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A B S T R A C T   

Sucrose solutions were used as an analogue for maple sap in a series of reverse osmosis (RO) experiments. Based 
on the RO results, a model was developed to minimize the energy consumption and energy cost for concentrating 
maple sap at 2% sugar content up to 68% sugar content using both RO and evaporation processes. The RO model 
parameters were regressed from experiments performed on a bench scale RO membrane at an operating pressure 
of up to 50 bar and sucrose concentrations up to 33.6%. At the operating pressure of 50 bar, a cross flow velocity 
of 0.56 m s� 1, and a temperature of 30 �C, the flux varied from 41 g m� 2s� 1 for deionized water down to 1.6 g 
m� 2s� 1 for a sucrose concentration of 33.6%. Upon simulation, it was found that an operating pressure of 50 bar 
was the most efficient to concentrate the sap to 36% to minimize energy consumption and 32% to minimize the 
energy cost. A sensitivity analysis showed that for 10% perturbations of process variables, the minimum energy 
and minimum energy cost would only deviate by up to a maximum of 6% and 7%, respectively. The maximum 
deviations where caused by the evaporator efficiency (minimum energy) and by reducing the cost of electrical 
energy (minimum energy cost).   

1. Introduction 

Maple syrup is traditionally made by concentrating the sugars in 
maple sap using open pan evaporation until the concentration is high 
enough to be considered maple syrup. Traditional evaporation processes 
require a large energy input, but in recent years reverse osmosis (RO) 
has been used to do preliminary concentration of the maple sap to 
reduce the overall energy requirement. In previous work (Van Den Berg 
et al., 2015) it was found that sap could be concentrated to 21.5% wt 
sucrose without any effect on the flavour of the syrup and only a slight 
effect on the colour and composition of trace components. These trace 
components are a mixture of minerals and organic compounds such as 
phenols and amines (Ball, 2007). Sucrose is the main sugar present in the 
syrup with glucose and fructose being present in quantities less than 1% 
(Ball, 2007; Stuckel and Low, 1996). In food processing, three main 
concentration processes exist: evaporation, membrane separation and 
freeze concentration. The scope of this work was the investigation of the 
use of both membrane concentration and evaporation to minimize en-
ergy consumption of the maple syrup production and freeze concen-
tration was not considered. Membranes are widely used in other food 
applications such as fruit juice concentration and in dairy processing, 
with the advantage that they separate mixtures at ambient temperatures 
without chemical alteration (Strathmann, 2011; Miyawaki et al., 2016; 

Al-Obaidi et al., 2017). This is important to the food industry as pro-
cessing can affect the colour and flavour profiles of the product. While 
evaporation and heating of maple sap still remains a crucial step in the 
creation of maple syrup, RO is becoming an increasingly popular 
pre-concentration method to reduce operating costs (Bouchard and 
Lebrun, 1999). 

When maple sap is extracted from maple trees, such as the sugar 
maple (Acer saccharum), the typical sugar content is 2%–3% by mass 
(Ball, 2007; Randall, 2010; Extension et al., 2006). The sap is signifi-
cantly more dilute than maple syrup, which contains a sugar content of 
approximately 68% (Stuckel and Low, 1996). A simple mass balance 
shows that to produce 1 kg of syrup at a concentration of 68% sugar, 34 
kg of sap with a sugar content of 2% is required. In other words, 33 kg of 
water has to be separated from the solution to produce syrup of the 
correct composition. Fig. 1 shows the non-linear relation between con-
centration of the sap and how much sap would be required to produce 1 
kg of syrup at 68%. A similar relation to this is the Jones Rule of 86 
(Perkins and Isselhardt, 2013) which details how many gallons of water 
need to be removed to produce 1 gallon of syrup. By concentration via 
evaporation alone, a substantial amount of energy is required to sepa-
rate 33 kg of water from a maple sap at 2% concentration. However, if 
the sap is concentrated to 20% by RO only 3.4 kg of concentrated sap is 
then required to make 1 kg of syrup. This reduces the mass of the 
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solution by 90% and means only 2.4 kg of water needs to be further 
separated via evaporation to produce 1 kg of syrup. By employing low 
energy separation methods such as RO for preliminary concentration the 
overall energy requirements can be significantly reduced, resulting in 
lower energy costs. 

There are limitations on how much pre-concentration RO can ach-
ieve before evaporation becomes necessary for the final stages of maple 
syrup production. This is for two reasons. Firstly, to create the flavour 
profiles in the syrup, some of the sugars need to be caramelized. Without 
this caramelization the distinct flavours, aromas and colour of maple 
syrup would not be produced resulting in a distinctly different product 
(Van Den Berg et al., 2015). Secondly, as the concentration of the sap 
increases, the osmotic pressure of the solution increases. This greatly 
affects the achievable flux through the membrane and increases the feed 
pressure requirements for separation to occur, limiting the amount of 
pre-concentration that can be achieved at a set operating pressure. 

