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INTRODUCTION 

Comprehensive understanding of the seismic wave 
velocity in carbonate rock is a key success in carbonate 
reservoir characterization. As compared to clastic rock 
such as sandstone, carbonate exhibits more complex 
geological features that making the seismic velocity 
largely varying. Although mainly seismic velocity 
is affected by porosity, geometry of the pore has 
significant influence. The complex pore system in 
carbonate is suggested strongly controls the seismic 
velocity. From the existing porosity classification, it 
is recognized porosity type in carbonate including 
vuggy, interparticle, intraparticle, mouldic, farcture, 
and and cavern [1]. They are complex in origin and 
have high degree of variations in one rock. It is no 
guarantee that only one type of porosity exists in 
one bulk volume. As each pore type is a resulting 
diagenetic process occured naturally in different 

physical and chemical environment, elastic properties 
of each porosity type is unique.

For the same porosity and mineralogy, two carbonate 
samples can have largely different velocity, merely 
due to different pore type, signature that uncommon 
for sandstone [2,3]. In addition, existing theoretical 
studies shows inconsistency when applied in 
carbonates. The famous Gassman’s fluid substitution 
works very well for a certain porosity type, but fails in 
other type [2,4].

The difficulty in relating carbonate pore properties 
to the seismic velocity doubles when for example, 
fracture is present. From previous studies, it is 
concluded that fracture has unique influence to the 
seismic wave properties. It yields anisotropic effect 
to the medium making the seismic wave travels in 
varying velocities depending on the direction of the 
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ABSTRACT 

This paper describe the numerical experiment on the effect of the fracture orientation to the seismic wave scattering 
and effective velocity on the 2D fractured medium. The study implemented the seismic wave modeling subjected 
to the medium containing single crack in varying orientation angle. As the medium of propagation, computer 
generated synthetic medium and two carbonate petrographic images having pores emulating crack features were 
used. Finite difference time domain technique with 2nd and 4th order accuracy in time and space, respectively was 
employed to simulate the seismic wave propagation through the medium. Based on the dynamic simulation of the 
wave propagation, it is found that scattering pattern of the seismic wave is influenced by the fracture orientation. 
Furthermore, as the angle of the wave direction and fracture increases the velocity slows down. The minimum velocity 
is resulted by the perpendicular fracture where the angle between fracture and propagation direction is 90o.

Keywords -  finite difference, fractured medium, effective seismic velocity
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propagation. In seismic exploration, fracture has to 
be treated specially, since ordinary isotropic approach 
is violated. In fractured medium, physical laws 
describing the seismic propagation behavior such as 
transmission and reflection don’t hold continuously as 
in the fracture edges, where discontinuity is present, 
scattering or specifically diffraction is somehow more 
dominant. Due to the fracture, P and S wave decrease 
[5] and seismic energy is attenuated significantly [6,7]. 
In addition, based on theoretical studies it is found 
that fracture yields strong wave field scattering [8]. 
In the present paper, numerical experiment to 
investigate influence of fracture orientation to the 
scattering phenomena and effective seismic velocity 
is described. A dynamic simulation of the seismic 
wave propagation utilizing finite difference time 
domain technique was employed to observe the 
scattering behavior of the wave due the varying 
crack orientation. Computer generated synthetic 
fractured medium in varying orientation angle and 
two petrographic carbonate sample having fracture 
emulating pores were used in the simulation.
 

MODELING OF THE SEISMIC WAVE 
PROPAGATION

This section describes the theoretical overview about 
the seismic wave propagation in fractured media. In 
an acoustic medium the set of equation describing 
wave propagation is constructed from the Newton’s 
and Hooke’s law presented as,

(1)

where, vx and  vz are the components of the particle 
velocity in x and z direction, P denotes the acoustic 
pressure, and  ρ and κ are the density of the medium 
and bulk moduli, respectively. In order to model the 
wave propagation, the above equations are the main 
constructing formula which in turn should be solved 
numerically. The finite difference technique is one 
that capable to accurately solve the equation and in 

many cases is simpler than finite element technique. 
Finite difference 4th order approximation for the first 
order spatial derivatives is shown as,

(2)

for x (lateral) direction, and,

(3)

for the z (depth) direction.
Meanwhile, for the time derivative finite difference 
2nd order approximation is shown as,

(4)

To further derive these approximationslinear 
combination of the Taylor expansion can be used. The 
modeling used the single adiabatic pressure source 
whose central frequency can be set to satisfy the 
wavelength requirement. The frequency selection is 
essential factor as it will determine the overall effect 
of the propagating wavefield. If the frequency is too 
low, considering the background material velocity, the 
resulting wavelength can be longer than the fracture 
length and width, yielding isotropic mode where the 
effect of fracture is neglected. Pair of virtual source 
and receivers is placed oppositely thus the receivers 
measure the transmitted wave. The receivers record 
the arrival time of the wavefield.

METHODOLOGY 
Geological Model

As the medium of the wave propagation, computer 
generated synthetic models were used to test 
the simulation in the ideal fracture with varying 
orientation angle. In addition, two petrographic 
carbonate thin section images having pore emulating 
fracture feature were tested in the simulation. The 
synthetic samples, shown in the velocity map, (Figure 
1) contain the single fracture with width of 1 pixel and 
length of 130 pixels, whilst the background medium 
has size 369 x 297 pixels. The fracture is oriented in 
varying angle that is 0o, 32o, 63o, and 90o, measured 
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from horizontal axis. The two petrographic samples 
are both composed of dolomite and calcite mineral 
and having fracture-like pores. The actual horizontal 
length of these images is 2 mm and 8 mm respectively. 
Both images have the same pixel size that is 402 x 268 
pixels.

Shown in Figure 2 are the thin section images with 
their associated velocity map. These images are taken 
from reference [12]. In the first petrographic image, 
the largest pore seen as the fracture is originally 
vuggy pore, a resulting of calcite mineral leaching. 
The surrounding smaller pores are also vuggy pores 
which can be seen clearly in blue at the velocity map. 
This largest pore can be thought as the fracture, 
specifically thin fracture according to the fracture 
model described in [6]. It has actual length of about 
1.4 and thickness (or width) of 0.1 mm. Assuming 
the perfect ellipsoidal shape this dimension equals 
to aspect ratio of 0.07, which is in theoretical view 
is considered as a thin fracture driving the strong 
medium elastic anisotropy. Meanwhile, pore in the 
second petrographic image is originally channel 
porosity instead of fracture according to Choquette 
and Pray porosity classification [1]. The actual width of 
the pores is about 0.3 mm.

Fig. 1  Acoustic map of the synthetic sample. 
        Top left, top right, bottom left, and bottom 
       right has orientation angle 0o, 32o, 63o, 
       and 90o respectively.

Fig. 2  Petrographic samples with their 
             associated velocity map

In order to run the finite difference modeling, these 
samples have to be transformed into the velocity 
and density map. Simply, each pixel of these images 
must contain physical information about the velocity 
and density of the respective rock constituent. For 
example, the background material of the synthetic 
samples is assigned with velocity of 6640 m/s and 
density of 2710 kg/m3, values of calcite mineral [9]. 
Meanwhile, the fracture is assumed to be filled by water 
with velocity of 1500 m/s and density 1000 kg/m3. The 
two petrographic samples were transformed in the 
same way. In this case, although dolomite mineral is 
dominating the matrix, for the sake of simplicity, these 
samples were assumed to be composed of calcite as 
the solid material and so was the material filling the 
fracture.

The process of transforming the RGB value of each 
image’s matrix into velocity and density map was 
undertaken by using a pattern recognition algorithm 
described in [10]. Once the map is generated, wave 
field propagation can be modeled through the 
medium.

Numerical Experiment Set Up

The wave source is located in the middle depth of 
the left edge and series of 300 receivers are placed 
oppositely in the right edges of the images. Figure 3 
shows the position of the source (star) and receivers 
(triangle).
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Fig. 3  Experiment set up: position of the source 
    and receivers.

The grid spacing in the finite difference modeling is a 
crucial parameter. It ensures the stability and correct 
choice may avoid the numerical dispersion. The value 
of grid spacing must be chosen with respect to the 
applied source frequency and minimum velocity of 
the medium. Numerical dispersion can be avoided 
when there is sufficient grid point per minimum 
wavelength, that is, in this scheme, at minimum 10 
grid points per wavelength are required. In order to 
satisfy this requirement, for the synthetic images, grid 
spacing is set 2 cm, resulting in the actual dimension 
of the medium of 7,38 m x 5,94 m and the fracture to 
be 2,6 m long and 0.02 m wide which is geologically 
realistic. 

In order to see the significant influence of the fracture 
to the propagating wave field, wavelength of the 
wave must comparable or larger than the fracture 
width. If the wavelength is too small compared to the 
fracture width, scattering is no more the dominant 
phenomena. Instead, as fracture acts as the thick 
interface, reflection, refraction, transmission, and 
mode conversion may rise [11]. Considering this, a 
wavelength of 0.4 m, which is 20 times larger than 
fracture width, is suitable to fulfill the requirement.  
Value of the wavelength is set by choosing the peak 
source frequency (f ), which can be calculated from 
the relation

(5)

where, v is velocity of the background medium that is 
6640 m/s, λ is the wavelength that is 0.4 m, resulting 
in frequency of 16600 Hz.

For the petrographic images, size up scaling is 
undertaken since the actual size of both images is only 
2 mm and 8 mm respectively. Forcing to model wave 
propagation as this size will yield instability as the 
pixel size is about 400 pixel horizontally, meaning that 
creating 2 mm actual size requires the grid spacing to 
be 5 x 10^-6 m. Therefore, 20 cm grid spacing is kept as 
the previous synthetic sample, resulting in 8.04 x 5.36 
m2 medium. Consequently, at this grid spacing value, 
the size of the fracture is for the first image 5.6 m long 
and 0.4 m wide, and 0.3 m wide for the second image. 
Fracture width for these images is comparable to the 
wavelength for synthetic sample and still applicable 
in order to see the wave field scattering due to the 
fracture.

Finally, the effective velocity is calculated using the 
relation,

(6)

where, L is the horizontal length of the medium and t 
is the wave travel time obtained from the first arrival 
picking.

RESULTS AND DISCUSSIONS

According to the dynamic simulation of the wave 
propagation, the interaction between wave and 
fracture can be observed. Figure 4 depicts the 
scattering of the wave due to the fracture in varying 
orientation angle. Initially, wave is emanated from the 
middle of the leftmost part of the medium, then after 
few milliseconds it reaches the fracture body and 
then interacts with the fracture. Interestingly, several 
events can be analyzed.
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Fig. 4  Scattering pattern in the synthetic medium

Seismic Wave Scattering in Synthetic Fractured Media

In the 0o oriented fracture (top left in Figure 4), 
seemingly there is negligible influence to the 
wavefront reaching receivers in rightmost edge. 
Event A shows how the wavefront shape changes a 
bit after passing the fracture. The wavefront shape is 
not anymore a perfect circular wavefront, indicating 
very low slowing down of the wave motion. Event B, 
shows the ringing effect, event associated with wave 
propagating inside fracture, anyhow behaves like a 
waveguide. However, it is not but only an effect of 
numerical error. This effect is generated due to the 
difference in impedance between background and 
fracture fill where the fracture impedance is far smaller 
compared to the background medium impedance. 
Impedance is the product of density time velocity. 
For the given value to the model, the impedance 
ratio between background medium and fracture fill is 
around 12. This effect can be reduced by decreasing 
the velocity and density attributed to the background 
medium so that the ratio is less than 5. However, this 
is somehow will physically unrealistic for carbonate 
rock. Furthermore this can be neglected since ringing 
effect has no influence to the wave travel time.

In the 32o oriented fracture (top right in Figure 4), 

strong scattering can be observed clearly. Event 
C shows the back-reflected wave pattern by the 
fracture. Note that the transmitted wave right below 
the fracture is very weak, even there is darker event 
(event D) associated with destructive interference. 
Constructive interference is in contrary shown as the 
brighter region, together with the destructive effect 
creates another dark-bright pattern. The wavefront 
reaching receivers is changing significantly showing 
the wave motion is slowed down by the fracture. 
Ringing effect also can be observed in the bottom tip 
of the fracture.

In the 63o oriented fracture (bottom left in Figure 4), 
more interesting phenomena occur. Event E, F, and G 
are the series of back-reflected energy. In contrary to 
the 32o oriented fracture, where the back reflection 
seems occur continuously, the reflected energy 
creates a pattern in which there is dilatation distance 
between reflected energy. This indicates that not 
all points in the fracture become perfect reflector. 
However, this study does not attempt to quantify this 
reflection points. It is important to observe how the 
region below the fracture is free from the transmitted 
energy. Event G and F have no counterpart below 
the fracture, indicating that most of the energy are 
reflected. 

Event H needs to be analyzed specially due to it is not 
a reflection series such as event E, F, and G. Instead, it 
is diffracted energy. It is important to see that there 
is a distinction between reflected and diffracted 
pattern. In a reflection, there must be a phase reversal, 
nevertheless diffraction must not. This can be seen by 
carefully looking at the wavefront pattern. For the 
reflected energy, the wavefront is black whereas the 
diffraction pattern has the same white wavefront as 
the transmission pattern. This can be a quick indicator 
to differentiate between wave reflection and 
diffraction. Furthermore, comparing to what occurs in 
previous fracture orientation, bright-dark pattern due 
to constructive and destructive interference occurs 
especially in region close to the fracture. Then, event 
I shows the very low energy transmitted passing the 
fracture. This can be considered as the only remaining 
energy the wave has after passing the low impedance 
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region. In the other words, the transmitted wave 
experiences attenuation.

