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Maximum power point tracking (MPPT) of a scale-up pressure
retarded osmosis (PRO) osmotic power plant

Wei He, Yang Wang, and Mohammad Hasan Shaheed*
School of Engineering and Materials Science, Queen Mary, University of London, London E1 4NS, UK

Abstract:

This paper presents a Maximum power point tracking (MPPT) of a scale-up pressure retarded
osmosis (PRO) based osmotic power generator. Inspired by the well-known MPPT in photovoltaic
(PV) array, two algorithms, perturb & observe (P&0) and incremental mass-resistance (IMR) method,
are investigated. Using a series of simulations, both the algorithms are demonstrated to be capable
of tracking the maximum power point (MPP) and capturing the transitions between varied MPPs due
to the fluctuations of operating temperature. However, in both cases the trade-off between the rise
time and the oscillation is found requiring further consideration on the selection of the step-size for
perturbation pressure or incremental pressure. In order to improve the performance of the MPPT,
furthermore, an optimum model-based controller (OMC) is used to estimate the initial optimum
pressure for the MPPT in a scale-up PRO process. It is found that with OMC, the performance of the
MPPT is improved significantly. Finally, a strategy to operate and coordinate the MPPT and OMC to
deal with the rapid variations of the salinities are proposed and evaluated in terms of individual
variation of the concentration or flow rate and co-variation of the both. The simulations
demonstrate the preferred performance of the proposed strategy to adjust the operation subject to
the rapid changes of the salinities.

Keywords: pressure retarded osmosis, maximum power point tracking, model-based control, salinity
variation

1. Introduction

Osmotic energy, or salinity energy, from natural salinity gradients has been identified as a
promising renewable energy source [1]. Compared to other renewable energy sources, it is less
periodic and has no hazard operation. It is reported that 0.77 kWh (2.77 MJ) of energy is released
from a mixture of a cubic meter of river water with seawater [2]. Therefore a massive annual
discharge from river to ocean, ~37,300 km?, represents a potentially enormous source of renewable
energy generation that can significantly contribute to address global environmental and energy
challenges of today and tomorrow [3]. Pressure retarded osmosis (PRO) is one of the most
investigated technologies for extracting osmotic energy from natural salinity gradients. In a PRO
osmotic power plant, two saline streams with different salinities flow at the two sides of a semi-
permeable membrane. Draw solution is the high concentration saline stream and feed solution is the
low concentration stream. Naturally, due to the non-zero solute difference across the membrane,
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the water permeates from the feed side to the draw side. While, a hydraulic pressure that is lower
than the osmotic pressure difference is applied on the draw solution to “retard” the water
permeation and convert the osmotic energy into hydraulic energy. Thus, the energy generated from
a PRO plant is harvested by expanding the pressurized permeation in a hydro turbine.

In recent years, membrane performance and process characteristics of PRO have been
extensively investigated [4-10] and significant development in fabricating specific high performance
PRO membrane has been achieved. In fact, this technology has been started to be utilized and tested
in practice. In 2009, Statkraft, a Norwegian state-owned power company, opened the first PRO
osmotic power plant and started to test the novel technology in real life [11]. In a scale-up PRO, the
detrimental effects due to the draw concentration and the feed dilution are intensified. As a result,
the efficiency of the entire membrane usage is significantly decreased that the average power
density becomes lower than that obtained in a lab-scale PRO plant [12]. Actually, several
investigations have been done to address the scale-up PRO performance and the optimum strategy
of operation to maximize the salinity energy extraction. Because of the difficulty in constructing and
operating a full-scale PRO plant to carry out experimental investigation, mathematical modelling
based on the validated transport equations of PRO has become an important approach to study the
scale-up process performance [13]. These studies focused on identifying the energy extraction limit
and the detrimental effects of internal concentration polarization (ICP), external concentration
polarization (ECP) and reverse solute permeation (RSP) on the performance of a scale-up PRO
process [14, 15]. Feinberg et al first briefly validated the mathematical model of PRO using limited
experimental results from [12]. Then, a comparison of the full-scale performance and operations
between co-current PRO and RED in the salinity power generation was developed [16]. The results
showed a significantly reduced performance of a scale-up PRO due to the detrimental effects and
the increase of the process scale [16].

Recently, increasingly attention has been paid on PRO in order to further enhance the
performance and push it to final practical application. Iso-watt diagrams for PRO performance
evaluation was demonstrated by simulation, which can be used as aim in PRO membrane
development [17]. In addition, novel configurations of PRO were studied in order to increase the
overall efficiency of PRO. Altaee et al. carried out systematic investigations on modelling and
optimization of dual-stage PRO process [18-21] and hybrid FO/RO/PRO process [22, 23]. Additionally,
PRO showed promising power density in hybrid processes. In a novel PRO-MD (membrane
distillation) hybrid process, according to the experimental results, the maximum power densities of

31.0 W-m? and 9.3 W-m? by the PRO using DI water and real wastewater mixing with 2M NaCl
concentrate [24]. In another hybrid multi-stage vacuum MD and PRO process, maximum power

density of 9.7 W-m?is achieved when river water is used as feed solution [25]. More recently, a
preliminary investigation of hybrid solar and osmotic energy has been proposed and studied, the
demonstrated benefiting improvements for both the PV and the PRO process especially push the
osmotic power in the market of renewable energy generation [26].

