 466 259 5 

AOX (mg/L) 6.8 6.8 6.8 4 0.1 

Chlorate (mg/L) 3.7 3.7 3.7 3 1 

BOD5  11 11 11 6 0.1 

Total-N (mg/L) 2.5 2.5 2.5 1 <1 

Total-P (mg/L) 0.8 0.8 < 0.5 <0.05 <0.05 
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6  TREATMENT COSTS 
An estimate of the probable costs was developed for the set of water recycling options for the 

proposed Bell Bay Pulp Mill described above. The costs were expressed as: 

capital costs for the installation and commission of each option; 

operating and maintenance cost for each option; and, 

unit cost (expressed as $/m3) of recycled water 

6.1 Capital cost estimates 

An opinion of cost for the delivery and commission of five recycling options was derived by assuming 

that the recycling plant would be installed by a single general contractor. The elements of the recycled 

water plant contract were modelled on those used in the delivery of recycling plants such as the 

NEWater recycling plants in Singapore, the Kwinana recycling plant in Perth and the Luggage Point 

recycling plant in Brisbane. The contracts associated with these projects generally consisted of ten 

(10) contract elements. For these recycling projects the contract value for the process mechanical 

components were typically 50% of the total contract value. The percentages associated with other 

elements such as Civil and Structural, Electrical and Instrumentation and Control were based on the 

average of the three projects. The percentage that each contract element contributes to the overall 

contract value, along with a brief description of the work, is presented in Table 14.  
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Table 14: Indicative value (as %) of each contract element used to estimate capital costs 
Item Description % of total 

General & Preliminaries Establishment of the construction site and deliver 
the construction program. 

5% 

External works Preparation of site prior to civil works and develop 
all access points for traffic and the intake and 
discharge of water 

2% 

Structural Works Development of foundations and structures for the 
treatment facility 

10% 

Civil Works Installation of pipe networks, roads, drainage and 
other non-structural civil items 

5% 

Architectural Fit out of buildings and control rooms 2% 
Process Mechanical Procurement and delivery of treatment components 50% 
Electrical  Connection and distribute of power 15% 
Control and 
Instrumentation 

Supply and installation of instruments to monitor, 
control and record performance 

7% 

Testing and 
commissioning 

Systematic testing and start-up 2% 

Maintenance/Spares Supply of items required during start up and 
warranty period 

2% 

 

In addition to the basic contract elements, allowances were made for Engineering, Legal and 

Administration (ELA) costs associated with the project Percentage. The ELA was assumed to be 15% 

whilst project contingencies were estimated at 30%.  

A budget level capital cost estimate was based on the following estimate for capital costs for process 

mechanical equipment expressed as $/L of treatment capacity. The unit costs estimates are 

summarized in Table 15. The estimate for the capital cost of the process mechanical contract was 

determined by multiplying the treatment capacity by the unit cost. The value of other contract elements 

was determined on a prorate basis according to the percentages listed in Table 14

Table 15: Estimate of Capital Cost 
Treatment Process Capital Cost ($/L) 

Clarification1 $500/m3 clarifier volume 
Granular Media Filtration $0.25 /L/day of plant capacity (filtrate) 
Membrane filtration (UF + RO) $1.3 /L/day of plant capacity (UF Feed) 
Ozonation $0.45 /L/day of plant capacity (Feed) 

Mechanical Vapor Compression  $3 /L/day of plant capacity (Feed) 
1. Based on hydraulic residence time of 2 hours 

 

Capital cost estimates for each recycling option were calculated for three scenarios: 

Scenario 1 assumes that no additional measures are required to prevent fouling of the membranes 

under options III and IV and that the granular media filters can operate in direct filtration mode. 
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Although this Scenario will produce the requisite water quality it is attended by significant process risk. 

Specifically, the elevated levels of colour will bleed through the UF system and foul the RO membrane 

under options III and IV. Similarly it will not be possible to reduce the turbidity or phosphorous levels 

because of interference between the coagulant and the colour. The options under scenario 1 were 

evaluated to demonstrate base case costs that would be comparable to standard municipal recycling 

applications. 

Scenario 2 assumes that a significant dose of coagulant (>200 mg/L) is added to increase colour 

removal by sedimentation and prevent fouling of the RO system. The filters and membranes are 

operated downstream of a clarification system. 

Scenario 3 assumes that ozone (dose of 200 mg/L) is  used to convert the colour into assimilable 

organic carbon (AOC) that can be digested in a biologically active granular activated carbon column. 