Finally, for the perpendicular fracture (bottom right in 
Figure 4), event J indicates the strong back-reflected 
energy. Note the phase reversal experienced by the 
reflected energy, reflected wavefront is black instead of 
white. This phenomenon also occurs for all reflections 
in the previous media. Reflected energy comes 
repeatedly, high amplitude in J event is followed by 
smaller amplitudes of reflections. Interestingly, they 
have no counterparts but only significantly lower 
transmitted energy (event K) indicating that most of 
the energy is reflected.

Quick look in comparing between event J and K 
gives conclusion that transmitted energy is far 
lower than the reflected one. Event L, on the other 
hand, shows the diffraction at the bottom tip of the 
fracture. At top tip, exactly similar event occurs. It is 
important to note that the diffracted pattern shows 
discontinuity signature at the fracture zone. This is a 
resulting effect of the impedance contrast between 
fracture and the background medium, at which low 
impedance medium adsorbs high frequency content 
by a significant amount allowing low frequency 
component to propagate within the fracture but 
unfortunately can’t be displayed.

Seismic Wave Scattering in Petrographic Fractured 
Media

Having analyzed the scattering phenomena 
on the synthetic fractured medium as the ideal 
representation of two dimensional fractures, further 
analysis is run to the wave scattering in the real 
fractured media. Snapshot of the wave just before 
reaching the receivers is shown at Figure 5. For the 
first sample (left) both scattering and reflection 
dominates the occurring phenomena. The scattering 
is very strong, seen by amount of strong amplitude 
wavefront. This can be explained by looking back at 
the velocity profile of the sample (top right at Figure 
4) where smaller pores are scattered around the main 
pores. Each pore scatters the incoming wavefront 

and combined with the back reflection resulting in 
random scattering. As what observed in synthetic 
medium, the scattering signature is the wavefront 
without phase reversal, that is wavefront in white. The 
backscattered and back-reflected energy dominate 
the energy transfer within the medium. Note that no 
energy seen travels within the fracture. Once again, 
this is due to the high frequency content adsorbsion 
by the low impedance fracture fill. Event M shows 
the discontinuity of the low energy transmitted 
wavefront.

Fig. 5  Scattering at the real fractured medium

Second petrographic sample (right), on the other 
hand shows less random scattering. Event N, O, P, and 
Q are the point at which wave experiences scattering. 
Although they are on the same fracture body, the 
irregularity of their shape drives the scattering. 
Wave in this medium encounters two nearly vertical 
fractures. Energy coming to the receivers has been 
attenuated twice, and due to each nearly vertical 
fracture is irregular in shape, scattering occurs along 
at several points in the body of the fractures yielding 
more complicated wavefront reaching the receivers.

Overall, all observed phenomena due to the presence 
of the fracture can be explained following the 
governing physical law. The presence of fracture 
changes the shape of the wavefront whose energy has 
been attenuated when passes through the fracture.

Recorded Seismic Signal

The recorded signal or often called “synthetic 
seismogram” is shown in Figure 6. The horizontal axis 
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is time in millisecond unit whilst vertical axis is depth 
in meter unit. The receivers record the arrival of the 
wavefront whose shape is a perfect circular if the 
medium is not embedded with pores. The wave travel 
time to pass the medium is recorded as the first arrival 
which is the signal first arrives at the receivers. In case 
the medium is embedded with pores, it is difficult to 
determine which geophone is first receiving signal. 
Therefore picking the first arrival must be done 
carefully 

For the synthetic medium (Figure 6), synthetic 
seismogram shape depends strongly on the fracture 
orientation. 0o fracture orientation recorded as if 
there is no fracture. The shape of the seismogram 
is perfectly close to circular. On the other hand, for 
32o,63o, and 90o aligned fracture, there is bow tie 
events (event R). Bowtie is often attributed to the 
diffraction. In field seismic reflection survey, bowtie 
commonly occurs due to discontinuity of the fault 
or the other geological object acting as diffractor. 
Furthermore, interestingly, signature of seismic 
interference (event S) can be observed for 32o and 63o 

fracture orientation. The signature is the periodical 
dark-bright pattern having relatively same period.

Fig. 6  Recorded seismogram. Horizontal axis 
       is in unit millisecond while the vertical 
       axis is in meter.

Figure 7 shows the recorded seismogram for the 
real fractured sample. It can be observed that the 

shape of the seismogram for the first sample is less 
complicated than that of the second. This is correlated 
with the shape of the wavefront just before reaching 
the receivers. Discontinuity of the seismogram shape 
(event T) in Figure 7 is the resulting of event M in Figure 
5. In contrary, the second sample, as the wavefront 
shape just before arrives at the receivers is more 
complicated, shows the more complex seismogram 
shape. 

Careful inspection to the event on this seismogram tells 
interesting event unseen in previous seismograms. 
There is reflection event, shown by event U and V, 
whose shape is parabolic (note that transmitted wave 
or direct wave is circular in shape). This event is very 
interesting since the receivers should only record the 
transmitted energy. The possible explanation is that 
the transmitted wave, after passing the left vertical 
fracture (see Figure 3), is back reflected (to the left) by 
the right fracture and experiences another reflection 
by the first fracture. Then the second reflection 
moves toward right fracture where part of its energy 
is transmitted and back-reflected (to the left). Part 
of the transmitted energy reaches to receivers and 
recorded as the event U. Meanwhile, the part that is 
back-reflected to the left moves toward left fracture 
and being reflected to the right, passing the right 
fracture, and the after being transmitted, reaches the 
receivers and recorded as event U. The process runs 
continuously until the energy of reflection signal runs 
out. This phenomenon, in seismic reflection survey is 
named multiple, which is part of unintended noise.

Fig. 7  The recorded seismogram for the real
        fracture sample

Velocity Fracture Orientation Relationship

Based on the recorded seismogram, wave travel time, 
represented as the first arrival, has been picked. The 
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picking is done averagely, that is by selecting several 
traces and picking the corresponding first arrival 
one by one, and finally first arrival is drawn as their 
average. This is done to ensure that the uncertainty is 
suppressed since the first arrival picking is a subjective 
task. 

Using equation 6, the effective velocity is then 
calculated. Figure 8, shows how the orientation angle 
influences the effective seismic velocity. It can be 
observed that, 0o fracture orientation only reduces 
the effective velocity of about 5 m/s than if there is 
no fracture (the background medium has velocity of 
6640 m/s). The trend is sloping down at which the 
maximum velocity reduction is due to the parallel 
fracture. The 90o oriented fracture reduces velocity 
up to 397 m/s compared to when fracture is absence.  
Effective velocity for the real fractured medium is 
shown by red block. For the two samples the trend 
shows consistency. Sample 1 whose fracture is 
oriented about 18o from horizontal is less affected 
than the second sample containing two nearly vertical 
fractures having orientation of 70o (left fracture) and 
85o (right fracture).

Fig. 8  Graph between effective velocity versus 
     fracture orientation angle

In seismic exploration perspective this magnitude of 
the velocity reduction is neglected. As pointed out by 
[5], effect of the fracture to p-wave is less significant 
than that to the s-wave.

CONCLUDING REMARKS

The interaction between fractured medium 
containing single fracture in varying orientation 
angle and the effective seismic velocity is 
investigated. It is found that fracture parallel to the 
wave propagation direction has negligible effect 
to the scattering and the effective velocity. On the 
other hand, when the orientation angle is increased, 
more complex scattering phenomena occur. The 
occurring phenomena include reflection, diffraction, 
transmission, and interference. When passing the 
fracture, most of the energy is transferred into 
the reflected energy, while the remaining energy 
is carried by transmitted wave. Reflection occurs 
with phase reversal signature of the wavefront. The 
responsible phenomena control the effective velocity 
is the transmission. Generally, as angle between the 
fracture and wave propagation direction increases 
the effective wave velocity decreases. In real media 
containing fracture like pores, reflection can be 
recorded in the seismogram if there are two parallel 
fractures (both perpendicular to the direction of 
propagation) between source and receiver position.   
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ABSTRACT

One of the major problems associated with waxy crude oil is the formation and deposition of paraffin wax at the 
pipeline walls resulting in reduced productivity and increased pressure drop. If no further mitigation strategies are 
undertaken the deposited layer will increase subsequently leading to gelled crude oil plug. A plugged pipeline may 
require extremely high restart pressure depending on the strength of the gelled crude. Conventional prediction of 
the restart pressure assumes that the gel is incompressible and possesses a constant yield strength across and along 
the pipe section. Recent investigations reveal presence of gas voids within the gelled crude which may increase 
compressibility and may possibly reduce the restart pressure requirements. This paper aims to investigate the thermal 
shrinkage and gas void formations within gelled waxy crude oil with and without presence of additives. Two different 
waxy crude oils were utilized in this study, a severe waxy crude oil (pour point of 37oC) and a mild waxy crude oil 
(pour point of 29oC). Various parameters were explored; the final temperatures at which the crude oil is subjected to 
(10oC and 20oC), the time aging for the gelled crude oil (30 minutes) and also the presence of pour point depressant. 
The pressure within the gas voids and also the volume of the gas voids are further analyzed under these varying 
parameters. 

Index terms – waxy crude oil, thermal shrinkage

INTRODUCTION 

Studies show that one of the major problems dealing 
with waxy crude oil is the formation and deposition of 
paraffin wax when the temperature within the pipeline 
drops below the Wax Appearance temperature (WAT). 
During normal operations where the temperature 
within the pipeline is sufficiently high above the WAT, 
the crude oil extracted out from the reservoir will be 
transported to the storage tanks through pipelines 
without severe complications. However, during non-
operating period or maintenance shutdown, the 
low seabed temperature will cause the temperature 
within the pipeline to drop due to the temperature 

gradient. At the beginning, a thin layer of wax crystals 
deposits on the cold pipe wall and as time increases, 
it grows in thickness and hardens. Presence of the 
wax layer reduces the effective flow area which will 
then reduce productivity and also increases the 
pressure drop across the pipeline. In the absence of 
mitigation strategies such as mechanical pigging, 
thermal, chemical or even biological treatments 
[1], the wax deposit layer will increase leading to 
complete blockage within the pipeline. Figure 1 
shows part of a wax plug extracted from a pipeline. 
Failure to restart the crude oil flow when the pipeline 
is completely plugged may be very costly as pipelines 
are considered the irreplaceable core in petroleum 
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transportation system and hence the key to meeting 
petroleum demand [2].

Fig. 1 : Part of wax plug retrieved from Statfjord B
    (Sept 01)- taken from “Pigging of pipes 
    with High Wax Content” by Alf Tordal [2]

Conservative relation adopted in the industry to 
predict the restart pressure is ∆P=4τyL/D [3]. It comes 
from the simplified concept that a force required to 
displace a gel (∆P*πD2/4) must be equal to the shear 
resistance along the wall (πDLτy) of the conduit. This 
approach assumes that the yield stress (τy) is constant 
across the pipe section and along the total length 
of the pipeline and that the fluid is incompressible. 
Margarone et al. [3] demonstrated experimentally that 
a superior pump horsepower is required to restart a 
flow of waxy crude behaving as an incompressible 
high viscous fluid.

Recent studies revealed that gas voids are present 
within the gelled crude. During gel build-up, the 
waxy crude undergoes thermal shrinkage where gas 
voids will eventually appear resulting in supposedly, 
compressible gel. Henaut et al. [4] studied the 
thermal shrinkage behaviour in a transparent tube 
of waxy crude oil cooled down below the pour 
point temperature. The X-ray scanning of the tube 
cross section permitted the visualization of the 
shrinkage of the gel structure due to the cooling 
and crystallization process. Both rapid (1°C/min) and 

slow (0.01°C/min) cooling rates were imposed onto 
the sample. As opposed to that observed for rapid 
cooling, shrinkage was observed at the top of the 
pipe for low cooling rates which is believed to be 
dominated by the buoyancy effect. Henaut et al. [5] 
further extended the study and concluded that the 
location and volume of gas voids in the gelled crude 
depends strongly on the cooling and flow rates in 
the pipeline. The authors then recommended that 
the thermal shrinkage effects of a gelled waxy crude 
oil is taken into consideration for restart as it is a very 
important phenomenon which subsequently affects 
the mechanical properties of the fluid when it is being 
displaced during the restart process.

The main objective of the study discussed in this 
paper is to confirm the presence of gas voids in 
gelled waxy crude and subsequently study the 
thermal shrinkage behavior of the crude oil under 
static cooling by assessing the volume and pressure 
within the gas voids formed. The effects of the final 
temperature, aging time and pour point depressant 
(PPD) concentration are also investigated.

METHODOLOGY

A. Fabrication of U-bend Frame

A flow line bubble rig consisting of an inverted 
U-bend frame is fabricated to achieve the objective of 
the study. An inverted U-tube is used to increase the 
possibility of gas migration to the apex by exploiting 
the density difference between the crude oil and gas. 
The frame is fabricated such that the tube must be 
fully immersed in a water bath and the temperature 
gradient throughout the flow line bubble rig is 
minimal. The flow line bubble rig also consists of 
polyurethane tube with internal diameter of 8mm 
with PVC stopcock valves.
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Fig. 2 : U-bend frame together with the tube
         filled with crude oil sample.

B. Experimental Procedure 

1) Sample preparation and loading 

Two different samples of crude oils are being utilized 
in this study and hereafter will be referred to as sample 
A and sample B. Table 1 lists the Wax Appearance 
Temperature (WAT) and Pour Point (PP) of both 
samples. The WAT is determined using a microDSC 
while the pour point is determined using the ASTM 
D5853 standard. 

TABLE 1: Properties of Sample A and B

Prior to any measurements, both samples were 
heated and slighted agitated simultaneously for 2 
hours at 60°C (~20°C above WAT) to ensure complete 
dissolution and homogeneity. For the sample with 
additive, 500 ppm of a pour point depressant (PPD) 
is added at the same temperature of 60°C once the 
crude sample is in complete solution. Sample A with 
PPD has a WAT of 18°C and a pour point of 15°C while 
sample B with PPD has a WAT of 34°C and a pour point 
of 28°C. 