On the basis of the clearer and deeper understanding of the process characteristics of the scale-
up PRO process and significantly improved performance of PRO, real time operation and optimum
control need to be considered. In fact, apart from the non-linear process characteristics of PRO, in
realistic applications, disturbances, fluctuations and degradation of the components, process and
environmental condition are also unavoidably affect the performance of osmotic energy generation.
For example, due to the seasonal rainfalls, the concentration of both sea water and river water may
fluctuate. It is reported that at a particular location in central San Joaquin Valley, the total dissolved



solids content deviated up to 52% from its annual average [27]. Temperature is another crucial
influential environmental factor. Anastasio et al. evaluated water flux and power density in two
temperatures (20 and 40 °C) and found the increased power densities with the increasing
temperature and concentration [28]. Recently, Touati et al. carried out both theoretical and
experimental investigations to address the effect of the operating temperature on hydrodynamics
and membrane properties in PRO [29, 30]. In addition to the temperature effect, membrane
properties may vary with respect to the hydraulic pressure on the draw solution due to the
membrane deformation [31, 32]. Wan et al. tested a TFC membrane from 5 bar to 20 bar at an
increment of 5 bar and found that the water permeability was at a constant 3.5 L/(m?*-bar-h) while
the salt permeability increased monotonically from 0.28 L/(m?-h) at 5 bar to 0.36 L/(m*-h) at 20 bar
[33]. Also in future as a stand-alone renewable energy generator or a part of hybrid energy
generation, time-dependent strategy for bidding in market may need to change the PRO operation
from state to state subject to the electricity price. In addition, the degradation of the membrane
performance according to membrane fouling and the backwash and maintenance also affect the
performance of the PRO salinity energy generation. Therefore, a maximum power point tracking
(MPPT) control to extract maximum power from the PRO plant at each sample instant of real time
becomes indispensable in salinity energy generation. However, to the horizon of the authors, there
is no published work focusing on the MPPT of PRO or similar real-time control strategy subject to the
variations of the operating conditions and salinities in the field.

Optimal control theory and its application have been important topics of research in renewable
energy generation. With the increasing concern on global warming and environmental pollution,
renewable energy plays an increasingly significant role in power generation. But because of the
analytical solutions for complex systems are usually very difficult to obtain, the stable, robust and
efficient MPPT systems represent a challenge for renewable energy designers. In last decades,
several studies have been developed in tracking the maximum power point (MPP) for not only solar
photovoltaic (PV) arrays [34-40] but also for fuel cell power plant [41, 42]. Conventional MPPT of PV
arrays operated by sensing the current and voltage and the changing duty cycle of the converter to
match the MPP. Aiming to achieve the same objective, widely implemented MPPT techniques differ
markedly in terms of convergence speed, steady state oscillations and cost effectiveness [43], mainly
including perturb and observe (P&O0) [35, 36, 44] and incremental conductance (INC) [34, 45] which
are most popular. In this context, in order to maximize the performance of PRO in practice, this work
aims to fill the knowledge gap of MPPT in the field of the osmotic energy generation. Actually,
operations and power output of a scale-up PRO is similar to PV arrays. Power output of both
renewable energy generation are evaluated by the product of two variables which are the pressure
and the flow rate of the permeation for PRO and the current and the voltage for PV arrays. With the
increase on one variable, furthermore, another variable decreases in an operating generator.
Therefore, MPPT techniques are potentially applicable in tracking the MPP of a scale-up PRO by
sensing the flow rate and the pressure of the permeation.

This study aims to carry out an investigation on the development of MPPT controller for scale-up
PRO osmotic power plant. First, the characteristics of the scale-up PRO plant is studied and the
performance curve of flow rate and pressure (AV —AP) and curve of power output of pressure

(W—AP) are investigated subject to different operational conditions and initial salinity conditions.
Based on the process characteristics, two MPPT controllers based on P&O and INC-like algorithms
are developed and tested by simulation. Furthermore, in order to improve the performance of the
MPPT controllers, an optimum model-based controller is developed to select an appropriate initial



operating pressure. And a strategy to operate and coordinate the MPPT and an optimum model-
based controller (OMC) subject to the rapid changes of the salinities is proposed. Finally, the
improvements of the strategy are evaluated by simulations.

2. Characteristics of a scale-up PRO salinity power plant

A schematic diagram of a scale-up PRO process, as illustrated in Fig. 1, includes a boost pump
(BP), a high-pressure pump (HP), an energy recovery device (ERD), an array PRO membrane module,
and a hydro-turbine (HT). The mechanism of the PRO process in osmotic power generation can be
found in our previous paper [6].
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Fig. 1. Schematic diagram of a classical PRO osmotic power plant.

2.1. Mathematical model of PRO

In a PRO plant, the membrane power density is determined by the trans-membrane hydraulic
pressure and the water permeation flux across the membrane [46] and the overall performance is
evaluated by integrating the water flux and power density over the entire membrane used. The
modelling framework of the scale-up PRO can be found in our previous work [47]. For a clear
understanding, key equations describing a PRO process are listed in Table 1.

For a scale-up PRO process, the peak water flux occurs at the inlet of the membrane module.
Due to the water permeation and reverse solute permeation, the draw dilutes and the feed
concentrates rapidly along the flow channel. At a particular position along the membrane channel,
the water flux and reverse solute flux are determined by the local concentration difference between
the membrane surfaces and the membrane permeability-selectivity, which are represented by
equations (T1) and (T2) in Table 1 incorporating the detrimental effects of ICP, ECP and RSP. Flow
rates of the accumulative water permeation and reverse solution permeation can be obtained by
integrating the water flux and salt flux as expressed by equations (T4) and (T5). Therefore, the
concentration and flow rate of the draw and feed at each position in the flow channel can be
updated by equations (T6), (T7), (T8) and (T9). In order to evaluate the overall efficiency of the
osmotic energy extraction, specific energy extraction (SEE) is defined as shown in equation (T10).
The SEE is the osmotic power output per initial feed solution for emphasizing the efficient utilization
of the feed solution. For a PRO plant using natural salinity gradients, at coastal region, the low
concentration stream (the feed solution), such as freshwater, river water and reclaimed water, is
always limited compared to the enormous volume of seawater. Therefore, the efficiency of using



these water bodies should be optimized. Additionally, for a membrane process, overall membrane
performance and efficiency are always concerns. Average power density (APD) of a scale-up PRO is
expressed by equation T(11). On the basis of the equations T(10) and T(11), if the flow rate of the
feed solution (VFO) and the membrane area (A,, ) do not change, APD of a PRO is proportional to its
SEE. In fact, either SEE or APD can be used as the MPP to be tracked using the MPPT controller to
emphasize the efficiency of dilute solution or membrane. And if the initial flow rate of the feed
solution and the membrane area are fixed, the tracked operation of the MPP of the APD and the SEE
are same. In this study, APD is used to present the objective to design the MPPT controller.

TABLE 1

The steady-state model of the scale-up PRO process.