The most notable work done on the RO of maple sap to date is on 
modelling the concentration polarization of the RO process (Bouchard 
and Lebrun, 1999). In this work the concentration polarization of maple 
sap solutes retained by the membrane was modelled. While the work by 
Bouchard (Bouchard and Lebrun, 1999) determined some of the eco-
nomic operating conditions of a pilot-plant size spiral wound membrane 
system, it did not consider economic optimization alongside the use of 
an evaporator and has only considered feed concentrations of up to 12% 
sucrose and feed pressures up to 40 bar. The main conclusions from their 
work were that concentration polarization leads to a significant reduc-
tion in the permeate flow rate through the membrane and that signifi-
cant fouling of the membrane occurred from the maple sap. Another 
paper which focused on the concentration of sucrose solutions briefly 
mentioned the use of RO for maple sap as it closely resembles a sucrose 
solution (Sourirajan, 1967). The experiments performed in (Sourirajan, 
1967) indicate that at a pressure of 69 bar a sugar concentration of 
34.6% was able to be achieved using a membrane. This is a much higher 
concentration than what was used by Bouchard to produce his model, 
meaning an excessive amount of extrapolation would be required to use 
the model. Industries such as juice and sugar have similarities with 
maple syrup as they all deal with the concentration of sugar containing 
solutions. It has been reported that juices can be concentrated up to 
approximate concentrations of 25–30� Brix using RO systems (Al-Obaidi 
et al., 2017; Gurak et al., 2010) and sucrose solutions up to 35% 
(Nabetani et al., 1992). 

Other works into the efficient processing of maple syrup have also 

been published (Garrett, 1977; Garrett et al., 1977; Duchacek et al., 
1979) which look at the implementation of sap preheaters and other 
evaporation methods to increase energy efficiency. These studies 
concluded that evaporator efficiency could be increased by 16% with 
the introduction of a sap preheater using the outlet steam and stack 
gases produced during operation (Garrett et al., 1977; Duchacek et al., 
1979). It was also concluded that syrup could be produced more 
economically using a vapour compression distiller compared to a 
traditional evaporator (Garrett, 1977). More recently, the Proctor Maple 
Research Center at the University of Vermont published papers on 
optimizing other parts of maple syrup production such as sap collection 
(Wilmot et al., 2007; Wilmot, 2008). To date, no work has been done on 
optimizing the overall concentration process using both RO and evap-
oration. By simulating both of these processes together the overall en-
ergy requirement can be minimized resulting in an more efficient 
operation. 

RO has become an increasingly popular method for the concentra-
tion and separation of solutions due to the reduced energy requirements 
and is widely accepted within the maple processing industry (Bouchard 
and Lebrun, 1999). Within the sugar industry a potential 33% reduction 
in the required energy for processing sugar was reported by Madaeni 
(Madaeni and Zereshki, 2010) with the use of an RO pre-concentration 
stage to concentrate from 15 up to 20� Brix. This 33% reduction is 
greater than the 16% reduction achieved by the installation of sap 
pre-heaters (Garrett et al., 1977; Duchacek et al., 1979) over a low 
concentration increase. As maple sap has a lower sugar content and has 
to be concentrated to a greater extent, a higher energy reduction should 
be possible as greater volumes of water need to be separated (Fig. 1). The 
majority of industrial RO systems are large multi-staged processes where 
the entire feed is concentrated in a single pass, similar to the system 
discussed in (Al-Obaidi et al., 2017). This study however aims to 
investigate the efficiency in smaller scale processes and aims to do this 
through the implementation of a batch RO system. A batch RO system 
works by recirculating all the concentrate back into the feed tank and is 
continuously cycled through the membrane until the entire feed reaches 
the desired concentration. In the literature, applications for batch RO 
systems were found in water desalination (Swaminathan et al., 2019; 
Warsinger et al., 2016), and within the food industry (White et al., 
2002), however no previous research for concentrating sugar solutions 
with a batch recirculation system was found. 

This work presents a model to determine the optimal amount of pre- 
concentration that could be achieved by a batch RO system before 
swapping to an evaporation unit to concentrate the sugars to produce 
maple syrup. To develop the membrane model, RO experiments were 
performed on a bench scale RO unit spanning a greater range of pres-
sures and concentrations than those performed by Bouchard (Bouchard 
and Lebrun, 1999) to allow effective RO simulation at higher concen-
trations and pressures. The membrane model was then coupled with an 
evaporator model and used to find the RO concentration which mini-
mizes the energy requirement over the entire concentration process. 

2. Methods 

Granulated sucrose was dissolved in deionized water (MilliQ) to 
produce sucrose solutions of specified concentrations for experimenta-
tion. Queen’s Maple Syrup, an Australian brand bottled and imported 
from Canada, was diluted with MilliQ water to simulate a concentrated 
sap solution and determine if a sucrose solution was analogous to maple 
sap. The concentrations of these solutions were measured using an Abbe 
NAR-3T refractometer with prisms maintained at a temperature of 20.0 
þ 0.2 �C. 

A GE Sepa Crossflow Membrane Filtration Unit with a membrane cut 
from a Dow Filmtec FT-30 RO-8038 spiral element (a polyamide thin- 
film composite membrane for dairy applications) was used to carry 
out the RO experiments. The total active membrane area of the unit was 
134 cm2 and was used with a 0.7 mm feed spacer taken from the same 

Fig. 1. Required mass of sap at varying sugar concentrations for the production 
of 1 kg of syrup. 
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spiral element. A Hydra Cell D/G03 piston pump was used to provide a 
constant flow rate to the system independent of the pressure which was 
limited to 50 bar, A line diagram of the setup can be seen in Fig. 2. The 
flow rate of the system was adjusted using a variable speed drive con-
nected to the pump. The frequency was set to 35 Hz resulting in a 
constant flow rate of 0.043 L/s throughout the experiments, and a 
membrane cross flow velocity of 0.56 m/s. The pressure of the system 
was adjusted using a needle valve located in the retentate stream. 

