
As. J. Energy Env. 2006, 7(01), 246-257 
 

        

Asian Journal on 
Energy and Environment 

ISSN 1513-4121 
Available online at www.asian-energy-journal.info 

 
Toward Cleaner Production of Palm Oil Mills: Part 2 Minimization of 
Water Consumption and Process Optimization 
 
J. Chungsiriporn1, S. Prasertsan2 and C. Bunyakan3  
 
1The joint Graduate School of Energy and Environment (JGSEE) King Mongkut's University of Technology 
Thonburi, Bangkok, 10140, Thailand  
 

2Department of Mechanical Engineering, Faculty of Engineering, Prince ofSongkla University, Hat Yai, 
Songkhla, 90112, Thailand 
 

3Department of Chemical Engineering, Faculty of Engineering, Prince ofSongkla University, Hat Yai, Songkhla, 
90112, Thailand, Fax: 66-7421-2896, Tel: 66-7421-2896 
 
*Author to whom correspondence should be addressed, email: cjuntima@ratree.psu.ac.th               
 
Abstract: The palm oil milling process consumes large quantity of water for oil extraction process 
and, consequently, generates a larger amount of wastewater. Palm oil mill effluent (POME) is polluted 
aqueous waste with high BOD. Usually, the mills simply employ open pond anaerobic treatment to 
handle the POME. This requires large land area since the retention time is substantially long. The 
problem is even serious in rainy season, which is coincident with the high yield season of the palm 
fruit. This work seeks alternative use of waste streams in the process in order to reduce freshwater 
consumption and wastewater generation. By mass integration technique, the allocation of waste 
streams back to the process is possible. The optimum process was determined by mathematical models 
of three subsystems. The objective functions were set to provide minimum freshwater demand or 
minimum oil residue in the POME. The optimization constraints were obtained from the experiment 
and technical specification/characteristic of the equipment. Matlab optimization toolbox was used to 
solve the optimization problems. It was found that the recycle of the waste streams has reduced the 
freshwater consumption and POME by 65% and 67%, respectively.  
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Introduction  
 
Wet process of palm oil milling consumes a large amount of process water. Consequently, a larger 
amount of palm oil mill effluent (PO ME) is generated with high organic load. It was reported that 
for each ton of fresh fruit bunch (FFB), 0.87 ton of POME is discharged with BOD as high as 50,000 
mg/I (Prasertsan and Prasertsan 1996). Many studies suggested various water management 
approaches (Kittikun et al. 2000, Department of Industrial Works and GTZ 1997, Leong et al. 2002, 
and Barrantes 2001), but very rare was systematic approach. In recent years, the scarce of freshwater 
supply and the increasing wastewater treatment cost due to stringent environmental standard became 
the major problem of the mills.  
 
The appropriate strategy for water management to reduce aqueous effluent and freshwater demand 
should be implemented to make the process cleaner and environment friendly. Mass integration 
technique is one of the water utilization management tools. Mass integration is a systematic 
approach for the management of global mass flow within the system, which optimizes the allocation 
of streams. The mass integration principle could be applied in industry with special focus on water 
conservation and wastewater reduction (Wenzel et al. 2002). Thus, it could be extended to pollution 
prevention by reducing industrial waste (Noureldin and EI-Halwagi 1999 and Noureldin and EI-
Halwagi 2000). With this technique, the optimal allocation of mixing and recycling scheme with 
constraints of material balance and relative costs of various stream are taken into consideration 
(Parthasarathy 200 I). The approach consists of water allocation alternatives (recycle and reuse) 
derived from a graphical representation of the flows. Graphical strategy of ternary composition 
diagram was used to locate sources and sinks and design for network of wastewater application 
(Parthasarathy and Dunn 2003). The source-sink diagram can be effectively used to analyze for 
recycle opportunities (Wenzel et al. 2002). Optimization problems to minimize freshwater usage and 
wastewater discharged can be solved mathematically (Parthasarathy and Krishnagopalan 1999, Dunn 
et al. 2001, Parthasarathy and Krishmagopalan 2001). 
 