Physical quantity Equation NO#
Water Flux . (T1)
Reverse salt flux ) —p(C exp(—J,, / k)—c, exp(J,,S /D) ) (T2)
=
B
1+j—(exp(JWS/D)—exp(—JW /k))
w
Power Density W=J, AP, (T3)
Water Permeation d(AV,)=1J,d(A,);Aq, = p,AV, (T4)
Reverse salt permeation d(AV,)=Jd(A,);Am, = p AV, (T5)
Concentration of the draw g5 —Am, (T6)
DT 0, A

q, +Aq,
Flow rate of the draw 9, =q°+Aq, (T7)
Concentration of the feed c?q? +Am, (T8)

[

ar _qu
Flow rate of the feed g, =q° —Aqg, (T9)
Specific extractable energy B . APLAV, (T10)

(SEE) E_APPROAVP _V—Fo
Average power density (APD) W E (T11)
vy

2.2. AV—AP and W —AP characteristics

The non-linear nature of a PRO systems is apparent from its mathematical model. Also, the
performance depends on a large number of influential factors, such as membrane performance,
salinity conditions, process configuration, operating condition and efficiencies of components. The
complex relationship between the membrane, operating condition and salinities results in highly
non-linear permeation-pressure characteristics. In this section, the complex power output
characteristics are studied in different conditions by simulation.

2.2.1. Membrane property



The permeability-selectivity trade-off relationship commonly exists and governs the separation
membranes [48-50]. High permeability always results in low selectivity of the membrane. The trade-
off relationship between permeability and selectivity of the thin film composite (TFC) polyamide
membranes has been systematically investigated by Yip et al. [9]. According to their study, a trade-
off relationship between the water and salt permeability coefficients of TFC polyamide membranes
subject to chlorine-alkaline modification can be found. It indicates that with the increase on the
membrane permeability, the loss of the selectivity is resulted in. Therefore, the high performance
membrane corresponds to membrane having maximum water permeability, minimum solute
permeability and minimum structural parameter. Several recent high performance membranes
specifically for PRO have been found in literature and are listed in Table 2.

In Table 2, membranes, from M1 to M6, are fabricated membranes as reported in the recent
literature and membrane M7 is a virtual membrane. The virtual membrane properties are assumed
by Prante et al. to evaluate the membrane sensitivity on the overall performance of the PRO osmotic
energy harvest for estimating the further improvement on the overall performance [51]. The virtual
membrane, in fact, can be used to approximately identify the limiting performance with the ideal
membrane.

The overall performance of a scale-up PRO plant with the membranes listed in Table 2 is
evaluated by simulation. The results of the permeation and the APD of a PRO plant are shown in Fig.
2. All the parameters used in the simulations are listed in Table 3. In simulation, several assumptions
are also used: i) osmotic pressure is considered to be linearly proportional to the concentration
difference based on the modified van’t Hoff law [52]. In the salinity range of 0-70 g/kg, the modified
linear osmotic pressure approximation is validated and the maximum deviation is 6.8% [52, 53]; ii)
constant hydraulic pressure difference in the membrane channel due to the negligible pressure loss;
iii) mass flow rates are averaged in the cross-section area of the two flow channels; iv) membrane
fouling and deformation do not occur; v) For simplicity, a constant density of the water is used for
both draw and feed solutions [54].

The results shown in Fig. 2, clearly indicates that the membrane properties have a significant

influence on AV —AP and W —AP characteristics of PRO. The specific influence on the PRO process
with respect to the membrane permeability, selectivity or structural parameter is not the topic of
this study and it can be found in previous literature focusing on the high performance membrane
development [9]. Conversely, on the basis of their work, membranes with different membrane
permeability-selectivity and structural parameter result in the variations on both the permeation
and the overall performance of the PRO process.

TABLE 2

Selected membrane properties from recent publications.

NO Publications A [L/(m?-bar-h)] B [L/(m?-h)] S [um]
M1 Chen et al. (2015) [55] 2.5 0.9 405
M2 Kim et al. (2015) [56] 3.12 0.55 1022
M3 Achilli et al. (2014) [31] 5.11 0.087 310
M4  Han et al. (2014) [57] 4.3 0.47 640
M5 Song et al. (2013) [58] 41 1.74 150
M6 Chou et al. (2012) [59] 3.32 0.14 460

M7 Prante et al. (2014) [51] 67.32 0.04 6.87




TABLE 3
Parameters used in the simulations of the PRO.

Parameter Value
Concentration of the draw solution 35 g/kg
Concentration of the feed solution 0.1g/kg

Dimensionless flow rate 0.5
Temperature 298 K
Mass transfer coefficient 138.6 Lm?h™ [9]
Diffusion coefficient 1.49x10° m? s [60]
Density of the solutions 1,000 kg m
Modified van’t Hoff coefficient 0.7307 bar kg g™ [52]
Specific membrane area 0.1 m? per 1 L/h feed solution
Efficiency of the HP, ERD and HT 70%, 95% and 90%
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Fig. 2. The permeation-pressure ( AV: — AP) and the APD-pressure (W — AP ) characteristic curves of the PRO plant

subject to different membrane properties

2.2.2. Concentrations of salinity and dimensionless flow rate



Due to the seasonal rainfalls, the concentration and flow rate of the natural salinities may
fluctuate both for seawater and river water. The example in the central San Joaquin Valley indicates
significant fluctuations of the concentration [27]. In addition, for hybrid RO-PRO plant, if the brine
from RO is used as the draw solution for PRO, the concentration of the draw is determined by the
operation of RO. With different water recovery ratio achieved in RO, the brine with different
concentration and flow rate flows into PRO. Similarly, due to the seasonal rainfalls and the changes
in the salinities source, the available volumes of the two salinity gradients may change.

These variations in concentration and flow rate of the salinities result in the changes of the
performance of the PRO, which is shown in Fig. 3. In Fig. 3(a) and 3(b), four dimensionless flow rates
are selected for different flow rates from the low to the high dimensionless flow rate. And in Fig. 3(c)
and 3(d), three salinities are chosen, representing the seawater to the concentrated brine. The
results clearly indicate the influences of the salinities on the performance of the PRO process.
However, a MPP can be found in each condition demonstrated in Fig. 3(b) and 3(d).
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Fig. 3. The permeation-pressure ( AV; — AP ) and the APD-pressure (W — AP ) characteristic curves of the PRO plant
subject to different concentration and flow rate of the salinities.