To avoid thermal shock to the crude oil sample, 
the polyurethane tube was also heated up to 60°C  
separately prior to loading. The crude oils were 
then injected into the hot tube until it is completely 
filled. The tube is then tied to a U-tube frame before 
immersing into a water bath for another 30 minutes 
at 40°C. The sample is then cooled to 5°C with the 
formation of gas voids monitored at every 5°C interval. 
The calculated cooling rate was ~0.6°C/min. To ensure 
repeatability, all the experiments were repeated three 
times and the data presented are the average of the 
three runs. 

2) Measurement of Gas Voids Volume

The estimation of the volume of gas voids was 
determined using a CATIA software version 5.12. 
An assumption of constant cross sectional area and 
smooth profile across the tube section is made for 
the gas void volume assessment using this software. 
Prior to importing the images into CATIA, the section 
of the tube where gas voids are visually detectable 
is highlighted and the length of the tube within this 
section is measured. In CATIA, the tube is drawn as 
shown in Figure 3. The gas void region is then drawn 
and subsequently the solid tube is subtracted from 
the gas void section resulting in what is shown in 
Figure 4 and 5. By assuming that the subtracted solid 
interface is smooth, the volume of gas void can then 
be estimated by pixel and scaled up according to 
the actual scale. The gas voids volume percentage 
presented in the results section is taken over the total 
crude volume.

Fig. 3 : Solid structure and determination of 
         parameter scale

Sample WAT (°C) PP (°C)
A 35 29
B 43 37
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Fig. 4 : Gas void region extracted by
  Boolean operation

Fig. 5 : Assessment of the gas void volume
          Using CATIA Software

RESULTS AND DISCUSSIONS

A.  Gas Voids Volume without Pour Point
      Depressant (PPD)

Figure 6 shows the gas void volume percentage for 
Sample A and B without the addition of the pour 
point depressant measured at two final temperatures 
of 20°C and 10°C. Significant increase of the gas 
void volume is observed on both samples when the 
temperature is reduced down to 10°C indicating 
that thermal shrinkage is enhanced with reduction 
in temperature. When the procedure was repeated 
to monitor the effect of 30 minutes aging (Figure 7), 
unexpected reduction of gas void volume is detected. 
Due to limited equipment available to study the 

network structure, further analyses and explanation 
on the reduction in gas void volume with aging could 
not be given.

Fig. 6 : Gas Voids volume % without PPD for Sample
 A and Sample B at 10°C and 20°C

Fig. 7 : Gas Voids volume % without PPD with 30 
     minutes aging for Sample A and Sample B 
     at final temperature of 10oC

B. Gas Voids Volume with Pour Point Depressant (PPD)

Figure 8 shows the gas void volume percentage for 
Sample A and B with 500 ppm PPD measured at 
two final temperatures of 20°C and 10°C. At both 
final temperatures, except for sample A at 20°C 
where the void percentage is the same, a reduction 
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in void volumes is observed upon PPD addition. A 
30 minutes aging results in an increase of the void 
volume differing from that observed without the 
addition of PPD. Overall, the crude oils treated with 
500 ppm PPD, with and without aging, exhibit lesser 
thermal shrinkage effects and hence smaller gas 
void percentages at 20°C and 10°C compared to that 
observed for “untreated” crude oil. The results show 
that the addition of PPD helps to reduce the wax 
precipitation and lower the melting point of the wax. 
However, the addition of PPD does not stop the gas 
void formation process completely but rather slows 
it down.

Fig. 8 : Gas Voids volume % with PPD for Sample A 
   and Sample B at 10°C and 20°C

Fig. 9 : Gas Voids volume % with PPD with 30

        minutes aging for Sample A and 
        Sample B at final temperature of 10°C

C. Gas Voids Pressure

Figure 10 shows the pressure measured on crude 
oil Sample B with and without PPD. As shown, the 
pressures within the void remain to be slightly below 
the ambient pressure even with the addition of PPD. 
However, the change in the pressure within the void 
for the crude oil sample seeded with PPD is regarded 
to be minimal compared to the “untreated” sample as 
it is within the accuracy of the pressure transducer.

Fig. 10 : Gas Voids Pressure for Sample B

CONCLUSION

The behavior of gelled waxy crude oils is explored 
within this research. Due to the complexity in 
the behaviour of the waxy crude oil, the study is 
very important especially for the prediction of the 
restart pressure for the gelled waxy crude oil. The 
current industrial practice assumes the crude is in 
a single phase (incompressible), amongst other 
assumptions, and uses a conventional relation to 
predict the restart pressure which, in practice, will 
result in over (or under) designing of the pipeline 
facilities. Underestimating the restart pressure can 
cause abandonment of million dollar pipelines on the 
seabed and overestimating can cause million dollar 
revenue into unnecessary pipe steel. During the 
gelation of the waxy crude oil, thermal shrinkage is 
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observed. The pressure within the gas voids formed 
due to the shrinkage is found to be below the ambient 
pressure. The void volume increases with decreasing 
temperature and exhibited aging effects within 30 
minutes. Pour point depressant addition into the waxy 
crude oil reduces the thermal shrinkage effects at the 
same final temperature as that measured without 
the additive mainly due to the pour point reducing 
effect. It is believed that if the presence of gas voids 
and subsequently the compressibility is taken into 
account, the restart pressure requirement can be 
reduced significantly. The existing industry-accepted 
conventional equation needs to be modified to 
account for the gas voids effect and contributions. 
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ABSTRACT

The functionality of buildings depends on the climate they are subjected to, this means buildings constructed these 
days need to be built to perform efficiently within the current and future climate and with the aim of reducing the 
greenhouse emission induced on the environment. In order to lower Co2 emissions and assist in reinforcing the 
capability of cities to adapt to climate change whilst enhancing the quality of the built environment, it is vital to 
improve the environmental performance and energy efficiency in buildings. This study aims to identify and compare 
existing Green Building Rating Systems (GBRS) with Nigerian climatic condition. Proposal criteria weighting was 
developed from the questionnaire supplying expert opinions. It began with a comparative analysis of GBRS. The 
analysis was conducted to find the similarities and differences between existing rating systems and come up with 
an appropriate rating system for Nigeria. According to the findings, all GBRS have a similar aim to address the 
sustainability of buildings in particular locations or regions, Example In terms of project certification British Research 
Establishment Environmental Assessment Method (BREEAM) and Estidama are the only systems that are mandatory 
in their countries of origin.  These approaches included a fieldwork approach (pilot study, survey); questionnaire; and 
interviews, both structured and unstructured. Then, the information generated in this pre-test investigation formed 
the conversational guide and described the decision to determine the main factors that should be involved in the new 
assessment system for Nigeria.

Keywords- Green Building, Green Building Rating System, Climate change, Nigeria

INTRODUCTION 

Climate change, which is recognized as one of 
the major obstacles to sustainable development, 
is caused and accelerated by the greenhouse gas 
(GHG) emissions produced by virtually all energy 
end-user industries, such as transportation, industry, 
agriculture, energy and waste management [1-4]. The 
construction industry alone consumes about 40% of 
most of the generated energy. Energy used in buildings 
has consequently received attention as being among 
the crucial problems to deal with in order to meet 
the climate change challenge [2]. Climate change is 

assessed to be one of the greatest issues facing the 
world in the 21st century, with extreme and global 
implications to the environment [2], human health [4] 
and the economy [5]. The built environment can be a 
significant contributor to GHG. About 25-40% of GHG 
emissions will be related to buildings, 40-95% of these 
emissions can be brought on by operational energy 
use with the rest being caused by construction and 
demolition [6, 7].

In a region of rapid urbanization, the level of the 
building operations keeps growing rapidly and 
requires close monitoring with regards to its 
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environmental impact [8]. Due to the fact that building 
operations are estimated to be accountable for 56% of 
the energy used in the sub-Sahara African continent, 
with an increase of international interest, the cross-
cultural transferability of assessment methods is 
of particular importance to people in developing 
nations. Since developing countries are confronted 
with pressing social and economic issues, their 
domestic constraints on environmental development 
are, therefore, qualitatively distinct from the people 
in the developed countries. As construction activities 
are among the main and primary sectors of the 
Nigerian economy, the role buildings play is essential 
towards the realisation of sustainable development 
and green construction. Public awareness of 
environmental challenges has grown tremendously 
in Nigeria. Property or home owners and even clients 
are trying to find residential buildings that meet up 
with satisfactory environmental and health levels [3]. 
Unfortunately, there is the absence of institutional 
structures promoting green building awareness on 
the part of clients, tenants, and professionals as well 
as stakeholders in the built environment in Nigeria 
these necessitate comparable study in order to tackle 
these issues. Today, a number of policy options are 
being developed around the world to tackle each 
of these fence. These policies will help bridge the 
efficiency gap, enabling critical actors in the market 
to make decisions that favor energy efficiency. Each 
country or city must map their own policy pathway to 
transform the built environment in a way that is most 
appropriate for them [9].

BACKGROUND

A.  Green Design-Concept

The numerous changes that have occurred within 
the construction sector and engineering disciplines 
during the last decade in the advancement 
of environmentally responsible building, this 
environmentally friendly buildings use valuable 
resources like energy, water, materials, and land more 
efficiently as compared to buildings that have been 
built to code. These green buildings are also safer to 

the environment and offer indoor spaces which are 
generally healthier, more comfortable and effective. 
As the environmental impact of buildings becomes 
greater, man has been seeing an increasing movement 
in the construction of sustainable buildings and the 
way to minimise the bad effects of construction at the 
source. Architects, designers, builders, and building 
owners are increasingly becoming attracted and 
interested in green buildings. Countless projects have 
been built over the last decade, providing real proof 
of what green buildings can achieve when it comes to 
improved comfort levels, aesthetics, and energy and 
resource efficiency.

Energy building requirements in the economy depend 
on the region, and are therefore of strategic importance 
in reducing GHG [9]. A primary contributing key to the 
growth of a building’s efficiency is the demand from 
occupants and tenants who have to reside and work 
within these buildings. There exists a growing body 
of research relating more efficient buildings with 
improved working conditions which result in greater 
productivity, minimised turnover and absenteeism, 
and other added benefits [10]. The related concept 
of sustainable development and sustainability has 
nowadays become fundamental to green building. 
This allows for the conclusion that the green building 
achievement necessitates the implementation of an 
integrated approach to building design [4]. Yet it is 
important to consider every green alternative during 
the early design programming and planning stages.

Table 1  Environmental impacts of
         construction activities

Construction 
Activities

Environmental Impacts

Extracting Deforestation, destruction of plants 
and animals habitats

Manufacturing Waste Generation

Transportation Energy consumption, CO2 emission

Building CO2 emission, Pressure and damage

Maintenance Energy Consumption, Water Pollution

Demolition Toxicity, water contamination

Recyclewaste Ground water contamination
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B.  Sustainability begins with climate

The primary reason that green practices are regarded 
as green is due to the fact they typically operate in 
harmony with the surrounding local climate and 
geographic conditions. This means that developers 
have to understand fully the environment where 
they are designing and building to be able to utilise 
them to their great advantage. To be successful in 
sustainable designing one must be very familiar with 
weather conditions for instance the temperature, 
humidity, rainfall, prevailing winds, as well as with 
site topography and indigenous plants. In order 
to evaluate the degree of the achievement of a 
sustainable design, the building performance should 
be compared to a condition associated to where the 
construction or project is situated and the microclimate 
and environmental conditions of that specific area. 
To realise sustainability, one cannot over emphasise 
the need to clearly identify and minimise a building’s 
need for resources that are scarce or unavailable 
locally (example water and energy) and enhance the 
use of easily accessible resources, such as sun, rain, 
wind etc. A good understanding of the local climate 
is essential because it shows that one understands 
what is obtainable and at one’s convenience, for 
example, the sun for heating and lighting, the wind 
for ventilation, and rain for irrigation and other water 
requirements.

C.  Effects of climate change on green construction

The construction sector can be more vulnerable to 
climate risk than other industries because of short 
term reactions of other stakeholders to perceived risks 
[11]. Risk from flooding as a result of changes in the 
climate is a combination of the flood hazard coupled 
with exposure and vulnerability to flooding.

According to Clark [12], in the pre-planning stage, the 
flood risk affects the suitability of locations for planning 
construction projects and the conditions under which 
development is authorised. Commercial stability rests 
upon different factors like: possible reduced land price, 
increased investment in planning consent, increased 
construction costs, reduced saleability, mortgaging 

and insurability, and long term viability of the built 
facility. Under planning conditions specific drainage, 
building elevation, structural designs and specialised 
materials may be necessitated. This could symbolise 
long-term commitments for construction and designs 
companies and notably their customers. Furthermore, 
there are direct financial pitfalls to construction project 
planning linked to the climate change legislation 
regarding changes to local environmental planning 
regulations and building specifications.

Planning guidelines in all of the areas that 
construction projects operate in throughout the 
world are being reversed to indicate climate change 
risks and adaptation that have direct financial 
impacts on the value of any construction project. As 
the benchmarks become more strict or prescriptive, 
additional engineering is usually necessary. Besides, 
high-priced building technologies and changes to 
building standards in line with climate adaptation 
risks have financial effects on the design, planning 
and operational costs of construction projects [13].

