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Abstract: This paper presents an analysis of the energy consumption of a continuous flow ohmic

heater (CFOH) with advanced process controls for heating operations in the food and drinks industry.

The study was carried out by using operational data collected from a CFOH pilot plant that was

designed and constructed at the National Centre of Excellence for Food Engineering (NCEFE),

Sheffield Hallam University. The CFOH is controlled by a PC and includes an onboard Programmable

Logic Controller (PLC) and a Human Machine Interface (HMI) so that it can be operated as a stand-

alone unit with basic on/off and power setting control but without any advanced control features.

The technical solution presented in this paper for heating foods demonstrates significant energy

saving compared with conventional heating methods. Using the CFOH, the electric current generated

in the food products by the Joule effect produces a rapid temperature increase with very high energy

efficiency. This technique eliminates the low efficiency of heat transfer from the surface of vessels

typically used to heat and cook food products. The analysis presented in this paper describes the

energy consumption of the CFOH and compares the efficiency of the CFOH when different advanced

process control techniques are used. Experimental results and analysis have shown that the CFOH

can achieve an energy efficiency conversion of at least 87.9%. It has also shown that the energy

conversion percentage can be increased by applying advanced controllers such as model predictive

control (MPC) or adaptive model predictive control (AMPC).

Keywords: ohmic heating (OH); energy efficiency; continuous flow ohmic heater (CFOH); advanced

process control

1. Introduction

Despite the progress being made in recent years, the food and drinks industry in the
United Kingdom (U.K.) is still using a significant number of low-energy efficiency processes
based on fossil fuel sources of energy, which produces high levels of CO2 emissions. The
U.K.’s food and drink sector was responsible for 165 million tons of carbon emissions in
2019. This equates to about 17% of the U.K.’s carbon footprint. The application of OH in
the food industry is a very energy-efficient method of converting electrical energy into
heat energy for heating foods from a 50 Hz voltage supply [1]. OH involves the passing
of electric current through food products, heat is generated within the food substance
and dissipated directly in the medium with very high efficiency (typically > 90%) by
the Joule effect [2–5]. In contrast, other conventional heating methods such as radiation,
convection, and conduction are time-consuming and have significantly (about 50%) lower
energy efficiency [6,7].

In OH, the food material—which can be in the form of a homogenous mixture or
heterogenous mixture with particulates—acts as a resistor in an ohmic heating process
and directly converts electrical energy to thermal energy with short heating times [8]. The
presence of free ions and water molecules within the food substance creates resistance to
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their movement and increases their kinetic energy, thereby heat is volumetrically produced
within the food substance due to the ionic motion [9,10].

The advantages of OH in food processing include faster heating times compared with
those of other conventional heating methods [11,12], unlimited heating depth of foods
unlike microwave heating or other conventional methods [13], and volumetric heating [5].
Some applications of OH in food processing include cooking [14,15], preheating [16],
extraction [5,17], blanching [18], sterilization [19], and pasteurization [20,21].

In designing the ohmic heater structure, several researchers have proposed different
physical structures for the OH system, but a fundamental design structure of the OH
systems is such that two or more electrodes are used to pass current through the food
substance [22]. The ohmic heater can be designed as a containing vessel (batch) or a
continuous flow system depending on the location and position of the electrodes [23]. In
the batch OH system, the food product is in a heating chamber where the electrodes are
in constant contact with the food product throughout heating, unlike a continuous flow
ohmic heater (CFOH), where food product flows from an infeed reservoir tank through a
heating chamber with electrodes and the heated food product is collected in an outfeed tank.
Some of the published design configurations are batch ohmic heaters with two rectangular
electrodes [24,25], cylindrical batch ohmic heaters with electrodes at the closed ends [26,27],
continuous flow heaters with variable electrode positions [23], and continuous flow heaters
with parallel spaced electrodes [28].