3. MPPT for PRO

As shown in Section 2, many influential factors affect the osmotic energy extraction of the PRO
process. The aim of employing MPPT is to ensure that at any operational condition, maximum power
is extracted from the PRO plant. Similar to the conventional MPPT of solar PV that operates by
sensing the current and voltage, MPPT of a PRO is achieved by changing the applied pressure on the



draw solution based on the measurement of the osmotic power output. An illustrated diagram of
the MPPT controller is shown in Fig. 4. The MPPT evaluates the osmotic power generated by the HT
and adjust the applied hydraulic pressure on the draw solution. The pressure transition can be
achieved using the variable frequency drive to change the speed of the HP [61]. This study aims to
investigate the MPPT performance by simulation. Thus, at the early stage, the algorithm of the MPPT
is considered with the available measured osmotic power output. And the targeted pressure can be
actuated on the draw solution by a fast and stable controller.

In this investigation, two general methods, P&0O and incremental mass-resistance (IMR), are
applied for the MPPT of PRO. These two methods are extensively utilized in MPPT of solar PV in
which IMR is an INC-like method. They can be classified into online methods, also known as model-
free methods, in which, usually, the instantaneous values of measured variable are used to generate
control signals.

PRO

A 4

_—

HP
. Draw Channel ﬁ
Mk

LT MPPT <--- -~

Fig. 4. Schematic diagram of MPPT in PRO.

3.1. Perturb & observe (P&0) method

P&O can be implemented by applying perturbation to the reference hydraulic pressure applied
on the draw solution. A flowchart illustrating this method is depicted in Fig. 5, where pressure is the
reference signal. Therefore, the goal of this algorithm involves pushing the reference pressure signal
towards MPP thereby causing the instantaneous pressure to track the MPP. As a result, the output
power will approach MPP. To this end, a small but constant perturbation is applied to the hydraulic
pressure, which is “C” in the flowchart.

The hydraulic pressure is changed by applying a series of small and constant perturbations
denoted by (C=AP) on a step-by-step basis in order to change the operating point of the PRO process.
Following each perturbation, the output osmotic power variation (AW) is measured. If AW is positive,
osmotic power will approach the MPP, therefore, a hydraulic pressure perturbation of the same sign
must be applied in the following stage. A negative AW, on the other hand, implies that osmotic
power has shifted away from the MPP, and a perturbation of opposite sign will have to be applied.
This repeating process is stopped until the MPP is reached.

The MPPT using P&O algorithm has two main drawbacks. First, the selection of the perturbation
applied to the system determines the oscillations as well as the convergence of the tracking. Larger
perturbation results in faster tracking MPP but with larger oscillation as well. If the applied
perturbation is too small, on the other hand, the oscillation around MPP will be reduced, but the
rate of the convergence reduces. Therefore, inherent trade-off between the oscillation and the
response rate exists in this algorithm. In addition, P&O is prone to tracking errors if the operating
point changes quickly.
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Fig. 5. Flowchart of MPPT using P&O algorithm.

3.2. Incremental mass-resistance (IMR) method

The INC method in MPPT of PV employs the slop of the PV array power characteristics to track

MPP. Similarly, in PRO, this method is also on the basis of the fact that the slope of the W —AP
curve is zero at the MPP, positive for values of the APD smaller than the MPP, and negative for
values of the APD greater than the MPP.
An illustration of the IMR algorithm is shown in Fig. 6. The maximum APD, W e =%, is
M
achieved by differentiating the APD with respect to hydraulic pressure and setting the result to zero,
which is dW/szO. Accordingly, when the membrane area is fixed, the relation of the deviations

of the pressure and the permeation can be obtained, which is
dV/dP=AV/AP=-V,,, /P, at MPPwhendW /dP=0 (1)

As shown in Fig. 6, the curve is divided into three parts including left of the MPP where
dv/dP>0, MPP where dV /dP =0 and right of MPP where dV /dP <0. Therefore, by evaluating
the derivative one can test whether the PRO is operating at or near or far away from the MPP. The
strategy of the evaluation is shown below,

dv/dP=0 —> AV/AP=-V/P —> AtMPP
dv/dP>0 ——> AV/AP>-V/P —> Leftof MPP (2)
dvV/dP<0 ——> AV/AP<-V/P — Rightof MPP
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Fig. 6 An illustration of IMR algorithm in W —AP curve.

In the INC method, the conductance of the PV array is represented by “I/V”. Compared to that, a
similar concept of “mass-resistance” is defined as “V/P” and used in the MPPT of PRO. As a result,
the MPP can be tracked by comparing the instantaneous mass-resistance (“V/P”) to incremental
mass-resistance (AV /AP ) as shown in Fig. 7. And it is proposed to call the method incremental
mass-resistance method. In Fig. 7, the hydraulic pressure is the reference variable at which the PRO
is ensured to operate. At the MPP, referencing pressure equals to P,,,. In the algorithm, a

parameter ¢,,, is used to control the tolerance of the convergence. The large tolerance results in

mitigated oscillation. Once the MPP is reached, the operation of the PRO is maintained at this point
unless a change in permeation occurs as a result of a change in operating condition leading to MPP
transition. The algorithm, then, tracks the MPP by applying decrement or increment. A constant
deviation of the referencing pressure is illustrated in Fig. 7. Therefore, fast tracking can be achieved
by applying larger increments, but the system may not operate stably at the MPP and oscillation
around the MPP may be resulted in. Similar trade-off between the convergence speed and the

Input: P(n), V(n)
v
AP=P(n)-P(n-1); A V=V(n)-V(n-1)

oscillation is also involved in IMR.

Y y

P(n+1)=P(n)+C P(n+1)=P(n)-C P(n+1)=P(n)-C P(n+1)=P(n)}+C

4y ¥ 4 $ i

Fig. 7. Flowchart of IMR algorithm.




3.3. Simulation and results

The two methods, P&O and IMR, are tested in MPPT of a PRO process by simulation. MPPT aims
to track the MPP without any information of the PRO plant. The initial pressure is set to be 1 bar.
And several step-sizes of the perturbation and increment are studied. The MPPT applies the initial
hydraulic pressure on the draw solution, and adjusts the pressure depending on the measured
osmotic power output. As shown in Fig. 4, the performance of the PRO plant is obtained by
simulation on the basis of the model shown in Table 1. Membrane M3 is selected for the simulation
of the PRO plant because of its high performance. And other parameters are same to the parameters
listed in Table 3.