D.  The need for designing according to climate

The need to design according to the climate has 
always been a significant concern in architecture. 
Vitruvius, in his Ten Books on Architecture, drew 
attention to the significance of climate in architecture 
and town planning [14]. He pointed out the 
luxurious dependence by architects on the latest 
environmental technologies. Moreover, he advocates 
in consonance with the Building and Road Research 
Institute, Kumasi, “methods of building which will 
enable the building structure itself to affect the 
desired environmental control”. The search for such 
methods has been undertaken by several countries, as 
documented by [15-17]. Efforts have also been made 
by the United Nations Department for Economic 
and Social Affairs and the United Nations Centre for 
Human Settlements (HABITAT) [18]. The necessity of 
finding these strategies for Nigeria was pointed out 
by Madedor when he indicated the need to offer 
guidelines for design for the different climatic regions 
in the country [19]. In his Notes on the Synthesis of 
Form [20], he observed that the various parameters 
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included in modern architectural decision-making 
merely outrun the capacities of even the best brains. 
Under such conditions, according to Ogunsote [21], 
“the electronic computer has undoubtedly become a 
vital tool”. This discussion is buttressed by the fact that 
the very nature of the analyses involved in an energy-
conscious design motivates the use of computers [21, 
22]. A systems approach may, consequently, assist to 
fix the issues confronted by architects in developing 
nations who have tended to disregard methods of 
designing according to climate for several reasons, 
most famously of which are:

i. The dynamic nature of the design process.

ii. The considerable time and effort required, 
 for which the architects receive no obvious 
 extra remuneration.

iii. The lack of flexibility, the degree of complexity 
 and the arguable ambiguity of some of the 
 existing methods.

iv. Ignorance and the lack of training and 
 equipment.

Unfortunately, the Nigerian building sector hasn't 
taken sufficient action to examine the abundant natural 
resource for instance, studies have demonstrated that 
the conventional methods which were at ease with 
the natural environment have changed as a result 
of an indiscriminate inflow of conflicting foreign 
civilizations, religions, technologies and architectural 
styles. This collective dilemma has resulted in the 
emergence of disagreeable forms with unnaturally 
flawed functionalities. The development of the flat 
roof in the rainy southern part and the pitched roof in 
the dry hot northern part of Nigeria, correspondingly, 
are good examples of reckless disrespect for the 
natural world. The once available free natural materials: 
timber, thatch straw and water are becoming extinct 
in an inverse proportion to the increase of the human 
population and industrial exploitation, thus making 
the masses in the rural places unable to build even 
cheap thatch houses.

RESEARCH METHODOLOGY

A.  Introduction

The research work has focused on the rating systems’ 
analysis, comparison and implementation for a 
building’s environmental performance. Similarities 
and differences were analysed, criteria for the rating 
systems’ evaluation were set. The rating systems 
examined were: BREEAM (UK), LEED (US), Green 
Star (Australia), Estidama (UAE) and GBI (Malaysia). 
The research adopted a multi-dimensional design 
strategy that involved a variety of approaches, both 
quantitative and qualitative. These approaches 
included a fieldwork approach (pilot study, survey); 
questionnaire; and interviews, both structured and 
unstructured. Then, the information generated in 
this pre-test investigation formed the conversational 
guide and interview process. In addition, it described 
the decision to determine the main factors that should 
be involved in the new assessment system for Nigeria.
The overall approach of the research assumed 
conducting interviews-structured and non-structured 
within a focus group to identify the categories and 
indicators that should be involved in the assessment 
system and later to validate the questionnaire 
and define the weighting for each of them. The 
professional group included a variety of stakeholders, 
such as   architects, engineers, urban planners, 
decision-makers as well as academicians from some 
selected universities from different regions as can be 
seen from Figure 1 and 2.

Fig. 1  Distribution of respondent professional wise
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Fig. 2  Distribution of respondent regions wise

RESULT AND DISCUSSION

In order to formulate a rating system that suites 
Nigeria, the first step is to compare relevant as well 
as known rating systems; therefore, five rating 
systems were chosen: first BREEAM was chosen as it 
was the first rating system developed, LEED as the 
most widely used rating system around the globe, 
which is used mostly as a benchmark while Green 
Star, Estidama and GBI Malaysia were chosen simply 
because they have similar climatic condition to the 
case study. To comprehend the distinctions between 
the five systems, one needs to understand their 
history, background, requirements and sub-criteria 
weighting, and certification process.

A.  Comparative analysis among rating systems

Generally, all GBRs have a similar aim to address the 
sustainability of buildings in particular locations or 
regions. Benchmarking schemes are used to examine 
the best practice in designs and construction with 
regards to sustainability. All GBRs have differences as 
each one is unique to the environment of its intended 
use. The process in which each rating system is created 
tremendously differs from one to another.

In terms of project certification, BREEAM and Estidama 
are the only systems that are mandatory in their 
countries of origin. In the UK, BREEAM certification is 
required. Government departments utilise BREEAM 
for non-domestic buildings and apply the code to 
most sustainable homes for domestic buildings. In 
Malaysia the GBI certification for building projects is 

still voluntary. This is also applied to Green Star and 
LEED.

BREEAM, LEED, Green Star are systems that were 
intended to be used both locally and internationally. 
Green Star was first intended to be used only in 
Australia but later it was used in New Zealand, South 
Africa and Indonesia. Estidama is used only in United 
Arab Emirate (UAE) and has also been mandatory for 
all development projects since 2010 while GBI is only 
used in Malaysia on a voluntary basis but the GBI legal 
period of certification is three years. There are no 
required deadlines to renew certification with LEED; 
however, requirements for BREEAM differ based on the 
characteristics of the use of the property, and it needs 
to be updated every three years, while management 
and organizational policies need to be updated every 
year. Green Star and Estidama presently have no 
required renewal date but it is anticipated to have one 
in the near future.

In terms of building type and certification process, 
each rating system is used during different phases 
of construction, and on different types of buildings. 
Some GBRS’s have very detailed categories of 
building types.  Building Research Establishment 
(BRE) was a government funded research body when 
BREEAM was created in 1990. BREEAM’s goal was to 
provide appropriate research and information to 
the building sector concerning the best methods to 
support environmental protection and sustainable 
development. Therefore, BREEAM has the most 
detailed categories of building types, totaling 15. 
BREEAM’s rating system is regarded as the most 
valuable because of the detailed requirements of each 
building type. BREEAM uses numerous assessment 
tools to determine a building’s category. Each building 
type’s unique specifications are continually identified 
by BREEAM, and accounted for by updated versions, 
such as the new BREEAM 2011.

At present, LEED is recognized as the leading rating 
system in the international market. Since its inception 
in 1998, LEED has changed the construction industry 
by using a consensus approach. A total of nine building 
types have been covered by LEED so far. In order to 
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be more widely accepted, LEED intends to update its 
processes. The most current version is LEED 3.0, which 
includes an upgrade for the 2009 rating system. LEED 
for new construction 2009 is adopted from the Green 
Building Design and Construction Reference Guide.
Green Star is known for frequently updating building 
assessment tools. Early on, Green Star was adapted 
from BREEAM. Over time, it developed its own rating 
system which took into consideration every factor of 
building in Australia. Estidama and GBI presently have 
only three different types of building assessments. 
Virtually all GBRS have a third party verification 
process, where assessors verify all projects and 
estimate costs.

B.  Categories

From the comparison shown in Table 2, a list of main 
categories and their total credits and related weights 
was made. The total number of credits in each main 
category is the sum of all the credits given to all of 
the items shown under that category. Then, the total 
credit value for each main category was divided by 
the total credits available in that particular rating 
system to determine the corresponding weight for 
that main category. The same was performed for 
the sub-items inside each main category, where the 
weights were calculated in correspondence to the 
total credits of the main category, not the total credits 
of the rating system itself. This was carried out to ease 
the comparison among the rating systems. In Table 2 a 
snap shot of the total credits and their corresponding 
weights for each main category of the five rating 
systems that were compared.

All GBRS’s use a point system and have the minimum 
requirements for projects to receive certification; 
they are the mandatory criteria that impact building 
designs and also impact development strategies. 
Points scored could be as simple as having a design 
characteristic or may call for a detailed analysis to verify 
the building performance. BREEAM uses a different 
system to evaluate environmental impact. Their 
system calculates the criteria by weighting the scores. 
After all of the features have been evaluated, a score is 

determined. This process gives a final environmental 
score. The BREEAM rating is then added to the score 
achieved. BREEAM is also distinctive because it has 10 
different criterions.

LEED, Green Star and Estidama use similar scoring 
assessment procedures. These systems calculate 
all of the criteria and assign points. No weighting is 
used for either criteria or sub-criteria. Buildings earn 
points which accumulate to earn an approval rating. 
Green Star uses similar criteria to BREEAM. These 
criteria were developed by BREEAM, and adopted 
later by Green Star which continually grows based on 
the local needs in order to remain relevant to present 
standards. The systems currently most similar to GBI 
are LEED and Estidama which utilises the same six 
criteria for scoring.

C.  Rating award

Each GBRS features its own method of scoring. A 
percentage of each criterion is calculated and a rating 
awarded after scores are determined. BREEAM has 
four rating awards. The highest scores are given a 
rating of excellent if the total is 70 points. The lowest 
rating awarded is labelled passing with 25 points to 39 
points scored. The maximum points achievable are 70 
points. Green Star has three certified ratings available. 
Four stars are awarded for utilising best practices, 
five stars represent Australian excellent, and six stars 
represent the world leadership achievements. The 
total points possible for Green Star is over 140 points 
since points for innovation are added. Estidama has 
five rating awards. The maximum score is the rating of 
5 pearls which constitutes about all of the mandatory 
credits plus 140 points while for 2, 3, and 4, like 5 pearls, 
you have to achieve the mandatory requirements and 
then calculate the number of points to achieve specific 
awards. The lowest award in Estidama is 1 pearl which 
is to achieve the mandatory requirements only. 

LEED and GBI have similar ratings. Both award ratings 
from Platinum to the lowest level labeled, Certified. 
The differences lie in the certified level, since LEED 
assigns scores between 40 and 49 points, while GBI 
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assigns between 50 and 65 points. The Platinum level 
for GBI requires 86 points and LEED requires a total of 

80.

CONCLUSION

Green Building rating systems are crucial tools 
for measuring and assessing the environmental 
performance of a building. These rating systems 
include a diverse variety of environmental 
considerations from the building site selection, 
design, and construction, to building operations 
and workspace quality. The development and 
growth of communities have large impacts on the 
natural environment. The manufacturing, design, 
construction, and operation of the buildings in 
which human lives and work are accountable for the 
consumption of numerous of the planet’s natural 
resources.

Rating and certification systems guide and define 
green buildings in the market. They inform as to how 
environmentally sound a building is, provide clarity as 
to what degree green elements have been integrated, 
and which sustainable principles and practices have 
been employed. There are several rating systems 
and sustainable design tools that provide potentially 
useful strategies for building designs depending 

on the needs of the user. Five sustainable building 
rating systems were examined in detail. Meanwhile, 
the findings of this study would be useful in ensuring 
the full implementation of green standards in Nigeria 
which at the same time would help to ensure the goal 
of sustainable communities as well as mitigate the 
effects of climate changes in one’s society.
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ABSTRACT

This paper is to propose a multi-input power converter (MIPC) for AC grid network connected hybrid photovoltaic 
(PV) array-wind turbine (WT)-fuel cell (FC) and battery storage (BT) in order to simplify the power system and 
reduce the cost. The proposed MIPC consists of a dc-dc converter and a full bridge dc-ac inverter. The output power 
characteristics of the PV array, WT and FC are introduced. The perturbation and observation (P&O) method is mainly 
used to accomplish the maximum power point tracking (MPPT) algorithm for PV array and WT sources and setting 
FC operation power on optimal range by proton exchange membrane fuel cell (PEMFC). The MIPC is capable of being 
operated in five modes; first to third mode occur when the power only from either renewable energy (RE) sources, 
fourth mode happens when power is demanded from all RE sources and finally when no power are available from all 
RE sources. The proposed system has been simulated using MATLAB/Simulink. 

Index Terms—Power converter, MPPT controller, photovoltaic array, wind turbine, fuel cell, hybrid power system

INTRODUCTION 

The development of RE sources is continuously 
increased because of the limited conventional energy 
sources such as oil, gas and others. The conventional 
energy sources are currently decreased and future 
will collapse. Moreover, environmental concerns such 
as global warming are becoming increasingly serious 
and require significant attention and planning to 
solve. RE sources are the answer to these needs and 
concerns, since they are available as long as the sun 
is burning and because they are sustainable as they 
have no or small impact on the environment [1]. With 
the development of RE technologies, the cost of the 
PV arrays, WT and PEMFC is expected decrease in 
future.

In Malaysia, RE sources such as solar and wind energy 
conversion is a serious consideration because the 
potential for both of this energy generation depends 
on the availability of the solar and wind resources that 

varies with location.  The energy efficiency and RE 
under the Eight Malaysia Plan (2001-2005) and Ninth 
Malaysian Plan (2006-2010) focused on targeting for RE 
to be significant contributor and for better utilization 
of energy resources. An emphasis to further reduce 
the dependency on petroleum provides for more 
effort to integrate alternative source of energy [2].

A hybrid renewable energy generation system 
(HREGS) combines more than one energy sources. 
Usually, two separate inverters for the PV array and 
the WT are used for the hybrid PV-wind power system 
[3]. The main advantage of implement HREGS is the 
enhancement of reliability of the system used and 
also can reduce the battery size. Nowadays, 

this systems are most important and better than 
conventional systems [4]. For a grid connected 
application, the RE sources can supply power both to 
local loads and utility grid network. The capacity of 
the battery storage for this system can be smaller if 
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they are grid connected since the grid can be used as 
a backup power system. 
In this paper, a HREGS consists of PV array, WT, FC 
and battery storage system which connected to grid 
network. This system can be simplify and reduce 
the costs by combining these RE sources into one 
converter. The objective of this paper is to propose a 
MIPC for AC grid network connected hybrid PV array, 
WT, FC and battery storage system. The advantages 
of the proposed MIPC are: i) to reduce the number of 
converters, and ii) power from RE can be delivered to 
the grid individually or simultaneously. 