The feed tank was filled with 1 L of solution and the system primed 
with the initial flow being discarded to prevent dilution by water left in 
the system after cleaning. The system was then topped up to contain 
approximately 1 L in the feed tank. The retentate was constantly recy-
cled back into the feed tank and the permeate solution returned to the 
feed tank after approximately 10 g of permeate had been collected and 
weighed. This kept the feed composition consistent throughout the 
experiment allowing a steady-state measurement of the permeate flow 
through the membrane. 

To maintain the same feed temperature the feed tank was located in a 
water bath held at a temperature of 20 �C so that the fluid contacting the 
membrane was at a constant temperature. However due to poor heat 
transfer from the feed tank to the water bath temperature variations 
occurred. The resulting temperatures ranged from 25 to 33 �C but these 
were corrected to 30 �C using methods outlined in (Tew, 2015) for the 
same membrane arrangement. 

During the experimentation with each sucrose concentration, the 
transmembrane pressure was varied and the corresponding permeate 
flow rate was measured at 10 s intervals and averaged over a period of at 
least 5 min. No observable reduction in the permeate flow was observed 
during this time indicating that any fouling during each experiment was 
negligible. From the permeate flow rate the membrane flux was calcu-
lated. The refractive index of the permeate stream was checked for each 
feed concentration and it was found that the concentration of sucrose 
did not exceed 0.01%wt. 

At the end of each run the concentration of the feed solution was 

once again measured to determine if the concentration had changed 
significantly due to any unexpected losses. Between experiments of 
different concentrations, the system was cleaned with 70% ethanol and 
then rinsed with distilled water. A new membrane was then put into the 
system so there was no build-up of irreversible fouling on the membrane 
surface affecting the flux of later experiments. 

3. Calculation 

3.1. RO model regression 

The equation used to model the mass flux of permeate, J, through the 
membrane was the resistance model, given by equation (1). This differs 
from the model used by Bouchard which focuses on a concentration 
boundary layer at the surface of the membrane (Bouchard and Lebrun, 
1999). The resistance model uses a total resistance, RT , based on the 
difference between the applied pressure, ΔP, and the osmotic pressure 
difference, Δπ, across the membrane. The viscosity of the permeate μ 
was taken as that of pure water 8.0� 10� 4 Pa⋅s at 30 �C (Haynes, 2011). 

J¼
ΔP � Δπ

μRT
(1) 

The osmotic pressure of the feed, πfeed, has been obtained from a 
correlation in (Nabetani et al., 1992) for a sucrose solution. In this 
correlation, given by equation (2), R is the gas constant, V is the partial 
molar volume of water which is assumed to be the molar volume of pure 
water (18.07 � 10� 6 mol m� 3), and T is the temperature in degrees 
Celsius. The molecular weights of sucrose Ms and water Mw are 342.3 g 
mol� 1 and 18.07 g mol� 1, respectively, and wf is the mass fraction of 
sugar in the feed solution. 

πfeed ¼ � R
T þ 273:15

V
ln

2

6
6
4

1� wf
Mw
� 4 wf

Ms
1� wf
MW
� 3 wf

Ms

3

7
7
5 (2) 

The assumption ΔP ¼ Pfeed was made because Pfeed≫PPermeate and as 
there are insignificant pressure losses over the length of the membrane 
due to the low surface area. The assumption Δπ ¼ πfeed was made as 
πfeed≫πpermeate. The total resistance, RT, is the sum of all resistances 
limiting flow through the membrane. These resistances are due to the 
membrane, Rm, fouling, Rf , and concentration polarization, RCP. 

RT ¼Rm þ Rf þ RCP (3) 

It has been assumed for simulation purposes that any fouling on the 
membrane will be negligible (Rf ¼ 0), because the membrane was 
replaced between experiments as noted in the Methods section. 

By operating the membrane with MilliQ water, the pure water flux, 
Jw, was measured and hence the membrane resistance, Rm, was deter-
mined using equation (4) which is a simplified and rearranged form of 
equation (1). 

Rm¼
Pfeed

μJw
(4) 

By operating the membrane system for a range of pressures and 
concentrations (Fig. 3) enough data was collected to fit a model. The 
water experimental results were used to find the best value for the 
membrane resistance, Rm. Interestingly, for pure water permeation, the 
flux measurements at 40 and 50 bar did not fit the linear trend and these 
values were omitted from the fitting process. Rm was calculated to be 
1.32� 108 m2g� 1. This resistance is slightly higher than that observed 
by Tew (2015), who found the membrane resistance for the same 
membrane to be on average 1.10� 108 m2g� 1. However, Tew’s mem-
branes were chemically treated before use which has likely decreased 
the overall observable resistance. 

Using the flux calculated from the permeate flow rate, equations (1) 
Fig. 2. Line diagram of experimental setup.  
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and (3) were solved for the concentration polarization, RCP. To obtain an 
empirical model for the system, the concentration was plotted against 
both the pressure (Fig. 4) and sucrose concentration (Fig. 5). It was 
observed that RCP was linearly dependent on pressure and a quadratic 
relation was fitted to the sucrose concentration. From these relations an 
empirical model for the concentration polarization was formed (Equa-
tion (5)) using non-linear regression. 