The results of the osmotic power output with MPPT using P&O and IMR are presented in Fig. 8.
Three step-sizes of the perturbation and pressure increment, 2, 1 and 0.5 bar, are studied and the
results are presented in Fig. 8(a), 8(b) and 8(c), respectively. For the IMR methods using the three
increments, the values of ¢,,, are set as 1x107%, 1x10” and 1x107, respectively. The results in

literature suggested that the transition from one steady state to another steady state for RO process
changes in different process scales. Bartman et al. changed the flow rate within a wide range of
operation less than ~1 min in UCLA experimental RO membrane water desalination system [62].
Sassi et al. pointed out that pseudo steady-state model of RO can be assumed for time steps more
than 0.25 h [63]. For PRO, no literature studying the transition between the operations is reported.
But due to the inherent similarity to RO desalination plant, the range of the transition time can be
estimated. In this study, a general sample instant is used for representing the sensing period at the
early stage.

The results clearly indicate that the performance of both the methods is parameter dependent.
With the larger step-size of the perturbation and increment, a faster convergence of the MPPT is
achieved. In Fig. 8(a), both the MPPT approach near to MPP within 10 sample instants. In contrast,
for finer step-sizes, 1 and 0.5 bar, the required numbers of sample instants to near the MPP are
approximately 10 and 20, respectively. Furthermore, comparing the results of P&0O and IMR, it is
found that the convergence of IMR is better than P&O. The oscillations in all the three tested cases
are significantly mitigated compared to the results of P&O. In this study, P&0O method has only one
manipulated parameter, perturbation on pressure, to control the MPPT. The oscillation of the PRO
plant close to the MPP increases when the perturbation of the hydraulic pressure is large. As shown
in Fig. 8, from (a) to (c), the oscillation reduces significantly with the decrease on the perturbation. In

contrast, two parameters, increment and parameter & are used in IMR to control the

IMR ?
performance. The parameter ¢,,, changes the tolerance of the convergence and manipulates the
oscillation. The control of the convergence makes the IMR flexible in MPPT. If a particular deviation
of the MPP is acceptable, the stability of the MPPT might be improved by adjusting the parameter

g/MR :
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Fig. 8. Osmotic power output with MPPT using P&O and IMR.

In fact, the fluctuation of the temperature affects the permeability and selectivity of the
membrane [29]. Anastasio et al. reported that the permeability coefficients of water and solute
increase from 0.589 L/(m?-bar-h) and 0.319 L/(m*h) to 1.12 L/(m®bar-h) and 0.580 L/(m*-h)
respectively, when the temperature of the draw solution increases from 20 °C to 40 °C [28].
Consequently, the MPP of PRO is also varied with respect to the change of the operating
temperature. At present, there is no explicit model or theory to address and predict the temperature
effect on the performance of PRO plant, which makes it difficult to study the transitions between the
possible MPP considering the varying operating temperature. However, the proposed MPPT
controller, both P&O and IMR, are generic and model-free methods. Therefore, these controllers are
capable of capturing the changing MPP with respect to the variation of the operating temperature.

As the mechanism of the temperature effect on the hydrodynamics and membrane parameters
is beyond the scope of this study, both the MPPT controllers are tested using the discrete
parameters of the solution characteristics, hydrodynamics and membrane properties, which
represent the varied operating conditions due to the changing temperature (also verification of the
MPPT controller to deal with the varying membrane properties for several cases with deformed
membrane subject to applied pressure changes). These parameters are from Ref [30] and shown in
Table 4 in which ICP factor represents the ICP effect in the support layer. It can be used to estimate
the varied structure parameter of the membrane using diffusion coefficient. It should be noted that
the parameters listed in Table 4 are usually case-dependent, which are determined by many factors,
such as geometry of the membrane module, membrane area, concentration, velocity, temperature
and etc. This study aims to demonstrate the capability of the MPPT controller to capture the
changing MPP when the properties of the solution and membrane are varied due to temperature.



TABLE 4 Varied parameters of solution characteristics and hydrodynamics and membrane properties [30]. The draw
solution studied is 35 g/kg (0.6 M approximately) NaCl solution.

Temperature A B D k ICP factor,
(°c) (m-s*-Pa™) (m-s™) (m?-s™) (m-s™) S/D

(m™-s')

20 1.06x10™" 2.62x10® 3.50%10° 4.27x10™ 1.32x10°

30 1.43x10™" 4.25%10°® 4.54x10° 9.74x10™ 1.00x10°

40 1.74x10™" 5.87x10® 5.74x10° 10.88x10™ 0.82x10°

50 1.98x10™" 8.00x10°® 7.09%10° 11.98x10™ 0.71x10°

The results are shown in Fig. 9 in which both the MPPT controllers are studied for tracking the
MPP operated at four different temperatures, namely 20, 30, 40 and 50 °C. The varied performance
of the PRO plant is simulated using the model shown in Table 1 and the varied parameters are listed
in Table 4. The perturbation pressure is 1 bar for both MPPT controllers. In the simulations, the
temperature effect on the osmotic pressure is not considered. The osmotic pressure is estimated by
the modified van’t Hoff’s law. The results shown in Fig. 9, clearly verifies both MPPT controllers to
track the varied MPP with respect to different operating temperatures. Both the P&0O and IMR
algorithms successfully identify the changing operations due to the transiting temperature and
perturb the pressure to track the varied MPP. Furthermore, comparing the two algorithms,
oscillation of the APD is found using P&O algorithm in all operations and IMR shows better
performance in terms of tracking the trajectory according to its lower oscillation. The manipulated

parameter ¢,,, is set as 0.02 in this case.
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Fig. 9 Osmotic power output with MPPT using P&O and IMR subject to changing operating temperature.