OPERATION PRINCIPLES OF THE 
PROPOSED MULTI-INPUT CONVERTER

The use of separated single input converters in HREGS 
leads to relatively complex configuration, high cost 
and low integration. As alternative, MIPC replacing 
the single input converters has increasing attention 
to reduce complexity; improve power density and 
to reduce the cost of hybrid power systems [5]. Fig. 
1 shows the block diagram of proposed a MIPC for 
HREGS. It consists of a dc-dc converter and a full 
bridge dc-ac inverter. The converter is responsible 
to extract the maximum power point from PV array 
and WT by using P&O MPPT, set the power of FC in 
optimum operation range by PEMFC and charge or 
discharge of battery by adjusting the duty ratio. The 
input dc voltage sources are obtained from the PV 
array, PEMFC and rectified WT output voltage itself.

The dc voltage from energy sources will be regulated 
by the converter with pulse width modulation (PWM) 
control scheme with appropriate P&O MPPT algorithm 
to the MOSFET power switches. The MIPC can draw a 
maximum power from both the PV array and the WT 
individually or simultaneously. Then, the dc voltage 
output from converter will be regulated by the full 
bridge dc-ac inverter with sinusoidal pulse width 
modulation (SPWM) control to achieve the input 
output power flow balance. The expected output 
from the inverter is 240 VAC, 13 A current and 50 Hz 
frequency.

Fig. 1.   Block diagram of proposed MIPC

A.  Photovoltaic Array

The PV array is constructed by many series or parallel 
connected solar cells. The electromagnetic radiation 
of solar energy can be directly converted to electricity 
through photovoltaic effect [6]. The equivalent circuit 
of the general model which consists of a photo current, 
a diode, a parallel resistor expressing a leakage current, 
and a series resistor describing an internal resistance 
to the current flow can be shown in Fig. 2. The most 
common model used to predict energy production in 
photovoltaic cell modeling is the single diode circuit 
model [7].  Two diode models are also available but 
only single diode model are considered here.

This equivalent circuit models the general form 
the equation that relates current and voltage in a 
photovoltaic cell:

(1)

(2)

(3)

Fig. 2.   The equivalent circuit of a solar cell
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Where, Ipv is solar cell current (A), Isc is light generated 
current (A), Io is diode saturation current (A), q is 
electron charge (1.6 x 10-19 C), k  is Boltzmann`s constant 
(1.38 x 10-23j/K), Tc is cell temperature in Kelvin (K), Vpv 
is solar cell output voltage (V), Rs is solar cell series 
resistance (Ω), Rp is solar cell shunt resistance (Ω) and 
Ns is number of cells in series.

A number of approaches for cells and modules 
parameter determination can be adopted using the 
datasheet parameters specified by manufacturer or 
measured [8]. The performance of solar cell is normally 
evaluated under the standard test condition (STC), 
where an average solar spectrum at AM 1.5 is used, 
the irradiance is normalized to 1000W/m2, and the cell 
temperature is defined as 25ºC.

B.  Maximum Power Point Tracking Algorithm

To utilize the maximum output power from the PV array, 
an appropriate control algorithm must be adopted. 
Generally, the MPPT efficiencies (η MPPT) of the three 
common algorithms for PV array are shown in [9]. The 
highest efficiencies are generally obtained with the 
INC algorithm. However, the MPPT efficiencies of the 
INC and P&O algorithms are essentially same. P&O 
had a significantly higher efficiency than INC under 
cloudy skies as expected, but very small differences. 
P&O method is one of the most commonly used [10]. 
The perturbation of the output power is achieved by 
periodically changing (either increasing or decreasing) 
the controlled output power. The P&O method is used 
in this paper to determine the changing direction of 
the load because the output power of the PV and WT 
are not constant.

Fig. 3 shows the flowchart of the MPPT algorithm with 
P&O method for the proposed MIPC. 

Fig. 3.   Flow chart of P&O MPPT algorithm

C.  Wind Turbine

Wind turbines convert the kinetic energy present 
in the wind into mechanical energy by means of 
producing torque. Since the energy contained by the 
wind is in the form of kinetic energy, its magnitude 
depends on the air density and the wind velocity. The 
available power of wind energy system is presented 
as equation given:

(4)

Where ρ (kg/m) is the air density and A (m) is the area 
swept out by turbine blade, Vwind is the wind speed in 
mtr/s. To describe a wind turbine power characteristic, 
this equation describes the mechanical power that is 
generated by the wind:

(5)

Where, ρ is the air density (kg/m³), A is the area of the 
turbine blades (m²), V is the wind velocity (m/s), and 



29VOLUME NINE NUMBER TWO  JULY - DECEMBER 2013  PLATFORM

PLATFORM - A Journal of Engineering, Science and Society

Cp is the power coefficient. The power coefficient (Cp) 
is a nonlinear function that represents the efficiency 
of the wind turbine to convert wind energy into 
mechanical energy. It is dependent on two variables, 
the tip speed ratio (TSR) and the pitch angle. The TSR 
(λ) refers to a ratio of the turbine angular speed over 
the wind speed. The pitch angle (β) refers to the angle 
in which the turbine blades are aligned with respect 
to its longitudinal axis. The value of TSR is obtained 
from:

(6)

Where, R is the radius of the rotor of the wind turbine 
(m), and ω is the rotational shaft speed of the wind 
turbine (rad/s).

D.  Fuel Cell

Fuel cells are electrochemical devices that process H2 

and oxygen to generate electric power, having water 
vapor as their only by-product. There are several kinds 
of fuel cell. In particular, proton exchange membrane 
fuel cell (PEMFC) has reached a high development 
status. In the last decade a great number of researchers 
have been conducted to improve the performance of 
the PEMFC, so that it can reach a significant market 
penetration. 

PEMFC primarily consists of three components: a 
negatively charged electrode (cathode), a positively 
charged electrode (anode) and a solid polymer 
electrolyte membrane. Hydrated hydrogen gas 
is supplied at the anode and air is supplied at the 
cathode. At the anode, hydrogen gas in the presence 
of the platinum catalyst is ionized into positively 
charged hydrogen ions and negatively charged 
electrons. The reaction at the anode is:

(7)

The polymer membrane permits only positively 
charged hydrogen ions to flow from the anode to the 
cathode as shown in Fig. 4. There are three voltage 
losses involved in fuel cell output voltage when the 

current flowing through the external circuit. That 
is activation polarization, ohmic polarization and 
concentration polarization. The output voltage of a 
single cell can be defined by the following expression:

(8)

Where, VFC is the output voltage of a single cell, 
Enernst is the electrochemical thermodynamic 
potential of the cell and it represents its reversible 
voltage, which is an ideal output voltage, Vact is the 
voltage drop due to the activation of the anode and 
cathode, Vohmic is a measure of ohmic voltage drop 
associated with the conduction of the protons through 
the solid electrolyte and electrons through the 
internal electronic resistances and Vconc represents 
the voltage drop resulting from the concentration or 
mass transportation of the reacting gases.

Fig. 4.  Basic operation of PEMFC

MULTI-INPUT CONVERTER

This paper proposed the isolated multi-input fly-
back converter in the HREGS which only has one 
transformer primary windings, can transfer the power 
to the load individually or simultaneously and lower 
voltage stresses on the power switches. The converter 
uses the principle of magnetic coupling to combine 
more input sources. The advantages of the fly-back 
converter are use the simplest isolated topology and 
thus have the lowest cost, least number of power 
component, most understood, implemented and 
supported topologies [11]. In this paper, the converter 
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will accept three input sources such as PV array, WT, 
and FC. Output from this converter connected to 
battery bank and inverter before transfer to the AC 
loads and grid network.

Fig. 5 is shown the multi-input fly-back converter 
is capable of being operated in five modes. These 
operating modes are employed to feed the load 
by optimization of the energy obtained from the 
renewable sources.

Mode 1 [Refer to Fig. 5(a)]
Q3 are turned off. D2 and D3 are conducting and 
D1 and D4 are blocked. The photovoltaic voltage 
source VPV is applied to the primary winding of the 
transformer and current of the primary winding 
increases linearly. The inductor of the transformer 
accumulates energy, and the load current is provided 
by the filter capacitor. During this mode, Q2, Q3, D1 
and D4 sustain the voltages of VFC, VWT, VPV and (VPV/
n+Vo), respectively.

(a)  Mode 1

(b)  Mode 2

(c)  Mode 3

(d)  Mode 4

(e)  Mode 5

Fig. 5.   Equivalent circuits of different
  operation modes

Mode 2 [Refer to Fig. 5(b)]
In this mode, Q2 and Q4 are conducting and Q1 and Q3 
are off.  D1 and D3 are on while D2 and D4 are blocked. 
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The wind turbine voltage source VWT is applied to 
the primary winding of the transformer and current of 
the primary winding increases linearly. The inductor 
of the transformer accumulates energy and the load 
current is provided by the filter capacitor. During this 
mode, Q1, Q3, D2 and D4 sustain the voltages of VFC, 
VPV , VWT and (VWT/n+Vo), respectively.

Mode 3 [Refer to Fig. 5(c)]
In this mode, Q3 and Q4 are conducting and Q1 and 
Q2 are off. D1 and D2 are on while D3 and D4 are 
blocked. The fuel-cell voltage source VFC is applied to 
the primary winding of the transformer and current of 
the primary winding increases linearly. The inductor of 
the transformer accumulates energy, the load current 
is provided by the filter capacitor. During this mode, 
Q1, Q2, D3 and D4 sustain the voltages of VWT , VPV ,VFC 

(VFC/n+Vo), respectively.

Mode 4 [Refer to Fig. 5(d)]
In this mode, all the power switches Q1, Q2, Q3 and 
Q4 are conducting, and D1, D2, D3 and D4 are all 
reversely blocked. The three input power sources VPV, 
VWT and VFC are connected in series, applying on the 
primary winding of the transformer. The current of the 
primary winding increases linearly and the inductor of 
the transformer accumulate energy and the loading 
current is provided by the filter capacitor. During this 
mode, D1, D2, D3 and D4 sustain the voltages of VPV, 

VWT, VFC and [(VPV+ VWT+ VFC )/n+Vo], respectively.

Mode 5 [Refer to Fig. 5(e)]
In this mode, Q1, Q2, Q3 and Q4 are all turned off, 
and D4 is on. The energy stored in the inductor of 
the transformer is released to the load through the 
secondary winding, and the current of the secondary 
winding decreases linearly. Q1, Q2 and Q3 sustain the 
voltages of VPV, VWT and VFC, respectively.

From the above analysis, we can see that as long as 
when one  of Q1, Q2 and Q3 is turned on, and Q4 must 
be turned on, and Q4 must be turned off at the same 
time when Q1, Q2 and Q3 are turned off.

INVERTER CIRCUIT

For providing electric power to AC form, the DC output 
of MIPC is inverted in a single phase inverter. Inverter 
is a device that converts the DC sources to AC sources. 
Inverters are used in a wide range of applications, 
from small switched power supplies for a computer 
to large electric utility applications to transport bulk 
power. This makes them very suitable for when you 
need to use AC power tools or appliances.

Fig. 6.  The block diagram of single-phase full bridge 
 inverter with an LCL-type output filter

Fig. 6 depicts the building blocks for a typical inverter 
for hybrids to grid applications [12]. The blocks are: 
controller with auxiliary circuits such as measuring, 
protection and internal power supplies, energy buffer 
for power-decoupling between the hybrid energy 
sources and the single-phase grid, Electro Magnetic 
Interference (EMI) filter for reducing conducted 
electrical noise, and finally; the power electronic 
circuit that inverts the generated DC voltage to an AC 
current.

SIMULATION RESULTS

The proposed system is implemented and simulated 
by using Matlab/Simulink software that includes the 
photovoltaic array, wind turbine and fuel cell. The 
results are shown from Fig. 7 to Fig. 23.
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Fig. 7.  Output characteristics of photovoltaic
        I-V curve with different irradiance for 
        constant temperature

Fig. 8.  Output characteristics of photovoltaic
        P-V curve with different irradiance for 
        constant temperature

Fig. 9.  Fuel cell voltage vs. current curve
             output characteristics

Fig. 10.  Fuel cell power vs. current curve 
               output characteristics

Fig. 11.  Voltage, current, power and Vmpp of
          fly-back converter input (Single source)

Fig. 12.  Fly-back converter primary voltage and
        secondary voltage (Single source)

Fig. 13.  Fly-back converter diode output current
       (Single source)

Fig. 14.  Fly-back converter output voltage 
            (Single source)
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Fig. 15.  Voltage, current, power and Vmpp of
          fly-back converter input (Two sources)

Fig. 16.  Fly-back converter primary voltage and 
        secondary voltage (Two sources)

Fig. 17.  Fly-back converter diode output current
       (Two sources)

Fig. 18.  Fly-back converter output voltage
             (Two sources)

Fig. 19.  Voltage, current, power and Vmpp of
          fly-back converter input (Three sources)

Fig. 20.  Fly-back converter primary voltage and
        secondary voltage (Three sources)

Fig. 21.  Fly-back converter diode output current
       (Three sources)

Fig. 22.  Output power after fly-back converter
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Fig. 23.  Output voltage after inverter

CONCLUSION

A MIPC for the grid connected hybrid power system 
is proposed. It has the following advantages: 1) 
power from the PV array, wind turbine and fuel-cell 
can be delivered to the utility grid individually or 
simultaneously, 2) MPPT feature is realized for both 
PV and wind energy, and 3) a large range of input 
voltage variation caused by different insulation, solar 
irradiation and wind speed is made acceptable. In 
this paper, the operation principle of the proposed 
MIPC has been introduced. P&O method is adopted to 
realize the MPPT algorithm for the photovoltaic array 
and the wind turbine while PEMFC are using to set the 
power of fuel cell in optimum operation range.