This paper focuses on the reduction offreshwater usage and wastewater effluent in palm oil milling 
process within the conceptual framework of mass integration and process optimization. The site of 
study is the Thaksin Palm Oil Mill in the south of Thailand. The normal milling capacity is 40 t 
FFB/h, but could be expanded in the high season. The strategies of recycle/reuse, mixing, and 
interception were used to allocate source streams to sinks. Sources are the streams that have potential 
to be recycled, while sinks are the water-consuming units that can accept the source streams. The 
concentration of non process element (NPE) in the source is the allocation constraint. Constrained 
mathematical model for water optimization was formulated and solved by the Matlab optimization 
toolbox. 
 
Mass flow in palm oil milling process 
 
Palm oil milling is the process that extracts crude palm oil from fresh fruit bunches (FFB). The 
standard (wet) process consists of bunch sterilization, fruit stripping, digestion, screw pressing for 
liquid extraction and centrifugation for oil separation. The FFB is sterilized by steam to inactivate 
the natural enzymes and loosen the fruits for the ease of stripping. Steam condensate from the 
sterilizer contains palm oil and solid of I % each. In normal practice, it is discharged to the 
wastewater pond. The fruits are stripped off by a rotary thresher and subsequently mashed in a 
digester. A twin-screw press is the next equipment that separate liquid, which is a mixture of water, 
oil and solid. Solid particles of large size, if any, are removed by a vibrating screen. Mixing water is 
added to the digester, screw press and screening unit to improve extraction efficiency and flow 
ability of the processing stream. The quantity of water has direct effect on the efficiency of palm oil 
separation process. The extracted product, called palm oil mixture, is the mixture of palm oil, water 
and fine solid particles. 
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The palm oil mixture is continuously fed to the settling tank. Palm oil, which is the lightest phase, 
overflows from the settling tank and is purified (moisture removal) for final product called crude 
palm oil. According to the flow direction, there are two types of settling tanks namely, horizontal 
and vertical settling tanks. Bottom sludge from the settling tank consisting of water, solid and palm 
oil residue of 7-10% is then passed through a series of a decanter and a separator for oil recovery. 
Water is added to the decanter and the separator to blend and balance the phase for efficient oil 
recovery. Palm oil mill effluent (POME) that is a mixed stream of separator outlet, sterilizer 
condensate and turbine cooling water is sent to wastewater treatment system. The schematic diagram 
of palm oil milling process, with designated mass flows, is shown in Fig. 1. 
 

 
 

Figure 1 Mass flow in palm oil mill process. 
 

Water management and optimization of palm oil milling process 
 
Water management is the manipulation of the source-sink flows for maximum recycle of the source 
streams. Optimization of the process concerns minimization of freshwater usage. 
 
Water management by mass integration technique 
Mass integration technique is used to design the mass flow network to minimize wastewater 
discharge and freshwater usage. The strategy includes mixing, recycling, and interception. Recycle is 
employed when the source properties and compositions meet the receiving conditions of the sink. 
The mixing of two or more sources is carried out to obtain sufficient flow rate and acceptable 
compositions for the sink. Interception is the separation of the non process element (NPE) from the 
targeted source by using an appropriate operation (e.g., screening) to reduce the NPE in the sources. 
NPEs in this study are fine particles of fiber and other suspended solids. The technique analyses 
water usage in conventional process in different viewpoints. Overall water balance is carried out 
with an attempt to completely recycle of effluent to substitute the freshwater. Internal sources and 
sinks are identified to determine for potential and manageable streams. The internal sources are the 
aqueous streams within the process. External is the freshwater. The graphical technique gives a 
guideline for stream mixing or channeling to meet the requirements of different sinks. The optimal 
solution relies on material balance and operating conditions of equipment. 
 
Generally, it starts with the decision for the worthiness of conducting a water recycle scheme by 
examining the overall water balance of all source and sink streams. Overall water balance of the 
palm oil mill under this study is shown in Fig.2. Since the quantity of wastewater (34 t/h) is less than 
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that of freshwater usage (36 t/h), the ideal targeted of net wastewater generated would be none (all 
wastewater substitutes for sink streams), and 94% of freshwater could be eventually reduced. It is, 
therefore, concluded that the existing process is attractive enough to warrant conducting the mass 
integration analysis. 
 