RCP¼ 1� 108�ð60:2þ 0:299PÞC2 �
�
0:437 � 6:03� 10� 2P

�
C

þ
�
2:22� 10� 2þ 2:20� 10� 2P

�� (5) 

Most of the data is well represented by the model, however two 
outliers exist (Figs. 4 and 5) for the data points collected at a sugar 
concentration of 33.64% and operating pressures 40 and 50 bar. At this 
concentration, extremely low permeate flows were observed due to the 
high osmotic pressure, thereby resulting in small fluxes across the 
membrane. The low flux measurements have likely resulted in an 
increased absolute error at these points resulting in the discrepancies 
between the model and the experimental data. While the empirical 

model might not be completely representative of the RCP under these 
conditions the largest relative error between the model and experiments 
is for the data point at 10 bar and a concentration of 5.37%. At this data 
point the relative error was 34% compared to the � 13% and 8% relative 
errors at 40 and 50 bar respectively for the 33.64% concentration. 

It is thought that concentration polarization occurs due to phenom-
ena such as localized increases in osmotic pressure at the membrane 
surface or restricted mobility of molecules which can cause the flux to 
become independent of pressure (Cheryan, 1998). RCP is dependent on 
the operating parameters of the system as well as physical properties of 
the solution affecting mass transfer (Cheryan, 1998) making it appear to 
be a function dependent on the Reynolds number Re and the Sherwood 
number Sh. In the present work, an empirical model for RCP has been 
used, and to ensure that it is valid a quantile-quantile (Q-Q) plot, shown 
in Fig. 6, was used to check the distribution of the relative errors. In this 
plot the relative errors for all data points were sorted from largest to 
smallest and plotted against an associated Z-score for each point from a 
normal distribution. If this plot produces a linear line it indicates that the 
dataset is normally distributed. One outlier has been excluded from the 

Fig. 3. Achieved flux (x) and modelled flux (� ) for a range of sucrose con-
centrations up to 50 bar. 

Fig. 4. Resistance due to concentration polarization RCP linear relation 
to pressure. 

Fig. 5. Resistance due to concentration polarization RCP non-linear relation to 
concentration. 

Fig. 6. Q–Q plot testing normality of fitted RCP values.  
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fitting of a line. This outlier corresponds to the experiment at 10 bar for a 
sucrose concentration of 5.37%. The remaining points follow a line 
without obvious signs that another equation would fit better which 
suggests that the errors of the remaining data are normally distributed. 
As all but one of the errors are close to normally distributed this implies 
that the empirical model provides a sufficiently accurate representation 
of most of the system without the need for further modification such as 
the inclusion of the Reynolds or Sherwood number. This outlier has the 
least influence on the overall flux (equation (1)). This is because RCP is 
an order of magnitude less than Rm meaning that the membrane resis-
tance is the dominant resistance at this composition and pressure, and 
has a larger impact on the overall flux. 

The fitted flux model for sucrose solutions was then applied and 
compared to experimental data for diluted maple syrup which was run at 
sugar concentrations of 6.15% and 18.80%. It was found that the 
measured flux for dilute syrup matched the model prediction with an 
average error of 0.5 g m� 2s� 1 (Fig. 7). The dashed line indicates the line 
of perfect fit, and as there is little deviation from this line it suggests that 
the syrup system is analogous to a sucrose solution. As higher fluxes 
were observed at the lower concentrations, any large discrepancies be-
tween sucrose and syrup would be expected at these lower concentra-
tions. This relation was expected as the sugar in maple sap is 99% 
sucrose (Ball, 2007) which is the component responsible for the osmotic 
pressure in the system. 

3.2. Cost simulation 

In our simulation electrical energy is required to drive the pump for 
the concentration via RO, while heat energy from the combustion of fuel 
is required to operate the evaporator and caramelize the sugars in the 
syrup. A simulation was run using Excel and Visual Basic which first 
calculated the energy required to concentrate sap to different concen-
trations using a batch RO system with retentate recycle. The simulation 
then calculated the extra energy required to heat and evaporate the 
remaining water in the solution to produce maple syrup. To allow 
simulation of larger feeds and flow rates similar to what would be ex-
pected in a small scale process, the membrane was scaled up to a 4 inch 
spiral wound membrane (Dow and DOW™ Dairy RO, 2016). While it is 
expected that the membrane will behave slightly differently upon scale 
up, the hydrodynamic forces were kept the same to ensure the model 

was representative of the mass transfer occurring in the scaled-up sys-
tem. This was done by keeping the cross flow velocity constant and using 
a feed spacer of the same thickness. The spiral wound membrane was 1 
m in length and was assumed to contain five leaves. The simulation was 
set up to allow the addition of multiple membrane elements in series to 
see what effect this would have on the energy consumption of the sys-
tem. Due to the permeate flow rate being considerably less than the 
retentate flow rate it was assumed that the cross flow rate was constant 
through all the membranes. 

Using the membrane parameters as calculated before, and operating 
at a range of pressures up to 50 bar, the permeate mass flow rate _mp 

through each membrane was calculated using equation (6). 