Some authors have presented their work on the energy consumption efficiency of
ohmic heating of liquid food products in a batch system [4,5,29]. However, there is a gap in
the current literature for energy consumption analysis of the CFOH. This paper is therefore
focused on the energy consumption analysis of the CFOH and the energy consumption
when different advanced process control techniques are applied to the CFOH. In summary,
the following work has been conducted in this paper to address the gaps in the literature:

• Energy consumption analysis of a CFOH.
• Energy consumption analysis using a range of control techniques:

# Proportional, integral, and derivative (PID) control.
# Model predictive control (MPC).
# Adaptive model predictive control (AMPC).

2. Materials and Methods

2.1. Materials

The food products used were orange juice of the ‘Country Range’ brand purchased at a
local supermarket and prepared saline solution of known electrical conductivity using table
salt. The initial temperature of the refrigerated orange juice was between 9 and 10 ◦C and
the prepared saline solution was between 18 and 20 ◦C. The initial electrical conductivity
of the orange juice at start-up and the initial product temperature were measured using an
Aprea PC60 Premium Multiparameter.

2.2. Experimental Apparatus

Experiments were carried out in the continuous flow ohmic heater shown in Figure 1
which consists of the following parts:

• A: infeed tank
• B: infeed pump
• C: electrodes and electrode housing
• D: outfeed tank
• E: control panel
• F: PC control
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Figure 1. Continuous flow ohmic heating system pilot plant designed at NCEFE in collaboration
with Ohm-E Technology (UK).

Both the infeed tank (A) and the outfeed tank (D) have a reserve capacity of 200 L. The
infeed pump has a capacity of 60 L/hr. The applicators are ceramic with a bore diameter of
20 mm. The electrodes are made of titanium oxide. In the control panel (E), the following
components are present: a Mitsubishi PLC, high voltage (HV) transformer, HV thyristor,
HV meter, current meter, contactors, and isolator. The applicator comprises an inline
colinear arrangement of electrodes for continuous in-pipe heating.

From the CFOH unit in Figure 1 above, the pilot plant has the following features:

• Heating liquid food products to circa 100 ◦C by nominally delivering 10 kW into
a wide range of product conductivities from 0.15 to 0.9 S/m (infeed) operating at
voltages of up to 4.2 kV;

• Comprising a continuous process applicator;
• Being integrated with and being controlled from a PC- MATLAB or LabVIEW platform;
• Driving a suitable pump with pump speed control for product flow rate control.

The applicator enclosure is assembled in a vertical column comprising three electrode
housings with insulating spacing spools between the housings shown in Figure 2.

2.3. Energy Analysis

The conservation of energy governing ohmic heating systems presented by [13] is
given as:

ρc
∂T

∂t
= ∇·(k·∇T) + Qh−ρ∇·v −∇·qr (1)

Qh = σ|∇E|2 (2)
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σ(T) = σ (1 + ko (T − To)), (3)

where Qh is the volumetric heat (W/m3) generated by the applied electric field (E);
T is the temperature term in K; To is the initial temperature; and k, ρ, c, and σ are the
temperature-dependent thermophysical properties of the food—the thermal conductiv-
ity (W/mK), the density (kg/m3), the specific heat capacity (J/kg K), and the electrical
conductivity (S/m), respectively.

𝜌 ∇∙ ∙∇  𝑄 − 𝜌∇ − ∇ 𝑞𝑄   𝜎|∇𝐸|  𝜎 𝜎 𝑘 − 𝑇𝑄 m𝟑𝑇 𝜌 𝜎m∇∙ ∙∇𝑄 𝜎 𝑘𝜌∇ 𝑞
∑𝐸𝑛𝑒𝑟𝑔𝑦 ∑𝐸𝑛𝑒𝑟𝑔𝑦

∑𝐸𝑛𝑒𝑟𝑔𝑦 (𝑚𝐶 𝑇 − 𝑇 ) 𝐸
∑𝐸𝑛𝑒𝑟𝑔𝑦 (𝑚𝐶 𝑇 − 𝑇 ) 𝐸

∑𝐸𝑛𝑒𝑟𝑔𝑦 ∑𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑚 𝐶

Figure 2. Applicator arrangement and electrode position.