The control circuit is implemented and simulated by 
using Matlab/Simulink software. Simulation results 
at different operating conditions are shown here 
to verify the performance of the proposed MIPC 
system with the desired features. From the results 
acquired during the simulation, it was confirmed 
that with a well-designed system including a proper 
converter and selecting an efficient proven algorithm, 
implementation of MPPT and PEMFC is simple and 
can be easily constructed to achieve an acceptable 
efficiency level of the PV modules, wind turbine and 
fuel-cell.
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INTRODUCTION 

The increasing global demand of oil and diminishing 
trends in conventional (light and medium) oil reserves 
have led the researchers and oil companies to focus 
on the exploration and production of heavy and 
extra heavy oil reserves. Heavy oil reserves are found 
all over the world. Generally, it is estimated that the 
heavy oil reserve of the worlds is three times more 
than light oil reserves [1]. Although there are a lot of 
heavy oil reservoirs in the world which are named 
as unconventional reserves, production from these 
reservoirs is not as easy as conventional reserves. 
High viscosity and very high amounts of asphalting 
and resin components in these hydrocarbons causes 
some difficulties in their extraction, transferring and 
processing [3]. Unfortunately, in primary recovery, the 
maximum production from some of these reservoirs 
which are in better conditions is 6% of their initial oil 
in place and in secondary recovery which is done by 
water flooding, their recovery increases only 1-2% 

[4]. Therefore, using tertiary recovery methods are 
necessary from starting production time of these 
reservoirs. One of the methods to increase oil recovery 
from these reservoirs is VAPEX method. The main 
mechanism in this process is dilution of heavy crude 
oil via diffusion phenomena. Since, this phenomena 
is a time consuming phenomena, production rate is 
low in this process. The VAPEX process is considered 
to be suitable method to recover heavy oil, both 
economically and practically. This process involves 
the injection of a hydrocarbon vapor that is close to 
its dew point at the reservoir pressure. Reduction in 
the viscosity of the heavy oil is achieved chemically by 
way of a diffusion process mechanism and interplay 
of gravity and capillary forces in draining the solvent 
enriched oil. Typically, ethane, propane or butane 
vapor is used as solvent because of their low dew 
point and good solubility in oil. Since the hydrocarbon 
vapors are selective in solubilizing into the oil phase, 
they will only affect and mobilize the heavy oil. 
Theoretically, there will be very little interaction 

LOCAL THERMAL EFFECT ON VAPOR EXTRACTION (VAPEX) 
PROCESS FOR HEAVY OIL ENHANCED RECOVERY
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ABSTRACT

Heavy oil has a high viscosity, so production form heavy oil reservoir is very difficult. One of the methods which are 
used to increase recovery factor from this reservoirs is miscible injection. Among miscible injection methods is vapor 
extraction method via injection the vapor of hydrocarbon solvent which is a suitable constitute for thermal methods in 
reservoir where heat loss is high. The vapor extraction (VAPEX) process, a solvent-based enhanced oil recovery process 
has been found promising for some heavy oil reservoirs. Viscosity of heavy oil will be decreased by injection the vapor of 
hydrocarbon solvent into it. This phenomenon is the base of vapor extraction (VAPEX) method. One of the disadvantages 
of VAPEX process which has been reported by most of previous researchers is its low production rate. In this paper, effect 
of temperature on increasing recovery and production rate of this process has been investigated. Obtained results show 
that by increasing temperature, oil recovery and production rate by this process will be increased.

Keywords: Heavy oil enhance recovery, VAPEX process, Solvent, Viscosity
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of these vapors with brine and reservoir clays. The 
nature of the VAPEX process operation means that 
fewer and less expensive equipment is required. For 
example, the solvent produced along with the heavy 
oil in the VAPEX process can be readily separated from 
the produced live oil by a stripping process, recovered 
and then sent back to the reservoir. The purpose 
of our research is to investigate the effects of local 
heating on production rate and recovery increasing in 
this process.

Heavy Oil EOR Methods

Heavy oil EOR methods are divided into two general 
types: thermal methods and non thermal methods. 
In thermal process method, viscosity of heavy oil is 
decreased by heating, so its mobility is increased. 
The most important thermal methods are: 1- vapor 
flooding 2- Cyclic Steam Stimulation (CSS) 3- Steam 
Assisted Gravity Drainage. Thermal methods are 
useful to reduce viscosity of crude heavy oil but 
while heating reservoir oil, most of heat will be lost 
via heating reservoir rock and cap rock. Therefore, 
thermal methods are not economical for heavy oil 
reservoirs with thin pay zone, reservoir with low heat 
conductivity of reservoir rock, reservoir with high 
water saturation, low porosity and vertical fractures. 
In non thermal process, light hydrocarbons or carbon 
dioxide are injected to reduce heavy oil viscosity. 
Some types of these methods are: carbon dioxide 
injection, miscible injection and extraction with 
vapor of hydrocarbon solvents. As it stated above, 
because of heat losses in heavy oil reservoirs with 
above mentioned specifications, using of VAPEX 
process in these reservoirs are suitable [4]. A mix of 
thermal and non-thermal methods has also been 
investigated by various researchers. In these methods 
with hydrocarbon materials, heat has been used in 
various types such as water vapor injection, electrical 
heating around injection well bore and microwaves. 
Simultaneous using of heat (in a limited amount) and 
solvent will reduce heating losses and increase oil 
production rate too. 

VAPEX (Vapor Extraction) Process

VAPEX process was introduced by Butler and Mokrys 
for the first time. They stated that this process is similar 
to Steam Assisted Gravity Drainage (SAGD) process 
with this difference that here hydrocarbon vapor is 
used instead of water vapor [5]. This process can be 
used where using of SAGD process will result in high 
heat losses [6]. Viscosity of heavy oil can be decreased 
by dissolving vapor of hydrocarbon solvents in it. 
This phenomenon is the basis of VAPEX process [7]. 
In this process, vapor of hydrocarbon solvents is 
injected into reservoir via injection wells. First, vapor 
of solvent dissolved into crude oil near well bore and 
then diluted crude oil flows to horizontal production 
well. Vapor of solvent flow upward slowly and create 
a space of vapor around injection well which is empty 
of oil. These vapors will go into crude oil of reservoir 
and dilute it via the boundary of un-invaded zone of 
reservoir. This diluted oil will flow toward production 
well due to gravity force. When vapor space reaches 
to cap rock of reservoir, it will be distributed and cover 
total of reservoir [6].  

Literature review  : VAPEX process and combination 
          of VAPEX and heat 

Injection of miscible materials and solvent into heavy 
oil to enhance its recovery is not a new method. 
It has been used since several years ago. Redford 
investigated effects of simultaneous injection of 
carbon dioxide and ethane in heavy oil reservoirs. His 
investigation showed that more oil can be recovered 
in this method with compared to water vapor 
injection method [8]. After that, a lot of researchers 
studied effects of simultaneous carbon dioxide 
and other hydrocarbons such as ethane, propane 
and butane on heavy oil recovery. Results obtained 
from these investigations confirm results of Redford 
researches [9], [10], [11]. After introducing of VAPEX 
process by Butler and Mokrys, a lot of researchers 
have investigated various aspects of this process. 
Butler and Mokrys studied effects of simultaneous 
injection of hot water and propane on increasing of 
production rate and oil recovery. They found that 
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oil recovery by simultaneous injection of hot water 
and propane is more than oil recovery by injection 
of only hot water [12]. In other research, Butler and 
Mokrys found that quality of heavy oil improves by 
de-asphalting due to solvent injection [13]. Another 
research which did by Ted showed that viscosity of 
crude oil will be decreased by saturating it with light 
hydrocarbons such as propane [14]. In a study did by 
Karmaker, it was resulted that we can expect a much 
more oil production rate by this method [7]. Mass 
transfer of different solvents into a block of heavy oil 
was watched by Salama and Kantzas by means of X- 
ray [15].  Azin and Kharrat evaluated VAPEX process 
application in one of heavy oil reservoirs. They found 
that high pressure reservoirs, injection of fluid with 
high injection rate will result in breakthrough of 
solvent [16].

METHODOLOGY AND PROCEDURE

In this research, cylindrical models have been used 
to evaluate VAPEX process in heavy oil reservoirs. A 
schematic of this model have been shown in figure 1. 
To create a porous media, sands with micro grain sizes 
have been used. Carbon dioxide was used to force air 
out of porous media, then it is saturated with water 
and finally with heavy oil. Therefore the porous media 
is ready for test. The procedures in total tests are the 
same but temperature condition and type of oil for 
each of them are different. After saturating porous 
media with oil completely, it will be placed vertically. 
Existing oil in porous media will flow out of it through 
bottom valve due to gravity force. When first droplet 
of oil is extracted from porous media, the time is 
recorded. Then at several time steps, the extracted 
volumes of oil from porous media will be recorded. 
In this stage, the oil production mechanism is called 
production by gravity drainage. Basically, in reservoirs 
with horizontal wells, production by gravity drainage 
is very important.

Figure 1 – A schematic of porous media

RESULTS              

Temperature has a considerable effect on viscosity of 
heavy oil and when temperature increases, viscosity 
of heavy oil decreases. Based of this, viscosities of 
tested fluids were measured by viscometer.  Figure 2 
shows the viscosity profiles of two types of oil used 
in these tests with respect to temperature. In table 
1, specifications of porous media such as length, 
diameter, porosity and type of oil used in each test 
and oil recovery in each step of production by gravity 
drainage and thermal VAPEX have been shown.

Figure 2 – Viscosities of two different types of oil 
           used in these experiments

Effect of primary heavy oil viscosity on oil 
production rate while producing under gravity 
drainage mechanism for models 1 and 2

Heavy oil recovery while producing under gravity 
drainage mechanism has been investigated for two 
types of oil at the same temperature for models 1 
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and 2. As it can be seen, primary viscosity of reservoir 
oil has considerable effect on production by gravity 
drainage mechanism. When oil viscosity decreases, oil 
production rate and recovery increases. As it is shown 
in figure 3, production of oil with less viscosity has 
started earlier and its recovery is more than heavier 
oil recovery by an amount of 8%. Figure 4 shows this 
parameter for model 2. It's evident from these figures 
that production of heavy oil with less viscosity starts 
earlier and reaches to a high recovery finally. 

Figure 3 - Effect of oil viscosity on production rate 
           during gravity drainage for model No. 1 
         (Tests 1 & 2)

Figure 4 - Effect of oil viscosity on production rate 
           during gravity drainage for model No. 2 
         (Tests 3 & 5)

Effect of primary heavy oil viscosity on oil 
production rate while producing under VAPEX 
process mechanism for models 1 and 2     

Heavy oil recovery while producing under VAPEX 
process mechanism, further than other parameters, 
depends on heavy oil recovery while producing under 
gravity drainage mechanism too. Considering this fact 
that heavy oil with high viscosity has less recovery in 

previous step, so it will have more recovery in VAPEX 
production step. This shows the sensitivity of oil 
recovery to initial oil saturation. So, recovery of heavier 
oil by thermal VAPEX will be increased by an amount 
of 7% as it has been shown in Figure 5.

Figure 5 - Effect of heavy oil viscosity on
     production rate during VAPEX 
    for model No. 1 (Tests 1&2)

Effect of initial oil saturation on heavy oil recovery 
by VAPEX process

Oil recovery by VAPEX process is largely dependent on 
oil saturation. In low temperatures, viscosity of oil is 
high, so its mobility is low. This results in low recovery 
of oil by gravity drainage mechanism and therefore, 
the remaining oil in porous media is considerable. We 
tested oil recoveries by VAPEX process at two different 
initial saturations for models 1 and 2 and concluded 
that as more as initial oil saturation is high, heavy oil 
recovery by VAPEX process will be high. 

Effect of temperature increasing on oil recovery 
by VAPEX process for model 1       

In experiments numbers 1, 6 and 8, we achieved equal 
oil recovery by gravity drainage. These experiments 
were done again for VAPEX process at temperatures 
50, 90 and 120 degree Fahrenheit respectively. It was 
found that temperature increasing from 50 to 90 
degree Fahrenheit, will increase oil recovery by 2% 
and from 90 to 120 degree Fahrenheit by 8% as it has 
been shown by figure 6. 
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Figure 6 - Effect of temperature increasing on oil
          recovery during VAPEX for model No. 1 
          (Tests 1&6&8)

Temperature profile along porous media     

To study temperature effect on temperature of solvent, 
six thermocouples were installed along porous media 
at different distances. We considered two cases with 
same temperature. In case 1, the end of the model is 
heated without solvent injection. In case 2, heating 
and solvent injection are simultaneous. Figure 7 
shows temperature profile for these two cases. Due 
to the heat transfer by solvent, the top parts of the 
model which are far from heating source, reaches 
to higher temperatures which help increasing of 
recovery. Figure 8 shows temperature profile for two 
different heating source temperatures. By increasing 
the temperature of heating source, the temperature 
of solvent will increase and therefore, while solvent 
flows upward towards the top parts of model can 
transfer more heat which will increase recovery too. 

Figure 7 – Temperature profile, heating and 
  heating – injection

Figure 8 – Temperature profile for two 
       source temperatures for model 1

Effect of heating on oil recovery without solvent 
injection 

To study the effect of heat that is transferred by model 
body and porous media, a separated experiment was 
done. In this experiment, after finishing oil production 
by gravity drainage, first the end of model is heated 
without solvent injection similar to previous tests. 
Heating without solvent injection will be continued 
until oil production rate becomes zero. Then thermal 
VAPEX process will be started. As it can be seen 
in figure 9, just heating operation alone without a 
combing with other process, will not have too many 
effects on oil production because only a small part of 
porous media is exposed to heating. Therefore only 
the oil which is contained in that heated part will be 
diluted and oil recovery increases only by 2%. But by 
solvent injection, oil recovery will be increased by 
10%. So the heat that is transferred by conduction 
has a little effect on oil production increase and 
most of oil recovery increasing is due to its dilution 
by solvent. We did two tests at same conditions 
and compared their results with each other for two 
different models. Oil recovery for model 1 is more 
than model 2 by 5.15%. The results show that as much 
as the height of model short and its diameter is large, 
oil recovery from it by thermal VAPEX process will be 
more. In other words, height and diameter of model 
have considerable effect on its oil recovery. Larger 
diameter of model will cause vapor space in its top 
parts to be larger, so the surface contact aria between 
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oil and solvent will be increased which will result in oil 
recovery increasing by thermal VAPEX process. Also, 
small height will cause more exposing of top parts of 
the model to solvent vapor as it flows upward, so will 
contact with oil sooner. 