 
Figure 2 Overall water balance for existing palm oil mill process (symbols of stream flows 

"wn" are refered to Fig. 1 ). 
 

Sources and sinks of the palm oil mill process have been identified and given in Fig.3. The palm oil 
milling process has 3 sink streams with total amount of 24 ton/h namely, processing mixing water 
(W4), decanter blending water (W8) and separator phase balancing water (W13). It is noted that two 
sterilizer influx (W17) and turbine cooling water (W18) are not regarded as sinks because they require 
freshwater only. The quality (NPE content) and quantity of source for each sink are characterized by 
the technical requirement of the respective units. The source streams include sterilizer condensate 
(W3), separator outlet (W14), cooling water (W16), and freshwater (if needed). The NPE contents (z 
values) in the source streams are obtained from field measurement. 
 

 
Figure 3 Quality and quantity of sources and sinks (symbols of stream flows "wn" 

are refered to Fig.1). 

 
Source-sink diagram that shows the mass flow rate and solid content (NPE) is presented in Fig.4(a). 
Sources are represented by points and sinks are shown in solid lines of acceptable NPE range. 
 
In the complex process, where many potential sources are available, the method called "smallest 
possible lever arm for a sink" is used as a tool to determine the most suitable source (Parthasarathy 
2001). For a simple process, the relative position of source points and sink lines easily gives the 
recycle potential. For instance, the NPE contents of the condensate (6t1h) and cooling water (4 t/h) 
fall in the acceptable range of the mixing water (I4 t/h), thus allows direct recycle of these two 
sources. However, the total quantity is insufficient and, as a result, 4 ton/h of mixing water is still 
needed as shown in Fig.4(b). Similarly, the source from the separator (24 t/h) is directly recycled as 
phase balancing water (in separator, 7.5 t/h) and blending water (in decanter, 2.5 t/h). Finally, it 
leaves only 14 t/h of the effluent and only 4 t/h of freshwater is required for mixing water. The 
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reduction of wastewater and freshwater is substantially significant in comparison to the 
corresponding current figure of 34 and 36 t/h, respectively. 

 

 

 
Figure 4 Source-sink diagram of palm oil milling process (a) Initial condition (b) After first 

allocation. 
 

From the NPE view point, it seems that a certain amount of the final effluent (from separator) can be 
mixed with the condensate and cooling water and supply as mixing water because the mixing water 
can tolerate NPE up to 0.03. In such ideal practice, no freshwater is required for sinks and only 10 
t/h of PO ME is generated. If this is true, 10 t/h of wastewater actually comes from the moisture 
content in the fruits and steam absorbed by the sterilized fruits. However, it was found that, unless 
the interception process is applied, this practice will consequently increase the NPE in the 
downstream processes. As a result, a certain quantity of freshwater is needed to adjust the phase of 
the material in the decanter and separator. Consequently, the final quantity of wastewater was not 
significantly reduced. Therefore, mass integration gives only a simple and quick guideline for water 
management. The real solution must take into account of the consequence of the NPE and its 
acceptable range in the sinks. This will again be discussed in more details in the next section. It is 
also obvious that there are possibilities to combine the sources to meet the requirement of the sinks. 
The optimum solution will be described in the next section. 
 
Optimization of milling process 
 
Source-sink allocation alternatives 
To simplify the optimization problem, the palm oil milling process is split into 4 parts namely, 
processing unit, settling tank, decanter, and centrifugal separator. The three subsystems make the 
optimization easy to mathematically handle without losing the essence of the problem. The 
processing unit comprises of the FFB sterilizer, rotary thresher, digester, screw press and vibrating 
screen. 
The water usage in conventional palm oil milling process was shown previously in Figs 1 and 2. In 
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such conventional process, 24 tIh of freshwater is used as (external) sinks for mixing, blending and 
balancing water. Source-sink allocation strategies could possibly be implemented in two schemes as 
shown in Fig.5. In these schemes the freshwater at the processing, decanter and the separator was 
partly replaced by the effluent (source) streams. The optimum operating condition is solved from 
mathematical representatives of these two schemes. It was aimed to minimize the summation ofthe 
freshwater added in whole milling process. 
 