_mp¼ JA (6) 

During experimentation, the maximum sugar concentration in the 
permeate stream was measured to be 0.01%. This concentration was 
then set as the sugar concentration in the permeate stream for all con-
centrations of the simulation, wp. The concentration of the concentrate 
stream was then calculated by performing a mass balance on the 
membrane element where subscripts f , p and c denote feed, permeate, 
and retentate streams, respectively. 

wc¼

�
_mf wf � _mpwp

�

_mc
(7) 

Due to concentration and pressure changes down the length of the 
simulated membrane an average permeate flow rate was calculated. The 
concentration at the end of the membrane was first calculated assuming 
a constant flux through the membrane. Using this new concentration 
and assuming a 1 bar pressure loss across the length of the membrane 
(maximum pressure loss from the membrane datasheet (Dow and 
DOW™ Dairy RO, 2016)), the flux at the end of the membrane was then 
recalculated. From these two fluxes an average flux was taken and the 
concentration of the species leaving the membrane was recalculated. 

For membranes in series the retentate mass flow rate and concen-
tration out of the previous membrane became the new feed conditions 
for the next membrane in series. The overall rate of mass loss of the 
system dm

dt was then calculated as the total permeate flow rate _mptotal 

which was found from the difference between the feed into the first 
membrane _mf1 and the concentrate flow out of the last membrane _mcend . 

�
dm
dt
¼ _mptotal ¼ _mf1 � _mcend (8) 

The rate of sugar lost from the system dms
dt was then calculated by 

multiplying the overall permeate stream, _mptotal by the permeate con-
centration, wp. 

�
dms

dt
¼ _mptotal wp (9) 

The sugar concentration in the tank ws is then recalculated using the 
overall mass m and the mass of sugar ms. 

ws¼
ms

m
(10) 

Euler’s method was used to solve differential algebraic equations 
(7)–(10) and the process was simulated until such time that until the 
osmotic pressure was close to the applied pressure of the process. To 
ensure the accuracy of the solution the time step size was decreased until 
the simulation results converged. 

The energy requirement for the pump Epump is calculated using 
equation (11) and is the result of integrating the pump power over time 
(Perry and Green, 2008). ΔP is the change in pressure in the pump, 
where the feed pressure inside the tank was taken as atmospheric. Q is 
the volumetric flow rate which is constant throughout operation, ηpump is 
the pump efficiency and t is the period of time that the pump was being 
operated for. Fig. 7. Sucrose model comparison to a dilute maple syrup solution. The dashed 

line indicates. 
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Epump¼
QΔP
ηpump

t (11) 

No pressure recovery was considered, and the batch RO system has 
been modelled isothermally at 30 �C so no consideration is made for the 
heat energy produced by the pumping which would slowly heat the sap 
solution. 

Before the evaporation can occur, the solution needs to be heated to 
its boiling point. The energy required to heat the solution Eheat was 
calculated in equation (12). The heat capacity of the solution Cp is 
dependent on both the temperature and concentration of the sucrose 
solution. Cp values have been obtained from a relation in (Asadi, 2005) 
which correlates Cp to the temperature, T, and sucrose concentration, w. 
The assumption was made that the boiling point remains at 100 �C for 
the sucrose solutions as the boiling point only increases by 1 �C at a 
sucrose concentration of 37.4% (Tressler et al., 1941). 

Eheat ¼mCpΔT (12) 

The energy required to evaporate the remaining water Evap was then 
calculated from the latent heat of vaporization λvap and the mass of water 
to be evaporated mH2O. 

Evap ¼mH2Oλvap (13) 

A batch pan evaporator simulation was used to determine the 
evaporation energy required to produce syrup. Due to heat losses from 
the evaporation unit, including losses to ambient air and losses through 
the flue gasses, an energy loss term Eloss is typically included. In this 
simulation these losses were accounted for by an evaporator efficiency 
ηEvap term instead, so as to determine the actual amount of heat energy 
required. 

EEvap ¼
Eheat þ Evap

ηEvap
(14) 

The total energy required ETot to produce the maple syrup is then the 
summation of the energy required by the pump to concentrate the sap by 
RO and the energy required to further concentrate it to the final con-
centration via evaporation. 

ETot ¼EEvap þ EPump (15) 

The amount of syrup produced msyrup can be calculated from the final 
conditions of the RO concentration process: the mass, m, and concen-
tration, w, in the tank, and the total amount of sugar lost mslost as well as 
the desired final concentration of the syrup wsyrup. 

msyrup ¼
m⋅w � mslost

wsyrup
(16) 

However due to the minimal loss of sugar mslost ≪m⋅w this is easily 
estimated by equation (17) without any considerable impact on the 
overall syrup produced. 

msyrup ¼
m⋅w
wsyrup

(17)  

with the total energy for a batch of syrup calculated, the total energy 
cost per kg of syrup produced was calculated from these energy re-
quirements and from both the cost of electricity Celectricity and the cost of 
fuel Cfuel for the evaporator. 

Energy Cost¼
EEvapCfuell þ EPumpCelectricity

msyrup
(18) 

The income per kg of syrup can then be calculated from the sale price 
of syrup, SP and the energy cost. 

Income¼ SP � Energy Cost (19) 

The simulation was then run for a small scale farm with 1000 kg of 
sap and an initial concentration of 2% wt sucrose being concentrated up 

to a final concentration of 68% wt sucrose with a maximum pump 
operating pressure of 50 bar. This simulation was run for varying de-
grees of RO pre-concentration to find the minimum energy required to 
produce maple syrup. With the obtained energy usage the energy cost 
can also be minimized. Energy costs have been obtained for New Zea-
land through the Ministry of Business, Innovation and Employment as 
can be seen in Table 1 along with other cost simulation parameters. 
These costs will differ for other countries with different availability of 
resources. Diesel has been used as the primary energy source for heating 
in this simulation but again this may differ for countries with different 
resource availability. The sale price of syrup is based on the US whole-
sale price for syrup with conversion into New Zealand dollars. 