Figure 9 – Comparison of oil recoveries in 
    heating and VAPEX processes

Conclusions

In this research, effect of local heating on VAPEX 
process efficiency for heavy oil recovery has been 
investigated in experimental scale. Based on this 
research, when injection well bore and areas around 
it are heated, oil recovery by VAPEX process will 
be increased considerably. Also by increasing the 
temperature of these areas and injection solvent, total 
oil recovery will be increased. Effects of heating the 
bottom of porous media on VAPEX process can be 
related to these items: a) Injection solvent heating: 
first, will cause solvent to convert to vapor, then by 
due to increasing the temperature of solvent vapor, 
its diffusion coefficient will be increased which 
cause increasing of oil production rate and finally 
oil recovery. b)Because of its different density with 
respect to oil containing in porous media, heated 
vapor of solvent flows towards the top part of porous 
media and due to heat exchange between them, 
oil viscosity will be decreased. c) Decreasing oil 
viscosity containing in the bottom of porous media 
causes sooner interconnection between injection 

and production wells, therefore, oil production starts 
sooner.

Obtained results shows that heating a small part of 
experimental model, without using VAPEX process, 
has a little effect on oil recovery and only result in 
decreasing oil viscosity in that part. Therefore to have 
a successful and efficient VAPEX process (without 
solvent injection), total parts of porous media must 
be heated. Obtained temperature profile along the 
length of porous media, shows heat transfer by 
solvent to its upper parts. It has important because: 
a) It causes oil containing in porous media which is far 
from heating source to be heated and prevent heat 
losses. b) Increasing the temperature of injection area, 
will increase total oil recovery.
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ABSTRACT

Amine based sweetening process has been widely used for the removal of carbon dioxide and hydrogen sulfide 
from natural gas. However, in the process of gas treatment, a small amount of amine would be carried-over and 
discharged into the effluent wastewater.  Treatment of amine containing wastewater is very challenging since 
it contains high chemical oxygen demand. Limited work has been done for treatment of amine contaminated 
wastewater, especially using membrane separation processes. Hence, the objective of present study is to investigate 
the separation performance of monoethanolamine solution using reverse osmosis, nanofiltration and ultrafiltration 
membranes at different operating conditions. The finding of the study showed that reverse osmosis membrane has 
excellent rejection behavior towards monoethanolamine for the operating conditions under present study.

Keywords- Monoethanolamine, Wastewater, Reverse Osmosis, Nanofiltration, Ultrafiltration, Spiegler Kedem Model  

INTRODUCTION 

Elimination of undesirable hydrogen sulfide (H2S) 
from natural gas is almost universally accomplished 
by a process involving contact of the gas stream 
with a solution, and subsequent stripping of the 
acid gas from the solution. Amine gas sweetening is 
a proven technology that removes H2S and carbon 
dioxide (CO2) from natural gas through absorption 
and chemical reaction [1, 2]. Amines are one of the 
major important chemicals for industry because of 
their versatility and their ability to remove acid gases 
to a very low level, their stability characteristic and 
the ease of acid gas absorption and regeneration [3].  
However, during the process of gas treatment a small 
amount of amine will be carried over and discharged 
into the effluent wastewater. These carry over usually 
came from flushing of absorption column and other 
plant equipments, valve leakage and operational 
upset [4]. Amines in wastewater are not practically 
suitable to be treated using a conventional biological 
oxidation method due to its high chemical oxygen 

demand (COD) and non-biodegradable character [3, 
5]. Therefore, treatment of wastewater containing 
amines is a major concern in amine sweetening plants.

A variety of physical, chemical and biological methods 
have been proposed and studied for the treatment 
of amine wastewater by many researchers [6, 7]. 
Advanced Oxidation Processes (AOPs), especially 
the photo-Fenton processes have also been widely 
used for degradation of amines [8]. Photo-Fenton 
processes use hydroxyl radicals (HO), which are 
capable of complete oxidization (mineralization) even 
with less reactive pollutants. However, the process 
would be inhibited by inorganic species such as 
phosphate, sulphate, chloride and carbonate ions 
which can scavenge the hydroxyl radicals (HO) from 
aqueous solution leading to non-reactive species [9, 
10].  In addition, AOPs are not economically attractive 
due to the operational cost associated with their high 
electrical energy input (UV radiation generation) 
and expensive chemicals demand (H2O2, O3, etc.) 
[11]. the use of bio-treater utilizing bacteria as a 
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treatment media is another option that could provide 
biodegradation of pollutants with low investment and 
operational cost. However, the extensive usage of the 
process is limited to low concentration wastewater 
and cannot be utilized in the case of high COD value 
due to the potential damage to the activated sludge 
[4, 5]. Therefore, biological treatment method requires 
the support of an effective complementary technique 
to improve the entire efficiency of the treatment.

Membrane separation process, on the other hand, 
is an alternative and promising approach that could 
be used for industrial wastewater treatment. They 
can remove suspended and dissolved solids, colors, 
hardness, heavy metals and salts from waste stream 
and have the potential to meet the most stringent 
discharge regulations [12]. Several recent studies 
have shown that the rejection of organic compounds 
through RO and NF membranes depends on the 
solute size/shape, solute property, membrane 
material and morphology, feed pH and hydrogen 
bonding [13-17]. Limited studies were conducted 
to treat amine contaminated wastewater, especially 
using membrane separation processes. Thus, it is the 
objective of present study to evaluate the rejection 
and flux characteristics of monoethanoamine (MEA) 
solution using commercial RO, NF and UF membranes 
under different operating conditions. The rejection 
and flux data of RO and NF membranes are used to 
estimate the membrane transport parameters using 
combined film theory–Spiegler Kedem (CFSK) model.

METHODOLOGY

A. Materials

The experimental study was carried out using 
commercial tubular membranes, including thin film 
composite polyamide reverse osmosis (AFC 99), 
nanofiltration (AFC 40) and cellulose acetate (CA 
202) membranes. These membranes were obtained 
from PCI Limited, United Kingdom and have internal 
diameter of 12.5 mm, length 1.2 m and effective 
surface area of 0.05 m2. 

The experimental study was carried out using a 
membrane test unit as shown in Figure 1, which is 
capable of testing four different tubular membranes 
simultaneously. The unit is supplied with a feed and 

a product tank, each having a maximum capacity 
of 20 liters. The feed line is equipped with a unit of 
shell and tube heat exchanger in order to control the 
temperature of the fluid entering to the membranes. 
The test unit is also supplied with two pumps; 
centrifugal and triple plunger pumps. 

Figure 1.  Schematic diagram of the
      Membrane test unit

The centrifugal pump is used to circulate cooling 
water from the heat exchanger to the cooling water 
tank, whereas the triple plunger pump is used to 
pump the feed stream from the feed tank into the 
tubular membrane module. Pressure regulator, flow 
meters and temperature sensors are also installed in 
order to regulate the operating pressure, cross-flow 
velocity and temperature of the feed and retentate 
streams. The system is also supplied with four units 
of electronic balances to weight the permeate 
automatically using a computer with respect to time. 

Before conducting the actual experiment for the 
rejection of MEA, the membranes were subjected to 
stabilization at 25 bars overnight to avoid possible 
membrane compaction during the experiment. The 
experimental studies were carried out at different 
operating conditions: (i) feed concentrations (5000, 
10000 and 15000 mg/l); (ii) cross flow velocity (1.5, 
3, 4.5, and 6 l/min); (iii) feed pH (3 and 8); and (iv) 
operating pressures (4, 8, 12, 16, 20 and 24 bar). The 
feed temperature was maintained constant at 25+1oC 
for all experiments by using a temperature controller. 
Effect of operating pressure, feed concentration, cross 
flow velocity and pH towards membrane flux and 
observed rejection were investigated. Experiments 
were performed in batch circulation mode and the 
permeate samples were collected every hour for a 
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particular feed concentration and cross flow velocity. 
Both permeate and concentrate were returned to the 
feed vessel in order to maintain the constant bulk 
concentration. The volume of permeate collected 
versus time was recorded online simultaneously. The 
concentration of the feed, retentate and permeate 
were recorded using Hach UV–Spectrophotometer. 
The pH of the feed solution was adjusted using HCl.

THEORY

The combined film theory-Spiegler Kedem model was 
used to analyze the flux and rejection data obtained 
from the experimental study on MEA solution using 
reverse osmosis (AFC99) and nanofiltration (AFC40) 
membranes. In this method, the nonlinear membrane 
transport model of Spiegler Kedem is combined with 
the film theory model to develop a single working 
equation to estimate the membrane transport 
parameters and mass transfer coefficient.

A. Spiegler Kedem Model

The basic equation of the Spiegler Kedem model is 
expressed as [16, 18, 19]; 

(1)

(2)

where, Jv (l/m2.h) is the permeate flux, Lp (l/m2.h.bar) is 
the hydraulic permeability coefficient, ∆P (bar) is the 
pressure gradient across the membrane, ∆π (bar) is 
the osmotic pressure gradient across the membrane, 
σ is reflection coefficient, Pm (m/s) is the solute 
transport parameter and R is the  true rejection. The 
true rejection is the relative change in concentration 
from the membrane interface to the permeate stream 
and can be expressed as follow;

(3)

Where, Cp (mg/l) permeate concentration and Cm 
(mg/l) is the solute concentration at the membrane 
interface. The observed rejection, Ro is obtained by 
replacing the membrane interface concentration, Cm 
in to bulk concentration, Cb (mg/l). It is expressed as,

(4)

B. Film Theory Model 

As membranes are permselective, they allow solvent 
(water) to pass through while rejecting the solutes. The 
accumulation of the retained solutes at the solution-
membrane interface develops a concentration 
gradient within this interface. Thus, in order to model 
the transport mechanism of solvent and solute across 
the membrane, the intersection between the bulk 
solution and the membrane interface is crucial to be 
studied. This relation is described using film theory as 
[14];

(5)

Where, k (m/s) is the boundary layer mass transfer 
coefficient.  

C. Combined Film Theory Spiegler Kedem Model

Spiegler Kedem membrane transport model is 
combined with film theory model in order to 
incorporate the effect of concentration polarization 
during the separation process. Thus, equation 2 is 
inserted into equation 5 and rearranged to give.

(6)

Equation 6 is the combination of film theory-Spiegler 
Kedem model (CFSK) [18, 20]. The independent 
variables, ((1-Ro)/Ro) and Jv can be obtained from the 
experiment. Hence, the model parameters, namely 
solute transport parameter Pm, the mass transfer 
coefficient at the boundary layer, k and the reflection 
coefficient, σ can be estimated by curve fitting 
method using Ro and Jv [18].
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RESULTS AND DISCUSSION

A. Effect of Operating Pressure on Permeate Flux

Figure 2 shows the effect of operating pressure 
on permeate flux of MEA solution across AFC99 
(reverse osmosis), AFC40 (nanofiltration) and CA202 
(ultrafiltration) membranes. The findings show that 
the permeate flux increased linearly with increasing 
in operating pressure. It is understood that the 
increment of the operating pressure has increased 
the driving force, hence increasing the permeate flux. 
It was also found that the permeate flux of CA202 
membrane was the highest followed by AFC40 and 
AFC99 membranes, respectively. This is attributed 
to the difference in the molecular weight cutoff of 
membranes <500 for RO, 500-200 Da for NF and 
2-500 kDa [16]. It is obvious that dense membranes 
like AFC99 would give strong resistance for solution 
transport across the membrane as compared to a 
very tight porous (nano-filtration) membrane like 
AFC40 or a porous CA202 membrane [12, 14]. Thus, 
AFC99 membrane with its smallest pore sizes, gave 
the lowest permeate flux whereas UF gave the highest 
under the same operating conditions.

Figure 2.  Effect of operating pressure on MEA
            solutions across various membranes  
            (Cb=5000 mg/l, u=6 l/min and pH=8).

B. Effect of Cross Flow Velocity on 
 Permeate Flux

Figures 3 to 5 show the effects of cross flow velocity on 
permeate flux of MEA solution across AFC99 (reverse 
osmosis), AFC40 (nanofiltration) and CA202 (cellulose 
acetate) membranes, respectively. The results shows 
that the permeate flux increased with increasing in 
cross flow velocity for all the membranes under the 
study. This is attributed to the effect of concentration 
polarization, which occurs due to the accumulation of 
retained solutes at the membrane-solution interface. 
Thus, the increase in cross flow velocity can increases 
the boundary layer mass transfer coefficient and 
hence improves the performance of the membranes 
[20, 21].  Due to the membrane’s molecular weight 
cut off, the AFC99 and AFC40 membranes reject 
more solutes and develop significant concentration 
polarization layer as compared to CA202 membrane 
[21, 22]. Hence, the increase in the cross flow velocity 
would resulted in considerable flux improvement for 
AFC99 followed by AFC40 and CA202 membranes, 
respectively as shown from Figure 3 to 5. Under higher 
cross flow velocity study, the result shows that the 
permeate fluxes of MEA solutions across the AFC99, 
AFC40 and CA202 membranes increased by 32.0%, 
20.26% and 9.52%, respectively.

Figure 3.  Effect of cross flow velocity on MEA 
          permeate flux across AFC99 
          membrane (Cb=5000 mg/l and 
          pH=8).
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Figure 4.  Effect of cross flow velocity on MEA
              permeate flux across AFC40   
              membrane (Cb=5000 mg/l and pH=8).