In Equation (1), ∇·(k·∇T) represents the heat transferred by conduction through the
fluid, and Qh represents the volumetric heat generation, which is important in Ohmic
heating but negligible in conventional heating processes. The predicted temperature is
described by Equation (3) as a function of the conductivity (σ), where ko is the temperature
coefficient (1/K). The fourth term (ρ∇·v) in Equation (1) is the work done by the fluid on
its surrounding, which is 0 for an incompressible fluid. The fifth term (qr) represents the
radiative heat transfer [13].

The energy balance equation can be expressed as the total energy input to total energy
output given below:

∑ Energyin= ∑ Energyout (4)

∑ Energyin=
.
(mCpTin − Troom) in+Eelectrical (5)

∑ Energyout=
.
(mCpTout − Tin) out+Eloss, (6)

where ∑Energyin is the sum of the energy in the CFOH, ∑Energyout is the sum of energy as
a result of the ohmic heating effect and thermo-physical properties. Eelectrical is the electrical
energy into the ohmic heater,

.
m is the mass flowrate, and Cp is the heat capacity of the

heated food product. Tin is the inlet temperature of the food product from the infeed tank.
Troom is the room temperature and Tout is the outlet temperature recorded.
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The energy losses considered are due to thermal conduction to the applicators and
heat loss at the titanium electrodes. Therefore, heat loss (Eloss) is given by:

Eloss= ∇·(k·∇T) +
.
(mCTiTout − Telectrode) loss, (7)

where CTi is the heat capacity of titanium while Telectrode is the initial temperature of the
electrodes. The latent heat of vaporization is not considered because the only opening
is from the applicator outlet. The energy efficiency

𝑇𝑇 𝑇
𝐸 ) 𝐸 ∇∙ ∙∇ (𝑚𝐶 𝑇 − 𝑇 ) 𝐶 𝑇

ῃ

ῃ = 
∑∑has been described by [29] and is

given by:

𝑇𝑇 𝑇
𝐸 ) 𝐸 ∇∙ ∙∇ (𝑚𝐶 𝑇 − 𝑇 ) 𝐶 𝑇

ῃ

ῃ = 
∑∑=
∑ Energyout

∑ Energyin
× 100. (8)

2.4. Methodology

The steps taken in the analysis of the energy efficiency of the CFOH are described
below. During the experiment, two separate food materials were used. The saline solution
consisted of table salt diluted with tap water at an initial temperature of 18 ◦C and measured
electrical conductivity of 0.3 S/m at room temperature. The other food material used was
refrigerated orange juice with an initially measured electrical conductivity of 0.35 S/m at
9–10 ◦C. The steps in which the experiment was carried out were identical for the different
food samples.

2.5. Open Platform Communication (OPC) between the Pilot Plant and Lab-Based Personal
Computer (PC)

To implement process control on a PLC with MATLAB/SIMULINK environment,
the open platform communication (OPC) server and client protocol was used. The OPC
server and client protocol enable the exchange of data in real-time between the PLC on
which the ohmic heater is based and a stand-alone lab-based computer so that simple and
advanced model-based control can be applied. With the OPC established, the following
tasks were performed:

• Read/write to and from the PLC.
• Trend and real-time data collection and storage on the lab-based PC.
• Implementation of classical and advanced controllers.

The OPC server KEPServerEX was configured to communicate with the MITSUBISHI
FX5U PLC with an Ethernet module using an Ethernet communication protocol. The
input/output (I/O) tags written to the PLC were sent to the OPC server for MATLAB to
read and write to it.

In this study, the OPC server KEPServerEX was configured to exchange data over a
local area network (LAN). It also can be accessed over the Internet, therefore the controllers
can be operated remotely for an Internet of Things (IoT)-based approach to be implemented,
which could provide a powerful management tool to enhance food safety [30].

2.6. Implementation of PID, MPC, and AMPC

The advanced process controllers including PID, MPC, and AMPC were developed
prior to the experiment. The author will briefly discuss the development of the advanced
process controllers and the interface between MATLAB and the PLC-based CFOH unit.