 
 

Figure 5 Alternative schemes of source-sink allocation for palm oil milling process. 
 

Optimization models 
The optimization models consist of objective functions and constraints as given in Eq.(1)-(8). The 
constraints are formed from the source-sink material balance, unit operation material balance, and 
technical specification of manufacturers, process modeling and environmental restriction. Hence, the 
mass flow allocations in Fig.5 are written in general form as, 
 

 
where hi is Inlet composition, ho is Outlet composition, hm is Solid content of sink m, hn is Solid 
content of source n, Wm is Flow rate of sink m (tph), Wn,m is Flow rate of source n for sink m (tph), 
FWm is Freshwater consumption for sink m (tph), Wi is Flow rate of inlet stream (tph), Wo is Flow 
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rate of outlet stream (tph), For the case of minimizing freshwater demand (FW), the objective 
function is given in Eq, 1. 
 
The processes of the four milling subsystems are optimized with respect to their constraints as given 
in Tables 1. The problem statements aim for minimizing freshwater consumption of the sinks. The 
settling model and separator model, which has been determined previously in our laboratory and 
operating conditions/constraints are used for the process optimization. It was found that, under the 
force of gravity, the residue oil in the settling sludge was 7-10%. Therefore, the decanter feed is 
controlled at 7% oil (by adding blending water) and this becomes the inlet constraint of the decanter. 
In addition, the solid concentration in decanter discharge (X27 ≤ 0.115) is the outlet constraint. 
 
The design of the centrifugal separator has the optimum feed flow rate of 24 ton/h and the upper 
limit of solid concentration of 9.3% (by weight) or X39 ~ 0.093. Since the solid concentration in the 
decanter outlet (separator inlet) is 9-11 %, balancing water is needed for the separator. Together with 
the recycled streams, freshwater is used to adjust the oil and solid concentration of the sources to 
satisfy the limitation of the sinks. 
 
The optimization problem is solved by the MatIab program. The optimization toolbox consists of 
commands for option parameters, input and output arguments, and functions that perform 
minimization. The algorithm used to find the minimum of a constrained nonlinear multivariable 
function is fmincon. The objective function and constraints are written in function form called M-file 
as shown below. 
 
Objective function min f(x) 
 x 

  c(x) ≤ 0, ceq(x) = 0 
subject to 
 A.x ≤ 0, Aeq.x = beq, lb ≤ x ≤ ub 
 
 
where x, b, beq, lb, and ub are vectors, A and Aeq are matrices, c(x) and ceq(x) are functions that 
return vectors, and f(x) is a function that returns a scalar. f(x), c(x), and ceq(x) can be nonlinear 
functions. Syntax command line is written in the form of 
[xl = fmincon(@myfun,xO,A,b,Aeq,beq,lb,ub, ,@nonlcon,options) 
 
Constrained optimization routine that consists of starting guess, syntax command, options, lower 
bound and upper bound is invoked to solve the problem. The results of optimization of the whole 
system are given as total freshwater demand for the 2 schemes (in Fig.5). 
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Table 1 Optimization problems and constraints of palm oil milling process 
 