In addition, both the methods have advantages of low cost, independence of the PRO plant, easy
implementation, stable and robust performance. Based on the experiences of MPPT using P&O and
INC in PV array, both the methods are most commonly used and easy to implement. P&0 method
can be implemented using either an analogue circuit or a digital circuit and INC is commonly
implemented using a digit circuit. These experiences can be extensively used in MPPT of PRO using




P&O and IMR. Also, for PV array, rapid changes of the solar irradiation and temperature cause the
MPP transitions fast and periodic. However, the changes in PRO may be more gradual compared to
solar PV. The properties of membrane change in a continuous and gradual way due to deformation
and fouling. The permeability and selectivity of the membrane commonly decrease monotonically
with respect to time, resulting in the new optimum MPP may still in the vicinity of the previous MPP.
Therefore, the two robust and simple methods will be less susceptible to confusion by system
dynamics in MPPT of PRO with respect to membrane performance degradation.

4. An optimum model-based controller (OMC)

Compared to the PV array, the PRO process needs more time to achieve the transition from one
steady-state to another steady-state. Therefore, in order to achieve a fast response of the MPPT to
the changes of intentional operations and transitions, such as the change of flow rate or change of
the solutions, improvement of the controller is needed. From the experiences of MPPT in PV array,
adaptive and variable step-size in P&O and INC have been used. An adaptive strategy is achieved by
using a parameter or several parameters to change the step-size of the perturbation or increment
according to the change of the measurements. Manual tuning of the parameter(s) is tedious and the
obtained optimal results may be valid only for a given system and operating condition [37]. It means
that with the changing operating environments, a constant pre-optimized parameter may fail to
track the MPP efficiently. In this study, an optimum model-based controller (OMC) is used to
determine the initial optimum hydraulic pressure with several operating variables of the PRO plant.

4.1. Development of OMC

In a PRO plant without considering CP or RSP, the optimum hydraulic pressures to achieve the
peak power density of a coupon scale PRO and the maximum SEE of a full scale PRO have been
investigated by Yip et al. [2]. According to their study, on the basis of the parameters and
assumptions in this study, the optimum pressures can be represented as,

IPRO —

AP l(Cos(cfJ -c?));
2 (3)

APSEE =C,,[(L~ )k — pcl +(26 — 1cic! ]

PD
where AP,

optimum SEE in an ideal PRO process with no CP or RSP. The subscript IPRO denotes the ideal PRO
process with no CP or RSP. The pressure for the peak power density is the optimum theoretical

and Aij,:f, represent the optimum pressure to achieve the peak power density and

pressure for the membrane unit at inlet. And the pressure for the maximum SEE is based on the full-
scale PRO process in which the net driving force is zero at outlet. In fact, these two pressures can be
used to be the initial pressure for the MPPT. For a full scale PRO process, if the membrane area does

not change, the maximum SEE results in maximum APD. In a coupon-scale PRO, selecting AP, for

the initial pressure is better, and AP, is better for a large scale PRO which is close to achieve full-

scale PRO discharge. But the optimum pressure is not proportional to the process scale due to the
non-linearity of the process dynamics.



However, for a PRO plant considering CP and RSP effects, the optimum pressures may deviate
from the theoretical pressure represented by equation (3). In order to find the optimum pressure
further close to the realistic pressure, the OMC is further improved. Previous studies have already
carried out works on identifying the optimum operating pressures numerically with respect to the
detrimental effects in a scale-up PRO [15, 33]. For a hydraulic pressure to achieve the peak power
density considering CP and RSP effects, the optimum pressure can be quickly found by numerical
analysis. But for the optimum pressure of the APD for a scale-up PRO, the calculation is more tedious
considering the scale of the membrane utilization, because the evaluation of each PRO operation
needs to integrate all the water flux along the flow channel, which is time consuming for on-line
control.

In this study, therefore, an approximation of the optimum pressure of the SEE considering CP
and RSP in a scale-up process is proposed. For a stable high-performance membrane, the membrane
permeability, selectivity and structural parameter are assumed to be not varied significantly. The
accumulative CP and RSP effects gradually and continuously affect the scale-up PRO performance.
And these detrimental effects do not significantly change the relationship between the membrane-
unit scale operation and the full-scale process operation. Based on these assumptions, thus, the
optimum pressure of the full-scale PRO process considering CP and RSP can be estimated in terms of
the membrane unit performance and the theoretical full-sale process dynamics. An approximation of
the two pressures in the ideal PRO and PRO considering CP and RSP is represented as

APSEE APSEE

DPRO ~ IPRO
AP T AP (4)
DPRO IPRO

where the subscript DPRO denotes the PRO process considering detrimental CP and RSP effects.
Therefore, the approximation of the pressure to achieve the maximum APD and SEE in a full-scale
PRO considering CP and RSP can be derived as,

APSEE
APSEE — 2liero AP;PDRO (5)

DPRO — PD
A P/PR 0

The approximated pressure derived in equation (5) can be used as one of the candidates for the
initial pressure setting of the MPPT controllers to address the detrimental effects of CP and RSP. The
schematic diagram of the PRO plant with MPPT and OMC is illustrated in Fig. 10. The OMC senses
the initial flow rates and concentrations of the draw and the feed solution, and determines the initial
pressure for the MPPT based on the pre-measured membrane properties, A B and S. Then, the MPPT
using P&O or IMR algorithm tracks the MPP locally around the estimated optimum pressure with a
small step-size of the perturbation or increment.
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Fig. 10. Schematic diagram of the PRO plant using MPPT and OMC.

4.2. Simulation of MPPT and OMC

Therefore, in this section, a series of simulation are developed to evaluate the performance of
the osmotic power output tracking by using MPPT and OMC. Two step-sizes of MPPT using P&O and
IMR, 0.5 and 0.1 bar, are used. Two models of OMC for the initial optimum hydraulic pressure, IPRO
and DPRO which are represented by equations (3) and (5), respectively, are also compared by
simulation. Membrane M3 is selected for the simulations of the PRO plant. And other parameters
are same as the parameters listed in Table 3. For consistency with the simulation based on the same
step-size in Section 3.3, the parameter ¢, is set to be 1x107 (the same parameter for the step-size
0.5 bar of IMR in Section 3.3) for all the MPPT using IMR algorithm.

The results are shown in Fig. 11 in which osmotic power output with OMC and MPPT using P&O
algorithm are presented in (a) and (c), and that with OMC and MPPT using IMR algorithm are plotted
in (b) and (d). In addition, in (a) and (b), the step-size of the perturbation and increment is 0.5 bar
and the step-size is 0.1 bar in (c) and (d).
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Fig. 11. Osmotic power output with MPPT using P&0 and IMR and OMC using equation (3) and equation (5).