2.6.1. PID Control of the Continuous Flow Ohmic Heater

The PID controller is a very common controller used in the control of loop processes,
to implement the PID control, we assume a single input single output (SISO) system where
the only controlled variable is the output temperature. Other process parameters such as
the mass flow rate are kept constant. The equation of the PID controller is expressed as:

R(t) = Kp·x(t) + Ki

∫ t

0
x(t)dt + Kd

dx(t)

dt
. (9)
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The term Kp is known as the proportional term and is based on the difference between
the set point (desired output temperature) and the actual value (recorded temperature), in
this case, it represents a temperature error. The integral term, Ki

∫ t
0 x(t)dt, is the summation

of the error values and Kd
dx(t)

dt is the derivative of the proportional error, which determines
if the error is diminishing. Therefore, the proportional term Kp decreases the rise time, the
integral term Ki reduces the steady state error, while the derivative term Kd reduces the
settling time and overshoot. The PID controller was tuned to the following settings: the
proportional (P) term to 2.5, the integral (I) term to 0.2, and the derivative (D) term to 0.
The closed-loop control of the CFOH using the PID control technique is shown below in
Figure 3.

𝑅(𝑡) =  𝐾 . 𝑥(𝑡) + 𝐾 𝑥(𝑡)𝑑𝑡 + 𝐾 ( )𝐾 𝐾 𝑥(𝑡)𝑑𝑡𝐾 ( ) 𝐾𝐾𝐾

𝑥(𝑘 + 1) = 𝐴𝑥(k) + 𝐵 𝑢(k) + 𝐵 𝑣(k) + 𝐵 𝑑(k)𝑦(𝑘) = 𝐶𝑥(k) + 𝐷 𝑣(k) + 𝐷 𝑑(k)

Figure 3. Closed loop PID control of the continuous flow ohmic heater.

The product flow rate was kept constant throughout the heating process. The desired
output temperature was given as a reference to the PID controller. The temperature at the
output was measured by two optic fiber temperature probes at the outlet of the heater.
An additional thermocouple was placed outside the heating region to further validate
the readings by the optic fiber probes. The measured temperature was compared with
the reference temperature and the error generated feeds into the PID controller. The PID
controller then provided the HV thyristor a dimensionless value ranging from 0 to 100. This
dimensionless value received by the HV thyristor corresponds to an HV voltage reading
which was applied to the electrodes. The desired performance of the PID controller was
ensured by proper tunning of the controller gains.

2.6.2. MPC and AMPC Implementation on the Continuous Flow Ohmic Heater

Model-based predictive control (MPC) describes a set of advanced control methods,
which make use of a process model to predict the future behavior of the controlled sys-
tem [31]. In this prediction, the MPC determines an optimal solution for the output by
solving a constrained optimization problem. At each time step, the prediction and opti-
mization are computed; therefore, the MPC is also referred to as “receding horizon” control.
In essence, the idea is that a short-term (predictive) optimization achieves optimality over a
long time.

Short-term prediction over a long time achieves optimal results because the error
forecast is small compared with a distant prediction. The combination of prediction and
optimization is the main difference from conventional control approaches, which use
precomputed control laws [32].

The MPC is represented by the form:

x(k + 1) = Ax(k) + Buu(k) + Bvv(k) + Bdd(k) (10)

y(k) = Cx(k) + Dvv(k) + Ddd(k), (11)

where A, Bu, Bv, Bd, C, Dv, and Dd are matrices parameters that can vary with time. k is the
time index, x is the plant model states, u is the control input (manipulated variable (MV)),
v is the measured disturbance, d is the unmeasured disturbance, and y is the plant output.
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A traditional MPC controller includes a linearized and fixed nominal operating point
(x) at which the plant model applies the optimal control solution (u). For the MPC used in
this work, the properties are given below:

A =

[

0.999 0.295
−7.2 ∗ 10−4 0.970

]

, Bu =

[

8.27 ∗ 10−5

5.48 ∗ 10−4

]

, Bv = 0, Bd = 0, C = [1 0],

Dv = 0 and Dd = 3.3 ∗ 10−4. Sampling time = 0.3 s, prediction horizon = 30, and control
horizon = 3. Manipulated variable rate (∆u) = 2.78 ∗ 10−4. Output variable weight = 0.0011.