This is only required for options III and IV and is designed to prevent biological fouling of the RO 

membranes.  

Capital cost estimates for each scenario are presented in Table 16. This table is informed by the 

results tabulated for capital costs in Table 17 to Table 19 and for the operating expenses in Table 20 

to Table 22. 

 

Table 16: Cost Summary 
Option I  II  III  IIIA  IV  IVA 

Annual Water Recycled (Or Saved from Tamar River) GLA 

  21.6 19.1 21.8 15.3 21.8 

Capital Cost ($ M) 

Scenario 1  $45.7 $77.7 $127.9 $195.7 $332.0 

Scenario 2  $53.3 $80.2 $137.5 $202.0 $338.2 

Scenario 3  - $104.6 $154.8 $263.5 $399.7 

Unit Cost ($/ M3) 

Scenario 1  $0.27 $0.44 $0.69 $1.40 $1.84 

Scenario 2  $0.44 $0.52 $0.88 $1.64 $2.02 

Scenario 3  - $0.69 $1.10 $2.17 $2.39 

 

6.2 Operating and Maintenance Costs 

The annual operation and maintenance (O&M) costs for a desalination or high quality water recycling 

plant include the annual cost of power, chemicals, consumable items (such as membranes, filter 

media and lamps), equipment maintenance, labour and water quality monitoring. Indicative O&M costs 

for a 100 MLD desalination and water recycling facility are presented in Table 17 to Table 19 for each 

O&M category and summarised in Table 20.  
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Table 17:  Scenario I Additional Capital Cost for Treatment 1 ($’000’s) (No clarification or Ozone/GAC) 
 Item Option 12 Option 2 Option 3 Option 3A Option 4 Option 5 

General & Preliminaries 5% $1,575,000 $3,250,000 $5,350,000 $8,190,000 $13,890,000 

External 2% $630,000 $1,300,000 $2,140,000 $3,276,000 $5,556,000 

Civil 10% $3,150,000 $6,500,000 $10,700,000 $16,380,000 $27,780,000 

Structural 5% $1,575,000 $3,250,000 $5,350,000 $8,190,000 $13,890,000 

Architectural 2% $630,000 $1,300,000 $2,140,000 $3,276,000 $5,556,000 

Process Mechanical 50% $15,750,000 $32,500,000 $53,500,000 $81,900,000 $138,900,000

Electrical 15% $4,725,000 $9,750,000 $16,050,000 $24,570,000 $41,670,000 

Instrumentation & Control 7% $2,205,000 $4,550,000 $7,490,000 $11,466,000 $19,446,000 

Commissioning 2% $630,000 $1,300,000 $2,140,000 $3,276,000 $5,556,000 

Spares & Replacement 2% $630,000 $1,300,000 $2,140,000 $3,276,000 $5,556,000 

Sub Total  $31,500,000 $65,000,000 $107,000,000 $163,800,000 $277,800,000

ELA (15%) 15% $4,725,000 $9,750,000 $16,050,000 $24,570,000 $41,670,000 

Contingency (30%) 30% $9,450,000 $2,925,000 $4,815,000 $7,371,000 $12,501,000 

Total  

  

$45,675,000 $77,675,000 $127,865,000 $195,741,000 $331,971,000

1. Does not include cost of distribution 

2. Option 1 represents the existing treatment plant and assumes the water can be used without additional treatment 
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Table 18: Scenario II Additional Capital Cost for Treatment 1 ($’000’s) (Clarification and sludge handling) 
 Item Option 1 Option 2 Option 3 Option 3A Option 4 Option 5 

General & Preliminaries 5% $1,838,000 $3,355,000 $5,755,000 $8,453,000 $14,153,000 

External 2% $735,000 $1,342,000 $2,302,000 $3,381,000 $5,661,000 

Civil 10% $3,675,000 $6,709,000 $11,509,000 $16,905,000 $28,305,000 

Structural 5% $1,838,000 $3,355,000 $5,755,000 $8,453,000 $14,153,000 

Architectural 2% $735,000 $1,342,000 $2,302,000 $3,381,000 $5,661,000 

Process Mechanical 50% $18,375,000 $33,541,667 $57,541,667 $84,525,000 $141,525,000

Electrical 15% $5,513,000 $10,063,000 $17,263,000 $25,358,000 $42,458,000 

Instrumentation & Control 7% $2,573,000 $4,696,000 $8,056,000 $11,834,000 $19,814,000 