4. Results and discussion 

With the initial simulation conditions (50 bar feed pressure, 1000 kg 
feed and one membrane element), it was found that the minimum en-
ergy requirement was produced when pre-concentrating the sap by RO 
up to 36% before evaporation to 68% (Fig. 8). This is just under the 
maximum RO pre-concentration possible of 37.7% at which point the 
osmotic pressure of the sap is equal to the feed pressure (50 bar) so the 
flux through the membrane will be zero meaning no further pre- 
concentration can occur. However, the minimum operating expendi-
ture for pre-concentration is slightly less at 32% (Fig. 9). With the cost of 
electricity being over three times greater than the cost of fuel, the eco-
nomic point of operation was expected to be at a lower RO concentration 
than the point of energy minimisation. The use of a RO pre- 
concentration system resulted in a 91% reduction in energy require-
ment and an 85% reduction in energy costs at the optimal pre- 
concentrations for each case respectively, when compared with evapo-
ration alone. Both the minimum energy consumption and minimum 
energy cost were not highly sensitive to the final RO concentration near 
their minimums but were highly sensitive to the initial sap concentra-
tion. This could be predicted from Fig. 1 due to the non-linear relation 
between concentration and the amount of water that needs to be 
removed to produce syrup and is indicative of the potential savings from 
using an RO pre-concentration system. To stay within 5% of the mini-
mum energy requirement the sap needs to be concentrated to at least 
31% and to be within 5% of the minimum energy cost the sap needs to be 
concentrated to 25% using RO. This would give the operator some 
flexibility in the amount of pre-concentration without having significant 
impacts on the overall savings. 

One of the most significant factors is the pressure at which the system 
is operated. By operating at a higher pressure, RO can produce a higher 
concentration and potentially reduce the amount of evaporation 
required. However, increasing the operating pressure of the system will 
increase the capital cost of the equipment. For simulations over 50 bar or 
at concentrations above 34%, the resistance due to concentration po-
larization was extrapolated. Fig. 10 shows that while increasing the 
pressure of the system allows for increased pre-concentration, an eco-
nomic minimum lies near 50 bar. Near the minimum, the system is 
relatively insensitive with less than 5% deviation from the minimum 

Table 1 
Cost simulation parameters.  

Variable Value Unit Source 

A  7.8 m2 Dow and DOW™ Dairy RO (2016) 
λ  2257 kJ kg� 1 Rogers and Mayhew (1988) 
ηpump  0.6 – Perry and Green (2008) 
ηEvap  0.6 – Duchacek et al. (1979) 
Costelectricity  53 $ GJ� 1 MBIE et al. (2017) 
Costdiesel  16.6 $ GJ� 1 MBIE et al. (2017) 
SP  $9 $ kg� 1 National Agricultural Sta (2018) 
wsyrup  68% – Stuckel and Low (1996)  
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energy cost between pressures of 30 and 70 bar. While increasing the RO 
pressure allows increased pre-concentration, the energy requirements of 
the pump also increases, thereby increasing the electrical energy re-
quirements. At 50 bar a balance between this energy requirement and 
reduced evaporation costs is achieved. This low sensitivity to pressure 
gives some flexibility to the RO specification as higher operating pres-
sures result in higher capital costs. It might then work out cheaper to 
operate at a slightly lower pressure for a slightly higher operating cost 
but a lower capital cost. However, an extensive analysis of capital ex-
penditures are beyond the scope of this work. 

To further investigate the economics of the process both the batch 
size and number of membrane elements were varied up to 10,000 kg and 
8 membranes in series respectively. During this investigation, the feed 
pressure for RO was kept constant at 50 bar. It was assumed that a season 

would last for 21 days of the year and that one batch could be processed 
per day throughout the season. The maximum time for RO to occur was 
set to 5 h to leave time in the day for evaporation and cleaning. Basing 
the economics on a seven year payback period the profits in Table 2 
show the potential earnings over a seven year period. This can be 
considered as the maximum capital investment for it be considered 
worthwhile. As the batch size increases, the overall predicted income 
increases linearly with the seven year profit prediction for a 10,000 kg 
batch being 10 times larger than that for a 1000 kg batch. The savings 
produced by the RO pre-treatment (Fig. 11) can be seen to increase with 
an increased number of membranes with a single membrane saving as 
much as 23% on the overall energy costs and 8 membranes saving just 
under 25% on the energy costs. This shows that the implementation of 
extra membranes does not necessarily have a large influence on the 
overall energy consumption and costs, but instead the use of more 
membranes decreases processing times of larger batches. A similar 
finding is given in the work by Laborde (Laborde et al., 2001) in which 
increasing the membrane area of a small scale system resulted in an 
exponential reduction of the energy requirement which closely re-
sembles the results here. 

4.1. Sensitivity analysis 

To investigate the sensitivity of the process, six parameters were 
adjusted by a 10% perturbation to see how this would affect the energy 
requirement and the energy cost. The parameters: evaporator efficiency, 
pump efficiency, membrane area, fuel cost, electricity cost, and initial 
sucrose concentration were chosen. Evaporator efficiency can be 
improved by the implementation of a sap preheater, for example by 
recycling the waste heat from the flue and the produced steam (Garrett 
et al., 1977; Duchacek et al., 1979). However it can also be decreased by 
fouling which occurs on the surfaces inside the evaporator reducing the 
heat transfer coefficient. The pump efficiency encompasses the entire 
pumping setup from the motor to the pump and can vary depending on 

Fig. 8. Energy requirement to produce maple syrup to 68% by pre- 
concentrating with RO to different stages. 