In AMPC, as time evolves the nominal operating point will be updated and time
variance will be consistent with the updated plant model. AMPC can be written in the form:

x(k + 1) = xn + A(x(k)− xn) + B(u(k)− un) + ∆xn (12)

y(k) = yn + C(x(k)− xn) + D(u(k)− un), (13)

where A, B, C, and D are the parameter matrices to be updated, xn is the nominal operating
point of the AMPC. ∆xn are the nominal state increments, un is the nominal input, and
yn is the nominal output. For the AMPC used in this research, the same properties of the
MPC were used, with the only additional variables being the nominal state increase of
∆xn = 0.000278, yn = 0.0010, and un = 20.

The electrical power delivered by the ohmic heater was recorded by an onboard power
meter in real-time in the MATLAB environment. For temperature measurements, within
the electrodes, two pairs of optic fiber temperature probes were placed side by side at the
midpoint of the heating chamber between the first and second electrodes and just before the
third electrode. Two sets of thermocouples were used. The first thermocouple was placed
at the infeed into the ohmic heating chamber just before the first electrode to measure the
product inlet temperature. At the outlet, a second thermocouple was placed after the third
electrode to further validate and measure the outlet temperature. Special care was taken
to avoid placing unshielded thermocouples between the electric field. The steps taken are
described below:

1. Ensure a minimum of 20 L of product is in the infeed tank (e.g., saline or orange juice);
2. An appropriate flow rate of 60 L/hr is set;
3. The desired process controller is chosen (e.g., PID, MPC, or AMPC);
4. A target temperature of 90 ◦C is set;
5. Heating commences and the process runs for 200 s;
6. Data are being recorded in real-time;
7. The process can be repeated.

3. Results and Discussion

3.1. Heating Rate of Saline and Energy Efficiency

In the figures below, the product temperature as a function of the applied voltage is
presented at a constant flow rate of 60 L/hr. The performance of the choice of advanced
process control is also shown by the deviation of the outfeed temperature from the setpoint
heating temperature of 90 ◦C. The energy efficiency of heating saline to 90 ◦C in the ohmic
heater is also presented. The energy efficiency is derived from the application of Equation (8).

Heating Rate of Saline and Energy Efficiency with PID, MPC, and AMPC Control

In Figure 4, the plot shows the overlapped temperature output profiles from the CFOH
and the voltage profiles when PID, MPC, and AMPC controllers were independently used
in heating saline solution.
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Figure 4. Temperature response heating saline using PID, MPC, and AMPC controller.

As can be seen from Figure 4, rapid heating is an advantage of ohmic heating. The
outlet temperature reached the setpoint temperature from 18 ◦C to 90 ◦C and settled within
1.5 min of heating. A steady-state error of about 2 ◦C is observed from the PID temperature
profile. The use of the MPC controller gives a more desirable outfeed temperature compared
with the use of the PID controller. A reduced steady-state error of about 0.8 ◦C is observed
compared with 2 ◦C when a PID controller was used. When the AMPC controller was
used, the steady state error observed is about 0.6 ◦C. This demonstrates that the AMPC
controller has better performance in terms of tracking reference temperature setpoints
than both the PID and MPC controllers. Comparing the voltage response of the AMPC
controller, a smoother voltage profile is seen compared with an oscillatory pattern with the
PID (Figure 4) and aggressive short steps with the MPC. The real-time recorded electrical
power consumption and energy efficiency are shown in Figure 5 below.

In Figure 5, the electrical power input to the CFOH is the smoothest when AMPC
is used compared with that of PID and MPC. The PID electrical power input is observed
to oscillate when the desired setpoint temperature was reached from 60 s to 200 s. The
absence of oscillation on the electrical power input in Figure 5 when MPC and AMPC
are used suggests that they are a more robust controller than the PID controller. Even
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though there is no significant change in the applied electrical power, the energy efficiency
when a PID controller was used is the lowest. The AMPC is observed to have the highest
energy efficiency.

Figure 5. Electrical power and energy efficiency of the ohmic heater while heating saline.

Table 1 shows the electrical power consumed and the energy efficiency of the ohmic
heater between 1–60 s and 60 s to 200 s. The efficiency is evaluated from 0 to 60 s and
from 60 s to 200 s. This is because 0 to 60 s represents the temperature build-up within the
heating chamber.