Commissioning 2% $735,000 $1,342,000 $2,302,000 $3,381,000 $5,661,000 

Spares & Replacement 2% $735,000 $1,342,000 $2,302,000 $3,381,000 $5,661,000 

Sub Total  $36,752,000 $67,087,667 $115,087,667 $169,052,000 $283,052,000

ELA (15%) 15% $5,512,800 $10,063,150 $17,263,150 $25,357,800 $42,457,800 

Contingency (30%) 30% $11,025,600 $3,018,945 $5,178,945 $7,607,340 $12,737,340 

Total  

  

$53,290,400 $80,169,762 $137,529,762 $202,017,140 $338,247,140
1. Does not include cost of distribution 

2. Option 1 represents the existing treatment plant and assumes the water can be used without additional treatment 
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Table 19: Scenario III Additional Capital Cost for Treatment 1 ($’000’s) (Ozone GAC for Color Removal) 
 Item Option 12 Option 23 Option 3 Option 3A Option 4 Option 5 

General & Preliminaries 5% $4,375,000 $6,475,000 $11,025,000 $16,725,000 

External 2% $1,750,000 $2,590,000 $4,410,000 $6,690,000 

Civil 10% $8,750,000 $12,950,000 $22,050,000 $33,450,000 

Structural 5% $4,375,000 $6,475,000 $11,025,000 $16,725,000 

Architectural 2% $1,750,000 $2,590,000 $4,410,000 $6,690,000 

Process Mechanical 50% $43,750,000 $64,750,000 $110,250,000 $167,250,000

Electrical 15% $13,125,000 $19,425,000 $33,075,000 $50,175,000 

Instrumentation & Control 7% $6,125,000 $9,065,000 $15,435,000 $23,415,000 

Commissioning 2% $1,750,000 $2,590,000 $4,410,000 $6,690,000 

Spares & Replacement 2% $1,750,000 $2,590,000 $4,410,000 $6,690,000 

Sub Total  $87,500,000 $129,500,000 $220,500,000 $334,500,000

ELA (15%) 15% $13,125,000 $19,425,000 $33,075,000 $50,175,000 

Contingency (30%) 30% $3,937,500 $5,827,500 $9,922,500 $15,052,500 

Total  

  

 

$104,562,500 $154,752,500 $263,497,500 $399,727,500
1. Does not include cost of distribution 

2. Option 1 represents the existing treatment plant and assumes the water can be used without additional treatment 

3. Option II does not require ozone GAC to improve performance of the granular media filters 
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Table 20: Operation & Maintenance and Unit Costs for Scenario 1 (No Clarification or Ozone/GAC) 
Item Units Option II Option III Option IIIA Option IV Option IVA 

O&M (Unit Cost)       

Filtration ($/m3) 0.1 0.1 0.1 0.1 0.1 

Reverse Osmosis ($/m3)  0.25 0.25 0.25 0.25 

MVC ($/m3)   1 1 1 

Daily production       

Filtration (m3/day) 62370 25000 25000 63000 63000 

Reverse Osmosis (m3/day)  17000 17000 44000 62905 

MVC (m3/day)   8000  19000 

Plant Utility  95% 95% 95% 95% 95% 

Annual Production       

Filtration (m3/yr) 21,626,798 8,668,750 8,668,750 21,845,250 21,845,250 

Reverse Osmosis (m3/yr)  5,894,750 5,894,750 15,257,000 21,812,309 

MVC (m3/yr)   2774000 0 6,588,250 

Annual O&M ($/yr) $2,163,000 $2,341,000 $5,115,000 $5,999,000 $14,226,000 

       

Total Capital  $45,675,000 $77,675,000 $127,865,000 $195,741,000 $331,971,000

Annual Capital ($/yr) $3,574,000 $6,077,000 $10,003,000 $15,313,000 $25,970,000 

Total Annual Cost ($/yr) $5,737,000 $8,418,000 $15,118,000 $21,312,000 $40,196,000 

Annual Water Production (m3/yr) 21,626,798 19,071,250 21,831,380 15,257,000 21,812,309 

Unit Cost ($/m3) ($/m3) $0.27 $0.44 $0.69 $1.40 $1.84 
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Table 21 Operation & Maintenance and Unit Costs for Scenario II (Coagulation and clarification) 
Item Units Option II Option III Option IIIA Option IV Option IVA 

O&M (Unit Cost)       