Fig. 9. Cost to produce maple syrup to 68% by pre-concentrating with RO to 
different stages. 

Fig. 10. Minimum operating costs and potential RO concentration for vary-
ing pressures. 

Table 2 
Maximum capital costs to meet a seven year payback period.  

Batch Size Membranes 

kg 1 2 4 8 

1000 $ 37,200 $ 37,700 $ 37,900 $ 38,000 
2000 $ 74,400 $ 75,300 $ 75,800 $ 76,000 
5000 – – $ 189,400 $ 190,000 
10,000 – – – $ 380,000  
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how well the pump is sized for the system. While the membrane area is 
typically set by the manufacture on a spiral wound membrane, the effect 
of slightly increasing or decreasing this area will affect the permeate 
flow rate changing the pumping requirements. Fuel cost and electricity 
cost are two of the most important variables. These variables are going 
to drastically change depending on the location and availability of these 
resources. Sap is expected to be extracted with a 2% sugar content, but 
some variation in this content is expected depending on location and 
time of year. 

When investigating sensitivity in terms of energy requirement 
(Fig. 12) it was found that the evaporator efficiency was the most sen-
sitive parameter. This suggests that the evaporator should be the focus of 
improvement to make the process more energy efficient. Both the pump 
efficiency and membrane area have similar sensitivities to a 10% 
perturbation. Surprisingly the initial concentration of sap had the least 
effect on the energy consumption of the system. These sensitivities 

changed when expressed in terms of the minimum energy cost (Fig. 13). 
This resulted in all the investigated parameters having similar sensitiv-
ities compared to the minimum energy requirement. Interestingly the 
cost of electricity had the greatest impact on reducing the overall cost. 
This asymmetry shows that the parameters have a non-linear relation 
with the cost. Moreover, the influence of the parameters is not 
completely independent, because parameter changes will shift the 
concentration at which the minimum energy and minimum energy cost 
occur. As an example, if the evaporator efficiency was increased, this 
would decrease the energy requirement needed for evaporation, this 
would mean that the optimal RO pre-concentration would decrease. In 
terms of both energy use and energy cost no perturbation resulted in a 
change of more than 7% indicating that overall the process is relatively 
insensitive to changes in the variables. This again is likely due to the 
dynamic nature of the process as the optimal concentration will shift 
with a change in processing parameters. 

The pump efficiency, evaporator efficiency, and membrane area are 
the only variables over which the process designer has some control. 
These variables could positively affect the process with the imple-
mentation of a more efficient pump or heat exchanger, but could be 
reduced by poor cleaning practices leading to excessive fouling build up. 
The remaining variables: electricity cost, fuel cost and initial sucrose 
concentration are outside of the control of the designer and will have 
variations over the life of the plant. It is ideal that the process does not 
have a high sensitivity to these variables as little can be done in terms of 
operations to control them. As the membrane area cannot easily be 
adjusted without the addition of another membrane element the two 
processing variables that could easily be adjusted are the evaporator 
efficiency and the pump efficiency. 

4.2. Model validity, assumptions and improvements 

The RO simulation is based on a regression of experimental data for: 
a mass fraction up to 33% wt sucrose; up to 50 bar operation; and at a 
membrane cross flow velocity close to 0.56 m/s. Beyond these condi-
tions the model for the prediction of RCP was extrapolated, and therefore 
less accurate, to estimate the potential effects. If the cross flow velocity 
was changed significantly the model parameters would no longer be 
valid as different hydrodynamics would occur at the membrane inter-
face. If more experiments were performed at different flows a correlation 
could be established between the mass transfer and cross flow velocity 

Fig. 11. Potential savings for implementation of an RO system for different 
batch sizes. 

Fig. 12. Effect on energy consumption by changing process parameters 
by 10%. Fig. 13. Effect on operating cost by changing process parameters by 10%.  
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increasing the overall model complexity. As discussed in RO model 
regression the maximum pressures and concentrations do not have the 
largest errors and it is possible these errors are associated with the small 
permeate flow rate observed during experimentation. By increasing the 
sugar concentration above 33% the osmotic pressure of the feed in-
creases, and the flux will tend towards zero as the osmotic pressure tends 
towards the operating pressure. While the extrapolated value of RCP will 
be less accurate and more caution should be given, the flux will 
approach zero with increasing concentration and hence osmotic pres-
sure. In other words the estimated flux is dominated by the diminishing 
driving force (numerator of Equation (1)) and the extrapolated RCP value 
has less effect on the overall flux. The operating pressure, however, will 
not have a diminishing effect if extrapolated. While the modelled RCP 
will increase linearly with pressure, the application of too much pressure 
can cause compaction of the membrane reducing the achievable flux. 
Because of this, extrapolation of the pressure will likely lead to less 
reliable results than extrapolation of concentration. 

One of the major inefficiencies in the proposed design is the recir-
culation process. The concentrate exiting the RO membrane is still 
pressurized, but this energy is dissipated over a control valve before the 
concentrate is returned to the feed tank. To increase the efficiency of the 
batch recirculation system a potential change that could be made is the 
direct recirculation of a portion of the concentrate stream back into the 
membrane feed using a booster pump. This would be expected to reduce 
the pumping energy requirements reducing electrical energy input but 
would increase capital costs as another pump is required. 