Table 1. Energy consumption and energy efficiency of heated saline using PID, MPC, and AMPC controller.

Time (s)
PID Power

(kWh)
MPC Power

(kWh)
AMPC Power

(kWh)
PID Energy

Efficiency (%)
MPC Energy

Efficiency (%)
AMPC Energy
Efficiency (%)

1–60 s 4.46 4.57 4.5 86.39 87.50 88.3

60–200 s 26.5 26.4 26.2 87.91 88.40 89.1

According to Table 1, the use of the MPC controller increases the energy efficiency of
the ohmic heater. This can be seen from the temperature plot in Figure 5. The conversion of
input energy to heat for the CFOH is more efficient using an MPC controller than a PID
controller. However, there is no significant change in the electrical energy consumed by
both controllers. The energy efficiency achieved by AMPC is the highest when compared
with PID and MPC controllers. This means that using AMPC on the ohmic heater gives a
higher temperature conversion rate from the applied power.
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3.2. Heating Rate of Orange Juice and Energy Efficiency

Heating Rate of Orange Juice and Energy Efficiency with PID, MPC, and AMPC Control

A similar procedure to Section 3.1 was repeated for orange juice at an infeed tempera-
ture of 9–10 ◦C.

In Figure 6, the temperature response while heating orange juice to 90 ◦C when a PID,
MPC, and AMPC controller were used is shown. The orange juice in the infeed tank was
at 10 ◦C.

 

Figure 6. Temperature response heating orange juice using PID, MPC, and AMPC controller.

In Figure 6, the rapid heating of the CFOH is seen as the temperature rises from 10 ◦C
to 90 ◦C and settles in just over 70 s. From Figure 6, voltage oscillation is observed between
30 s and 70 s, this is because the PID controller struggles to keep the output temperature at
the desired setpoint of 90 ◦C. When the MPC control was used, the temperature response
of the CFOH was more desirable. The steady-state error is less than 0.8 ◦C and the output
temperature settles within 60 s. The settling time when AMPC was used to heat orange
juice to 90 ◦C is about 65 s. The voltage profile of the AMPC is less aggressive compared
with the response of the MPC and reduced voltage oscillation is seen when compared with
the PID response.
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In Figure 7, the electrical power response profiles and energy efficiency of the CFOH
when PID, MPC, and AMPC controllers were used to heat orange juice is shown.

Figure 7. Electrical power and energy efficiency of the ohmic heater.

According to Figure 7, undesirable sustained oscillation is observed for the electrical
power input when the PID controller was used. This sustained oscillation is a result of
the PID performance. Between 30 s to 70 s, the PID controller struggles to keep the output
temperature close to the desired setpoint temperature. It can be seen in Figure 7 from the
electrical power input that the MPC takes aggressive control actions to keep the output
temperature close to the desired temperature of 90 ◦C. In Figure 7, the electrical power
input to the CFOH when the AMPC controller was used appears to be aggressive, albeit
not as aggressive as the MPC. The energy efficiency of the CFOH when AMPC was used
decreases just after 120 s and then increases. This trend is consistent with both the PID and
MPC and can be attributed to product mixing within the heating chamber.

Table 2 presents the energy consumption and energy efficiency of the CFOH when the
PID controller was used.

According to Table 2, reduced energy efficiency is observed in the first 60 s of operation.
The reduced energy efficiency, which is the conversion of electrical energy to heat, can be
attributed to the low inlet product temperature of 9–10 ◦C. In Table 2, the MPC has a higher
energy efficiency when compared with that of the PID controller. This can be attributed to
the aggressive nature of the controller action to keep the output temperature close to the
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desired setpoint temperature. From Table 2, no significant change in the electrical power
consumed during heating is seen when compared with PID and MPC. A general trend of
lower energy efficiency is observed from 0 to 60 s. Compared with PID, the AMPC has a
higher energy efficiency, but not more than the MPC does.

Table 2. Energy consumption and energy efficiency of heated orange juice using PID, MPC, and
AMPC controller.