First, the results indicate that the rise time of the MPPT is significantly reduced by using the
OMC. With the step-size of 0.5 bar for the perturbation or incremental pressure, as shown in Fig. 8,
the MPPT without OMC makes the PRO approach to its MPP more than 20 sample instants. In
contrast, MPPT with OMC takes less than five sample instants for both algorithms. Moreover, the
fast response time also allows the MPPT applying a finer step-size to reduce the oscillation of the
power output using P&O algorithm. As shown in Fig. 11(c), the oscillation caused by P&O algorithm
is considerably reduced by using 0.1 bar perturbation pressure and the rise time is still much quicker
compared to the MPPT without OMC. In addition, the two models of OMC, IPRO and DPRO, show
different performance of the MPPT. The results clearly indicate that the pressure estimated based
on DPRO-OMC is closer to the MPP, and hence, a fast tracking is observed. As results shown in Fig.
11, quicker tracking of OMC using estimated optimum pressure based on DPRO is found. Therefore,
MPPT with DPRO-OMC is capable to employ a finer step-size to mitigate the oscillation around the
MPP.

In fact, the combination of the OMC and MPPT is efficient and robust to track the MPP of the
PRO process. The OMC is a model-based controller to estimate the optimum operating pressure for
the PRO process based on the measured data and set the initial pressure for the MPPT controller to
improve the convergence. In addition, a generalized OMC can be used as a pre-treatment for the
MPPT in applications. For different PRO processes, different model can be used to estimate the
initial pressure. Therefore, the OMC aims to improve the performance by the knowledge of the



process, which is efficient. In contrast, the MPPT is a general and robust method that is used to deal
with the non-linear characteristics of the PRO and possible fluctuations.

4.3. Variations of flow rate and concentration of salinities

Furthermore, with the knowledge and information of the PRO plant, implementation of an OMC
makes the PRO plant able to adjust the operation according to the rapid changes of the salinities.
The combination of the OMC and MPPT is capable to respond quickly for the change of the
concentration and flow rate of the salinities. A strategy to deal with these fluctuations is proposed
based on the developed OMC and MPPT. The flowchart illustrating the strategy is shown in Fig. 12.
The MPPT operates starting at the optimum pressure estimated by the OMC. For tracking of the
MPP with respect to the variations of the flow rate and concentration of the salinities, at the sample

instant n, the estimated optimum pressure by OMC, AP, (n), is compared to the potential current
applied pressure applied by MPPT, AP, (n). If the estimated pressure is close to the current applied

pressure in which the vicinity can be controlled by the parameter géMC, the pressure AP, (n) is

applied on the draw solution and the MPPT works around the current applied pressure. Conversely,
if the estimated pressure deviates from the pre-defined vicinity of the current applied pressure, the
decision is made based on the comparison between the current estimated optimum pressure and

previous optimum pressure, AP, (n—1). If the current optimum pressure is close to the previous

estimated pressure based on the parameter &;,,., the pressure AP, (n) is applied on the draw

solution and the MPPT works around the current applied pressure. Otherwise, the current pressure
for the MPPT is set to be the current estimated pressure and is adjusted around the current
estimated pressure by OMC.

1 2 .
These two parameters, &, and &;,,., are used to control the performance and cooperation

between the MPPT and the OMC to deal with the rapid change of the environment and operating
condition. As discussed above, the combination of OMC and MPPT provide efficient and robust
solution to deal with the possible fluctuations. Due to the “imperfect” mathematical model of the

PRO process, the selection of parameter géMc allows the MPPT searching for and tracking the real

MPP around the modelled MPP based on the OMC. In addition, another parameter &7,,. aims to

identify the rapid and significant change of the environment or/and operating condition.
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Fig. 12, Flowchart of the strategy to operate MPPT and OMC subject to the variations of the flow rates and concentrations
of the salinities.

For the purpose of illustration of the proposed strategy of MPPT using OMC to deal with the
variations of the salinities, two simple salinities fluctuation profiles of both the flow rate and
concentration are shown in Fig. 13. Specifically, we consider a 50 sample instants time window in
which the dimensionless flow rate is used. For the first 25 sample instant, the dimensionless flow
rate is 0.5, and then the dimensionless flow rate is jumped to 0.8 for the remaining 25 sample
instant. For variations of the concentration, the draw concentration for the first 15 sample instants is
35 g/kg, increases to 55 g/kg from the 16" to the 35™ sample instant, and then is reduced to 35 g/kg
for the remaining 15 sample instants. Three case studies are carried out to evaluate the
performance of the MPPT with OMC, including the individual variation of the flow rate of the draw,
individual variation of the draw concentration, and the co-variations of the both flow rate and
concentration. It is important to point out that the proposed strategy and associated analysis can be
readily extended to deal with more complex salinities fluctuations profiles.
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Fig. 13 .Variations of the concentration and flow rate of the salinities.

The results, shown in Fig. 11, show very small oscillation of the osmotic power output around
the MPP both algorithms compared to the large variation of the salinities as shown in Fig. 8. Both



the algorithms have very high performance. Therefore, for simplicity, only MPPT using P&O is
considered in this section. First the performance of the MPPT with OMC is evaluated by dealing with
variation of the flow rate of the draw. The results are shown in Fig. 14 in which two strategies are
evaluated. One is the simple combination of MPPT and OMC, in which OMC just provides the initial
optimum pressure at the beginning and then the MPPT with P&O algorithm tracks the MPP. We call
it SIM-MPPT-OMC strategy. Conversely, another is the optimum strategy illustrated in Fig. 12. We
call it OPT-MPPT-OMC strategy. In the simulation, 0.1 bar is selected for the perturbation pressure in
OPT-MPPT-OMC, and two step-sizes, 0.1 and 0.5 bar, are studied for the perturbation pressure in
SIM-MPPT-OMC. &, is set as ten times of the perturbation pressure and &}, is set as 2 bar. The

results clearly show the rapid response of the OPT-MPPT-OMC to track the changes of the flow rate
of the draw solution and resulting varied osmotic power output. Compared to the SIM-MPPT-OMC
strategy with two different step-sizes, the OPT-MPPT-OMC has fast tracking and small oscillation
when the flow rate of the draw is suddenly changed. For SIM-MPPT-OMC, the trade-off of the rise
time and the oscillation still exists. Larger step-size tacks the change fast but with a large oscillation
around the MPP. In contrast, implementation of the small step-size results in long time-period to
reach the MPP.
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Fig. 14. Osmotic power output with MPPT using P&O algorithm and OMC subject to the variation of the flow rate of the
draw.