Within the model, membrane fouling was not considered for ease of 
model development. In reality, membrane fouling will gradually occur 
which will decrease the flux that can be achieved through the membrane 
system between cleaning cycles. Membrane fouling will increase both 
energy requirements and processing times for the system which will 
have an impact on the overall economics. Further experimentation 
needs to be performed to see the extent of fouling on the system. Bou-
chard (Bouchard and Lebrun, 1999) states that after 20 h of operation 
with maple syrup the water permeability decreased by 30% due to 
irreversible fouling. To assess the effect of this on the system the 
permeate flow rate out of the system was reduced from 100% down to 
70% of the calculated value to determine its effect on the system. The 
results are summarized in Table 3, showing an increased energy cost for 
the process but fouling did not have a significant impact on the optimal 
economic RO concentration. Daily cleaning of the membrane will 
remove some of the built up scale fouling the membrane but irreversible 
fouling will slowly build up and decrease the flux obtained through the 
membrane, which necessitates periodic membrane replacement. 

Evaporator efficiency was assumed to be 60%. This assumption was 
based on the data in (Duchacek et al., 1979) (55% efficient) but 
increased to 60% as modern evaporators are more energy efficient than 
those available in the late 1970’s. The efficiency of the evaporator could 
also be increased with the utilization of a sap preheater, utilizing the 
waste steam evaporated from the syrup to help preheat the incoming 
sap. The assumed overall pump efficiency was 60%. In other works, 
pump efficiency has been taken as approximately 65% (Laborde et al., 
2001) without the inclusion of the motor efficiency. Pump efficiencies 
can vary greatly between pumps and be as low as 50% for small positive 
displacement pumps (Perry and Green, 2008) and will be less efficient if 
incorrectly sized. 60% was then considered to be a safe assumption of 
the efficiency of the overall pumping system encompassing both the 
pump and motor. 

5. Conclusion 

When compared to evaporation alone, a process route including a 
membrane system for pre-concentration of maple sap reduces the energy 
costs of maple syrup production by 85%. To produce syrup for the lowest 
possible energy cost the sap should first be concentrated to 32% solids 
content at an operating pressure of 50 bar. The energy cost was 

insensitive to changes in both the pressure and concentration around 
this minimum with pressures being able to range from 30 to 70 bar and 
concentrations ranging from 25 to 36%. It was also found that this 
minimum was relatively insensitive to 10% perturbations in the pro-
cessing parameters: evaporator efficiency, pump efficiency, heating 
cost, electrical cost, membrane area, and sucrose concentration with the 
largest change in energy cost being 7%. While fouling was not explicitly 
included within the model, its effect on amount of pre-concentration 
was found to be minimal. However, fouling has a more significant 
impact on the overall energy cost, which increases by 20% for a 30% 
reduction in flux. The optimal energy cost had little change with the 
implementation of multiple membranes in series, increasing potential 
savings from 23% for a single membrane to just under 25% with eight 
membranes operated in series. 

Overall the optimal process condition was relatively insensitive to 
changes allowing for a wide range of operating conditions with low 
energy costs. While this model indicates that the best operating condi-
tion is at 50 bar and concentrating sap up to 32% sugar, this is likely to 
decrease with the inclusion of capital cost modelling due to the 
increased expense for a high pressure RO system. 
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GlossarySymbol Description Unit 

A: Membrane area m2 

Cfuel: Cost of fuel $ GJ� 1 

Celectricity: Cost of electricity $ GJ� 1 

dm
dt : Rate of mass loss from the concentration tank Just define m and ms kg s� 1 

dms
dt : Rate of sugar loss kg s� 1 

EEvap: Energy required for evaporation kJ 
Eheat : Energy heating kJ 
Epump: Energy kJ 
Evap: Energy vaporization kJ 
Energy Cost: Operating expenditure $ kg� 1 

J: Flux g m� 2s� 1 

Jw: MilliQ water flux g m� 2s� 1 

_mc: Mass flow concentrate kg s� 1 

_mf : Mass Flow feed kg s� 1 

_mp: Mass flow permeate kg s� 1 

mH20: Mass Water to Evaporate kg 
mSyrup: Mass of Syrup kg 
mSLost : Mass of sugar lost kg 
MS: Molecular weight sucrose g mol� 1 

MW: Molecular weight water g mol� 1 

P: Pressure bar 
Profit: Profit from selling syrup $ kg� 1 

R: Gas constant J mol� 1 K� 1 

RCP: Concentration polarization resistance m2 g� 1 

RG: Maple syrup resistance m2 g� 1 

RT: Total resistance m2 g� 1 

Rf : Fouling resistance m2 g� 1 

Rm: Membrane resistance m2 g� 1 

SP: Sale price Syrup $ kg� 1 

T: Temperature �C 
t: Time s 
V: Partial molar volume water mol m� 3 

wc: Mass fraction sucrose concentrate 
wf : Mass fraction sucrose feed 
wp: Mass fraction sucrose permeate 
ηEvap: Evaporator efficiency 
ηpump: Pumping efficiency 
λ: Latent heat of vaporization kJ kg� 1 

μ: Dynamic viscosity Pa.s 
π: Osmotic pressure bar 
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