Figure 5.  Effect of cross flow velocity on MEA 
              permeate flux across CA202   
              membrane (Cb=5000 mg/l and pH=8).

C. Effect of Feed Concnetration on Permeat Flux

Figure 6 shows the effect of feed concentration on 
MEA permeate fluxes at different operating pressure 
across different membranes. Results show that the 
permeate flux decreases as the concentration of 
the feed increases. This is because increasing the 
feed concentration effectively increases the osmotic 
pressure in the solution as well as the overall membrane 
resistance [23]. As a result, the net driving pressure 

reduces, which causes reduction in the permeate flux. 
The investigation shows that the permeate fluxes of 
the MEA solution across AFC99 (reverse osmosis), 
AFC40 (nanofiltration) and CA202 (cellulose acetate) 
membranes decreases by 29.18%, 19.19% and 6.96%, 
respectively when the feed concentration increases 
from 5000 to 15000 mg/l. This is due to concentration 
polarization effect.

Figure 6.  Effect of feed concentration on MEA
             permeate flux across various 
             membranes (u =6 l/min and pH=8). 

D. Effect of Feed pH on Permeate Flux

Figure 7 shows the effect of pH on permeate flux 
of MEA solution across AFC99 (reverse osmosis), 
AFC40 (nanofiltration) and CA202 (cellulose acetate) 
membranes. The results show that the permeate flux 
increased for AFC99 membrane, whereas decreased 
for AFC40 and CA202 membranes as the pH decreases 
from 8 to 3. 

Present study shows that the effect of pH on the 
membrane performance is due to the chemistry of 
the membrane surface material and the feed solution 
[24]. Polyamides are amphoteric compounds, whose 
surface charge varies depending on the pH of the 
surrounding medium [16]. Due to the protonation 
of amine functional groups in polyamide, the 
surface of the AFC99 (reverse osmosis) and AFC40 
(nanofiltration) membranes can have positive charge 
when the pH of the feed is strongly acidic. On the 
other hand, due to deprotonation of the carboxylic 
functional groups, AFC99 and AFC40 would have 
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negative surface charge when the feed pH is in 
alkaline medium [14-16]. The membranes become 
more hydrophilic and lose when the functional 
groups repel each other, due to the similar charge 
they carry on. Thus, these phenomenon give higher 
permeate flux. However, the orientation and cross 
linking of the functional groups affect the net charge 
density on the membranes surface and consequently 
influence the response of the membranes as the pH 
varies [24]. The study shows that higher permeate flux 
was obtained for AFC40 (nanofiltration) membrane at 
high pH value. This could be attributed to the high 
density of carboxyl functional groups at the surface of 
AFC40 membrane, which results in a strong negative 
charge density on the surface of the membrane [15].  
The results also show that the same trend of permeate 
flux variation was observed for CA202 membrane 
when the pH changes from 8 to 3. The permeate flux 
of AFC99 (reverse osmosis) membrane, on the other 
hand, increases when the pH decreases from 8 to 
3. This suggests that the amine functional group is 
dominant at the active layer of the membrane, which 
could result in a strong positive charge density on the 
membrane surface [15, 25].

Figure 7.  Effect of feed pH on MEA permeate flux
         across various membranes (Cb=5000  
         mg/l and u =6 l/min). 

E. Effect of Operating Pressure on 
 Observed Rejection

Figure 8 shows the effect of operating pressure on 
observed rejection of MEA across AFC99 (reverse 
osmosis), AFC40 (nanofiltration) and CA202 (cellulose 

acetate) membranes. The observed rejection of the 
amine across the membranes was found to increase 
with the increase in operating pressure. The findings 
show that AFC99 membrane is the most effective 
membrane followed by AFC40 and CA202 membranes, 
respectively. Generally, AFC99 membrane has 
achieved the highest rejection efficiency (above 96%) 
for the operating conditions under the study. The 
AFC40 and CA202 membranes exhibited rejection 
efficiency up to 59% and 26%, respectively at pH8 for 
the range of operating pressure in MEA solution.

Figure 8. Effect of operating pressure on observed
        rejection of MEA across various
        membranes (Cb=5000 mg/l, u =6 l/ min
        and pH=8).

F. Effect of Cross Flow Velocity on
 Observed Rejection

Figures 9 to 11 show the effect of cross flow velocity 
on observed rejection for MEA across AFC99 
(reverse osmosis), AFC40 (nanofiltration) and CA202 
(ultrafiltration) membranes. The results show that 
the observed rejection increased with an increase in 
cross flow velocity for all membranes under present 
study. The results shows that the observed rejection 
of MEA across the membranes increases from 97.92% 
to 98.60% for AFC99, from 40.0% to 57.80% for AFC40 
and from 24.3% to 25.7% for CA202 when the cross 
flow velocity increases from 1.5 to 6.0 l/min. This is 
attributed to the increment in cross flow velocity, 
which increases the boundary layer mass transfer 
coefficient and subsequently minimizes the effect of 
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concentration polarization and increase the observed 
rejection [26].

Figure 9.  Effect of cross flow velocity on observed
         rejection of MEA across AFC99 
         membrane (Cb=5000 mg/l, u =6 l/ min 
         and pH=8).

Figure 10.  Effect of cross flow velocity on observed
          rejection of MEA across AFC40
          membrane (Cb=5000 mg/l, u =6 l/ min 
          and pH=8).

Figure 11.  Effect of cross flow velocity on observed
          rejection of MEA across CA202 
          membrane (Cb=5000 mg/l, u =6 l/ min 
          and pH=8).

G. Effect of Feed Concentration on 
 Observed Rejection

Figures 12 to 14 show the effect of feed concentration 
on the observed rejection of MEA across AFC99 
(reverse osmosis), AFC40 (nanofiltration) and CA202 
(cellulose acetate) membranes. The findings show 
that the observed rejection of the amines decreases 
as the feed concentration increases. The investigation 
shows that the observed rejection of MEA across 
AFC99, AFC40 and CA202 membranes decreases by 
0.41%, 15.69% and 21.01%, respectively when the 
feed concentration increases from 5000 to 15000 
mg/l. Studies show that solute flux across membranes 
increases with increases in feed concentration due 
to the higher effect of concentration polarization 
and sorption of solutes on the membrane’s surface 
[21, 22]. Thus, this phenomenon could reduce the 
effectiveness of the membranes surface to reject 
the MEA and result in decrement of the observed 
rejection.
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Figure 12.  Effect of feed concentration on
                   observed rejection of MEA across 
                   AFC99 membrane (u =6 l/ min and 
                   pH=8).

Figure 13.  Effect of feed concentration on
                   observed rejection of MEA across 
     AFC40 membrane (u =6 l/ min and 
                    pH=8).

Figure 14.  Effect of feed concentration on
    observed rejection of MEA across  
    CA202 membrane (u =6 l/ min and  
    pH=8).

H. Effect of Feed pH on Observed Rejection

Figures 15 to 17 show the effect of pH on observed 
rejection of MEA across AFC99 (reverse osmosis), 
AFC40 (nanofiltration) and CA202 (cellulose acetate) 
membranes. The findings show resulted in higher 
observed rejection at pH3 compared to pH8. This is 
caused by the electrostatic interaction between the 
amines and the membrane surface. As discussed in 
section D, the membranes exhibited positive charge 
at pH 3 and negative charge at pH 8. MEA solution, 
on the other hand, is alkaline in nature and form 
RNH3

+ due to protonation of the amine (where R is an 
alkyl substituent of CH2CH2OH for MEA). During the 
separation process, more solutes would be brought 
closer to the membrane surface due to the convection 
transport of solutes. Thus, an electrostatic interaction 
between the positively charged membranes and 
the protonated MEA develops and gives higher 
rejection [15, 16, 26]. The investigation shows that the 
observed rejection of the membranes increases on 
average by 0.50%, 21%, and 11% for AFC99, AFC40 
and CA202 membranes, respectively when the pH 
decreases from 8 to 3. Generally, the findings show 
that for AFC40 membrane, the electrostatic exclusion 
plays significant role in the rejection mechanism as 
compared to AFC99 and CA202 membranes.
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Figure 15.  Effect of pH on observed rejection of
             MEA across AFC99 membrane 
              (Cb=5000 mg/l and u =6 l/ min).

Figure 16.  Effect of pH on observed rejection of 
             MEA across AFC40 membrane 
             (Cb=5000 mg/l and u =6 l/ min).

Figure 17.  Effect of pH on observed rejection of 
             MEA across CA202 membrane
            (Cb=5000 mg/l and u =6 l/ min).

I. Estimation of Model Parameters

The membrane transport parameters were estimated 
by curve fitting of the permeate flux and the 
observed rejection data into the combined film 
theory-Spiegler-Kedem model, (CFSK) as given by 
equation 6. Sets of experimental data at various 
operating conditions, including operating pressure, 
cross flow velocity and feed concentration were 
used in the curve fitting.  Table 1 shows the values of 
the estimated membrane transport parameters for 
AFC99 (reverse osmosis) and AFC40 (nanofiltration) 
membranes. The results show that the values of the 
solute transport parameter, reflection coefficient and 
mass transfer coefficients are dependent on the cross 
flow velocity and feed concentration. It was observed 
that the solute transport parameter increased with 
increase in cross flow velocity and feed concentration. 
On the other hand, the mass transfer coefficient and 
reflection coefficient increase with increasing in cross 
flow velocity but decrease with increase in the feed 
concentration. As we increased the mass flow velocity 
the concentration polarization is reduces hence 
the mass transfer coefficient increased. Vice versa 
as feed concentration increases the concentration 
polarization increase hence mass transfer coefficient 
decreased.
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J. Modeling Results

Figures 18 and 19 show the comparison between 
the experimental and calculated observed rejection 
values for AFC99 (reverse osmosis) and AFC40 
(nanofiltration) membranes. The observed rejections 
of the membranes were calculated by substituting 
the estimated membrane transport parameters 
into equation 6 for a given permeate flux from the 
experiment. The findings show that the predictions 
for the rejection values are in good agreement with 
the experimental results and the errors are below 3 %.

Figure 18.  Comparison of experimental and

   calculated observed rejection for 
   AFC99 membrane using CFSK   
   model.

Figure 19.  Comparison of experimental and
   calculated observed rejection for 
   AFC40 membrane using CFSK 
   model.

Table 1:  Estimated transport parameters for MEA solution across AFC99 and
AFC40 membranes using CFSK model (pH 8)

Operating conditions AFC99 membrane AFC40 membrane

Feed 
Concentration

(ppm)

Cross-flow 
velocity
(l/min)

σ k*106

(m/s)

 
Pm*108

(m/s) R2
σ k*106

(m/s)

 
Pm*108

(m/s) R2

5000

1.5
3.0
4.5
6.0

0.9861                   
0.9867               
0.9876                  
0.9898                     

29.04
49.96
71.73
94.41

5.699
6.490
6.692
7.644

0.95
0.97
0.99
0.99

0.589  
0.617
0.627
0.641

197.5
231.2
254.1
269.7

3.754
4.505
4.939
5.329 

0.98
0.98
0.99
0.99

10000

1.5
3.0
4.5
6.0

0.9846                   
0.9855
0.9865                    
0.9874                     

24.54
45.01
66.73
86.13

3.929
5.628
6.813
7.135

0.89
0.98
0.98
0.99

0.499
0.519
0.567   
0.592                  

184.0
222.3
242.8
262.2

2.910
3.377     
3.941    
4.504                             

0.97
0.95
0.99
0.98

15000

1.5
3.0
4.5
6.0

0.9809                   
0.9811          
0.9822                    
0.9850

21.40
41.26
62.69
80.28

1.590
2.672
3.741
5.472

0.88
0.92
0.93
0.99

0.482  
0.497   
0.510
0.523                   

175.1
198.1
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249.8

2.381
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3.210
3.648                                    
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CONCLUSIONS

The study has explained that the rejection and flux 
characteristics of the membranes under current study 
were influenced by the operating pressure, cross flow 
velocity, feed concentration and pH. The findings 
showed that the increase of operating pressure has 
increased the observed rejection. The observed 
rejection has also increased with increasing cross flow 
velocity, whereas it decreased with increasing in feed 
concentration. The variation of pH also affected the 
membranes performance, especially for AFC40 and 
CA202 processes. The findings of present study testify 
that AFC99 (reverse osmosis) membrane showed an 
excellent performance in terms of rejection, whereas 
CA202 (ultrafiltration) performed better in terms 
of product collected (permeate flux). Thus, AFC99 
membrane separation process can be used as a 
standalone treatment plant to selectively remove 
MEA from wastewater. Similarly, nanofiltration and 
ultrafiltration membranes such as AFC40 and CA202 
can also be selected for the same purpose but both 
are more suitable to be employed for complementing 
the existing biological treatment plants.  

The study of the model parameters showed that the 
estimated transport parameters obtained from CFSK 
model, including the solute transport parameter, 
reflection coefficient and mass transfer coefficients 
are dependent on feed concentration and cross flow 
velocity. The solute transport parameter was found 
to be increasing with the cross flow velocity and feed 
concentration. Similarly, the mass transfer coefficient 
and reflection coefficients were also increased 
with cross flow velocity, but both was found to be 
decreasing with the increment in feed concentration.
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NOMENCLATURE 

Jv = Permeate Flux
Lp = Hydraulic Permeability Coefficient
∆P = Pressure Gradient across Membrane
∆π = Osmotic Pressure Gradient across 
  Membrane

σ = Reflection Coefficient
Pm = Solute Transport Parameter
R = True Rejection
Cp = Permeate Concentration
Cm = Solute Concentration
Cb = Bulk Concentration
K = Boundray Layer Mass Transfer 
  Coefficient
Ro = Observed Rejection
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