Coagulation/Calrification ($/m3) 0.15 0.15 0.15 0.15 0.15 

Filtration ($/m3) 0.1 0.1 0.1 0.1 0.1 

Reverse Osmosis ($/m3)  0.25 0.25 0.25 0.25 

MVC ($/m3)   1 1 1 

Daily production       

Coagulation/Calrification (m3/day) 63000 25000 25000 63000 63000 

Filtration (m3/day) 62370 25000 25000 63000 63000 

Reverse Osmosis (m3/day)  17000 17000 44000 62905 

MVC (m3/day)   8000  19000 

Plant Utility  95% 95% 95% 95% 95% 

Annual Production       

Coagulation/Calrification (m3/yr) 21,845,250 8,668,750 8,668,750 21,845,250 21,845,250 

Filtration (m3/yr) 21,626,798 8,668,750 8,668,750 21,845,250 21,845,250 

Reverse Osmosis (m3/yr)  5,894,750 5,894,750 15,257,000 21,812,309 

MVC (m3/yr)   2774000 0 6,588,250 

Annual O&M ($/yr) $5,440,000 $3,641,000 $5,115,000 $9,276,000 $17,503,000 

Total Capital  $53,290,400 $80,169,762 $137,529,762 $202,017,140 $338,247,140 

Annual Capital ($/yr) $4,169,000 $6,272,000 $10,759,000 $15,804,000 $26,460,000 

Total Annual Cost ($/yr) $9,609,000 $9,913,000 $15,874,000 $25,080,000 $43,963,000 

Annual Water Production (m3/yr) 21,626,798 19,071,250 18,017,130 15,257,000 21,812,309 

Unit Cost ($/m3) ($/m3) $0.44 $0.52 $0.88 $1.64 $2.02 
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Table 22 Operation & Maintenance and Unit Costs for Scenario III ( Ozone/GAC) 
Item Units Option III Option IIIA Option IV Option IVA 

O&M (Unit Cost)      

Filtration ($/m3) 0.15 0.15 0.15 0.15 

Ozone/GAC ($/m3) 0.25 0.25 0.25 0.25 

Reverse Osmosis ($/m3) 0.25 0.25 0.25 0.25 

MVC ($/m3)  1 1 1 

Daily production      

Filtration (m3/day) 25000 25000 63000 63000 

Ozone/GAC (m3/day) 25000 25000 63000 63000 

Reverse Osmosis (m3/day) 17000 17000 44000 62905 

MVC (m3/day)  8000  19000 

Plant Utility  95% 95% 95% 95% 

Annual Production      

Filtration (m3/yr) 8,668,750 8,668,750 21,845,250 21,845,250 

Ozone/GAC (m3/yr) 8,668,750 8,668,750 21,845,250 21,845,250 

Reverse Osmosis (m3/yr) 5,894,750 5,894,750 15,257,000 21,812,309 

MVC (m3/yr)  2774000 0 6,588,250 

Annual O&M ($/yr) $4,942,000 $7,716,000 $12,553,000 $20,780,000 

Total Capital  $104,562,500 $154,752,500 $263,497,500 $399,727,500 

Annual Capital ($/yr) $8,180,000 $12,106,000 $20,613,000 $31,270,000 

Total Annual Cost ($/yr) $13,122,000 $19,822,000 $33,166,000 $52,050,000 

Annual Water Production (m3/yr) 19,071,250 18,017,130 15,257,000 21,812,309 

Unit Cost ($/m3) ($/m3) $0.69 $1.10 $2.17 $2.39 
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6.3 Total Annual Costs and Unit Cost of Water  

The total annual cost of each recycling option is the sum of the annual debt service on the new water 

treatment infrastructure and the annual O&M costs. A summary of the total annual cost of treatment 

plus the corresponding unit cost ($/m3) is presented in Table 20. The annual capital cost was 

calculated using a capital recovery factor of 0.0782 corresponding to a prime rate of 6% and a debt 

service period of 25 years. Typical unit costs for operation and maintenance ($/m3) were multiplied by 

the treatment capacity. These are indicative numbers only based on experience from operation and 

maintenance of membrane based recycling plants, chemical coagulation and ozone GAC plants. The 

estimates for ozone/GAC and chemical coagulation were increased by a factor of 5 to account for the 

increased organic load. Estimates for the O&M of the membrane plants were increased by 30% based 

on the use of a similar assumption for membrane loading rate described in Section 5. The unit cost 

was determined by dividing the total annual cost by the total annual water production.  
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