Items  Function Constraint 

   condition 

 Objective Min f(x) = X4 + X23 + X29  

 function    

 Subject to    

 Processing X1 (0. 86- x5(1- X2- X3)+ X11) = X14  Material 

 unit X1 (X3-0. 135+ X11 = X10  balance 

 X1(x2-0.005 + X19(X11-0. 25)/0. 09) = X9  

 X1( x11-0.25)(0. 093- x2o)/0.093 = X4  

 X1(1-X2-X3)(1-X5) +X1X20(X11-0.25)/0.9 =X6  

 34≤ X1 ≤ 50  Boundary limit 

 Settling tank X9/( X9+ X10+ X6) = X12  Material 

 X10/( X9+ X10+ X6)- X13 (X14( X12/0.932+ X13  balance 

 +( x35)/1. 929) +( X25+ x31)/0.932) X16 = X15  

 X8 X12+ X13 = X8  

 1-xl2-xl3 =X35  

 X14-( XI2 X14- xl4X7(1- X12) /(1- X7)) = X21  

 XI4( xdO.932+ X13+ x3/1.929) + XI6(X25+  

 X31)/0.932 = XI5  

 (91.28-1.486 x18+2.851 X18X12  Settling Model 

 -367.43 xl2x8+95.98 x2
8) = X17  

  (1/100)(0.00407+0.04949x16 O.000165 x2
17)-  

 1 =X7  

 Settling tank X 13 > 0.55, X 11> 0.25  Boundary limit 

 90≤ X18 ≤ 97, 0.07≤ X7≤ 0.15  

 Decanter x23+ x21+ x22- x25- x24 x6 = x26  Material 

 x7 x21+ x36 x22-0.011 x26 = x25  balance 

 x24 x6 + x27 x26 - x37 x22 = x6  

 (x7 x21+ x36 x22)/( x21 + x22+ x23) = 0.07  

 x27≤ 0.115, x26 ≤ 23  Boundary limit 
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Table 1 Optimization problems and constraints of palm oil milling process (cont') 
 

Items Function Constraint 

  condition 

 Separator X26(0.093 X30-(1- X30)( X27-0.093))/(X37(1- X30)) - X32  Material 

 (X26+ X32+ X29-0.011x26- X36 x32)/(1- X36) = X33  balance 

 (X27 X26)/( X33- x32) = X37  

 0.01lx26+ X36( X32- X33) = X31  

 (X26 x30-(l- X30) X32)/(l- X30) = X29  

 X32+ X29+ X26 = 24  

 X33 - X32 - X22 – x1(x20/0.093)( X11-O.25)/0.09 = X28  

 (X4+ X23+ X29)/X1 = X38  

 (X27X26)+ X20 X32)/( X26+ X29+ X32) = X39  

 (2. 1875/100)ln(4.318-0. 0655 X34 + 0.000392 x2
34,  Separator model 

 -0.0156 X34 X30+ 1.785 x2
30) = X36  

 X39 ≤ 0.093  Boundary limit 
 
 

where XI is FFB feed flow rate (tph), X2 is oil content in FFB, X3 is water content in FFB, X4 is 
freshwater source for mixing water sink (tph), X5 is ratio of solid removed from processing unit, X6 
is solid in palm oil mixture (tph), X7 is % oil in sludge outlet, X8 is water content in sludge phase, X9 
is palm oil flow rate in palm oil mixture (tph), X10 is water flow rate in palm oil mixture (tph), X11 is 
water added to processing unit (t/t FFB), X12 is palm oil content in palm oil mixture, X13 is water 
content in palm oil mixture, X14 is settling tank feed rate (tph), X15 is Settling tank volume (m3, X16 is 
Retention time (hr), X17 is Settling time (min), Xl8 is Settling temperature (0C), X19 is Oil content of 
recycle source, X20 is Solid content of recycle source, X21 is Settling sludge flow rate (tph), X22 is 
Recycle sources for decanter (tph), X23 is Freshwater source for blending water sink (tph), X24 is 
Ratio of solid removed from decanter, X25 is Oil recovery from decanter (tph), X26 is Decanter outlet 
flow rate (tph), X27 is Solid content in decanter outlet, X28 is Wastewater to treatment system flow 
rate (tph), X29 is Freshwater source for balancing water sink (tph), X30 is Balancing water per total 
separator feed ratio, X31 is Oil recovery from separator (tph), X32 is Recycle source flow rate to 
separator (tph), X33 is Separator outlet flow rate (tph), X34 is Separator temperature (0C), X35 is Solid 
content in palm oil mixture, X36 is Oil content in separator effluent, X37 is Solid content in separator 
effluent, X38 is Total freshwater consumption (tit FFB), X39 is Solid content in separator inlet 
 
Optimization results 
Results of optimization are presented in Fig.6. It gives quantitative comparison of freshwater usage 
and wastewater generated between the 2 schemes. 
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Figure 6 Optimization result of palm oil mill water usage and POME generation. 