In addition, the performance of the MPPT with OMC is evaluated by dealing with variation of the
draw concentration. The results are shown in Fig. 15 in which the two strategies, OPT-MPPT-OMC
and SIM-MPPT-OMC, are studied.



B

- W(W/m?) ——— OPT-MPPT-OMC (0.1 bar)

N R SIM-MPPT-OMC (0.1 bar)
.......... SIM-MPPT-OMC (0.5 bar)
- S :
s
Q 25 "
o T ——===m
<  p———
15
1 . . \ e
0 10 20 30 40 50

Number of sample instant

Fig. 15. Osmotic power output with MPPT using P&O algorithm and OMC subject to the variation of the draw
concentration.

As shown in Fig 13(b), the concentration of the draw changes two times within the studied
period. According to the simulation, the OPT-MPPT-OMC strategy also has good performance to deal
with the variations. It is found that fast tracking of the MPP for both the changes of the operations
are achieved by OPT-MPPT-OMC. MPP is tracked and stable operation with negligible oscillation of
PRO is simulated. In contrast, for the SIM-MPPT-OMC, the larger step-size causes larger fluctuation
of the operation due to the changes of the operating condition. Although the SIM-MPPT-OMC with
smaller perturbation pressure tracks the MPP slower, it has smaller fluctuation when the operating
condition is changed rapidly.

Moreover, a more complex operating condition, co-varied concentration and the flow rate of the
draw solution is evaluated. Both the varied profiles of the concentration and flow rate shown in Fig.
13 are studied in a PRO plant with MPPT and OMC. The results are shown in Fig. 16 in which both
OPT-MPPT-OMC and SIM-MPPT-OMC strategies are considered. According to the results, the SIM-
MPPT-OMC almost fails to track the MPP subject to such complicated varying operating conditions.
Both of the SIM-MPPT-OMC with two perturbation pressures cannot respond properly according to
the co-varied concentration and flow rate of the draw solution. In contrast, the OPT-MPPT-OMC still
performs well that it tracks the MPP fast subject to the rapid and various changes of the salinities.
Therefore, based on the knowledge of the PRO process by implementing certain sensors, the
performance of the MPPT can be further improved and the OPT-MPPT-OMC is capable to track the
varied MPP with the fluctuating salinities.
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Fig. 16. osmotic power output with MPPT using P&0O and OMC subject to co-variant of concentration and flow rate of the
salinities.

5. Conclusion

In this study, in order to increase the performance of the scale-up PRO application in practice,
MPPT control to achieve the optimum osmotic power output is investigated. First, the process
characteristics of the PRO process is studied and evaluated in terms of membrane properties,
concentration and flow rate of the salinities. Then, two algorithms for MPPT in PRO are proposed
and investigated, including P&O algorithm and IMR algorithm. These MPPT techniques are generic
methods to track the MPP, and hence, for further improvement on the MPPT, a model-based OMC is
proposed and operated with the MPPT techniques. Finally, a series of simulation are carried out to
evaluate the performance of the MPPT and OMC to operate the PRO track the MPP. Based on the
results, several conclusions can be drawn: 1) process characteristic of the scale-up PRO process is
affected by several factors, such as membrane properties, concentration and flow rate of the
salinities etc. Therefore, it is necessary to develop and employ MPPT to ensure the optimum osmotic
power output subject to the fluctuating operating conditions. 2) It is demonstrated by simulations
that both P&O and IMR algorithms can be used to track the MPP of a PRO process. The trade-off
between the rise time and the oscillation by selecting the step-size of the perturbation pressure or
incremental pressure exists in both algorithms. Larger step-size results in fast response as well as
larger oscillation, and vice versa. 3) Both the MPPT controllers are capable of tracking the varied
MPP due to the operating temperature changes. 4) With the availability of several measured
variables, OMC is capable to further improve the performance of the MPPT. Based on the model of
the scale-up PRO process, an estimated optimum pressure improves the convergence, allows MPPT
using a smaller step-size and results in fast response and mitigated oscillation. 5) OMC is capable of
quickly adjusting the operation to deal with the rapid changes of the salinities. In the simulation, the
OPT-MPPT-OMC performs well to deal with the individual variations of the flow rate or
concentration of the draw, and the co-variation of both the influential factors.

Nomenclature

A Membrane water permeability [L-m?-h™ -Pa™]
A Membrane area [m’]

B Membrane solute permeability [L-m™-h™ ]



Concentration of solution [kg-kg™ ]
Modified van’t Hoff law coefficient [Pa-kg-g™ ]

Q
“©

Diffusion coefficient [m?-s™]

Specific extractable energy [kWh-m?]
Mass transfer coefficient [m-s™]
Membrane area allocation rate

Water permeation flow rate [L-m™-h™]
Reverse solute permeation flow rate [L-m?-h™]
Pressure [Pa]

Mass flow rate of solution [kg-h™]

Membrane structure parameter [m ]
Volumetric flow rate of solution [m®-h™]
Membrane power density [W-m?]

Average power density [W-m™]

Osmotic pressure [Pa]
Dimensionless flow rate

Efficiency

TN F STwae Vs~ S3F MO OO

Density of solution [kg-m™]

Abbreviations

APD Average power density

BP Boost pump

DPRO PRO with detrimental effects

ECP External concentration polarization
ERD Energy recovery device

HP High-pressure pump

HT Hydro-turbine

ICP Internal concentration polarization
IMR Incremental mass-resistance

INC Incremental conductance

IPRO Ideal PRO process

MPP Maximum power point

MPPT Maximum power point tracking
omMC Optimum model-based controller
P&O Perturb & observe

PD Power density

PRO Pressure retarded osmosis

PV Photovoltaic

RO Reverse osmosis

RSP Reverse solute permeation

SEE Specific extractable energy

TFC Thin-film composite
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