 
 
Fig.6 gives the freshwater consumption and POME generation with respect to the milling capacity 
and the quantity of water added in the processing (point "a" in Fig 5). It is apparent that higher 
productivity naturally requires more freshwater and consequently generates larger amount POME. 
For the case of scheme 1, it increases in both freshwater consumption and POME generation as more 
water is added in the processing. Scheme 2 contrarily requires less freshwater and generate less 
POME as more water is added at the processing. It is, therefore, suggested at this moment that the 
allocation of wastewater recycle should adopt scheme 2. The interesting point is that when the water 
added in the processing is more than 0.27 t/t FFB scheme 2 is superior to scheme 1 in both 
freshwater and POME aspects. However, it seems unjustifiable to unlimitedly recycle the wastewater 
to the processing because this will add more solid in the upstream process and adverse effects could 
be anticipated. The inclusion of constraint conditions in Fig 6 could help deciding for the quantity of 
water allocation. The thick solid line in Fig.6 was derived from the constraints in the decanter and 
separator. It gives the maximum allowable quantity of water adding in the processing that will not 
violate the constraint conditions. Higher milling capacity can receive less (specific) wastewater 
recycle. For instance, the milling of 50 t FFB/h would accept the recycle of not more than 0.29 tit 
FFB (or 14.5 t/h) while the corresponding figures for the case of 45 t FFB/h capacity are 0.34 t/t FFB 
(or 15.3 t/h). In other words, the minimum achievable for the freshwater consumption and POME 
generation for the 50 t FFB/h milling capacity are 0.348 t/t FFB and 0.324 t/t FFB, respectively. 
Table 2 gives comparison between the conventional practice and scheme 2. While the specific 
processing mixing water decreases with the milling capacity, the specific freshwater consumption 
and POME are both increased. 
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Table 2 Optimized freshwater consumption and POME usage in palm oil mill process. 
 

 Milling Processing Freshwater POME 

Process capacity water consumption Generation 

 (t FFB/h) (t/t FFB) (t/t FFB) (t/h) (t/t FFB) (t/h)

 Conventional       
 40 0.35 0.90 36 0.870 34.0
 practice       
 36 0.45 00304 10.9 0.267 9.6 

 Optimum 40 0.40 0.317 12.7 0.285 I\.4

 process       
 45 0034 00333 15.0 0.306 13.8
 (Scheme 2)       
 50 0.29 0.348 17.4 0.324 16.2
 
It is obvious that when compared with the conventional practice, scheme 2 substantially reduces the 
freshwater consumption at the order of approximately 65% for the same milling capacity. 
Consequently, the effluent discharged from the mill has been drastically reduced from 0.87 t/t FFB 
to 0.285 t/t FFB (67% reduction). This would save freshwater resource and reduces the wastewater 
treatment cost. In addition, less wastewater means less oil loss to the wastewater treatment system. It 
is estimated that, with this optimum scheme, 4 kg of oil/t FFB, that would, otherwise, have been lost, 
is recovered. The application of this finding is being implemented at the study site, of which the 
results will be reported in due course. 
 
Conclusion 
 
This work has presented an attempt to reduce freshwater demand and wastewater generation for 
palm oil mills by mass integration of source and sink analysis. Optimization was carried out 
mathematically. In conclusion, it was found that, 

1. The recycle of sterilizer condensate and cooling water to processing mixing water and the 
channeling of separator effluent to the processing, the decanter (blending water) and the separator 
(balancing water) are recommended. Consequently, freshwater consumption and wastewater 
generation were reduced by 65% and 67%, respectively. 
 2. Increasing the production rate required higher specific freshwater in the process and 
generates higher specific rOME, even though the process is optimized. 
3. There is a limit for water recycle into the processing, which is the main controlling parameter for 
the optimum operation in the aspect of freshwater consumption and POME generation. 
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