Time (s)
PID Power

(kWh)
MPC Power

(kWh)
AMPC Power

(kWh)
PID Energy

Efficiency (%)
MPC Energy

Efficiency (%)
AMPC Energy
Efficiency (%)

1–60 s 4.9 5.0 4.9 52.5 52.6 51.6

60–200 s 29.5 29.6 29.5 91.0 92.1 91.8

3.3. Discussion

From the results above, it was observed that while heating saline solution using
PID, MPC, and AMPC, there is no significant change in the electrical power consumed
during heating. However, the energy efficiency conversion from electrical power to heat
improves when an AMPC controller is used. While heating saline, PID has the lowest
energy efficiency (87.9%), MPC has an energy efficiency of 88.40%, and AMPC has an
energy efficiency of 89.1%.

For the heating of orange juice, a low energy efficiency of less than 53% was observed
in the first 60 s of operation. This is due to the low input product temperature of 9 ◦C. After
the first 60 s of operation, the temperature built up within the heating chamber significantly
increased, hence the increased energy efficiency of 91.0%, 92.2%, and 91.8% for PID, MPC,
and AMPC, respectively. Also, no significant difference in the electrical power is observed.
In Figure 8, the energy efficiency comparison chart of the controllers when applied to saline
and orange juice is shown.

Figure 8. Energy efficiency plot of the ohmic heater for different controllers.

It was observed that the MPC has a higher energy efficiency than PID and AMPC
when heating from a much lower temperature of 9 ◦C. However, the AMPC has a higher
energy efficiency than the PID and MPC when heating starts from a higher temperature of
18 ◦C. The authors are tempted to attribute this characteristic to the very aggressive control
of the MPC to keep the output temperature close to the desired setpoint value, but future
studies will be conducted to answer this question.
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In this study, the food products used were a saline solution and orange juice, which
are uniform and homogenous in nature. When the CFOH is used, the heating times are
drastically reduced to less than 1 min for a flow rate of 1 L/min with a minimum efficiency
of 87.9% for saline and 91% for orange juice. The energy efficiency achieved is very similar
to the work reported in [12], where a non-homogenous food product consisting of fish
samples was heated using a smaller scale batch OH (2.5 kW), and a similar trend of fast
heating time and energy efficiency of 89.89% were recorded.

Due to the lack of published work using CFOH, it is not possible to directly compare
with other results in the literature. However, Atuonwu et al. [33] produced a detailed
analysis of energy performance for several innovative and conventional food preservation
technologies including high-pressure processing (HPP), microwave volumetric heating
(MVH), batch ohmic heating (OH), and conventional thermal treatment (UHT) where
orange juice was heated from ambient temperature (approx. 20 ◦C) to 76 ◦C. For a fair
comparison, the best results from each of the heating methods with different set-ups
were selected to compare with the results produced in this paper. In [33], a hypothetical
continuous OH (Cont. OH) was also used in the comparison where the continuous OH
process, without voltage switching temperature control, was expected to achieve an energy
efficiency of 95%, in theory. The comparison chart can be seen in Figure 9.
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Figure 9. Energy efficiency comparison with different heating methods. Note: the first 5 data were
quoted from [33].

As shown in Figure 9, not surprisingly, the conventional technology UHT—which was
represented by an electrically powered hot water-to-orange juice heat exchanger—had the
lowest energy efficiency of 46% because of the heat loss during heat transfer. The MVH
system, even when the magnetron cooling energy was discounted, could only achieve 54%
of energy efficiency. As a non-thermal method, HPP could produce 78% of energy efficiency
at a 95% filling ratio, which was a huge improvement from 31% of energy efficiency at a
36% filling ratio. The batch OH process had the highest energy efficiency of 80% among all
the thermal processes. It is clear that the CFOH process in this work compares favorably
with all the heating technologies reported in [33], even when the starting temperature was
much lower at 10 ◦C. The average energy efficiency of 91.6% for all three controllers is not
far off from the 95% claimed in the hypothetical continuous OH process.

4. Conclusions

In this work, the gap in the literature analyzing the energy consumption of a continu-
ous flow ohmic heater was discussed and addressed. The energy consumption analysis
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was based on the novel development of a state-of-the-art CFOH with advanced controllers.
Experiments were carried out for both saline solution and orange juice. The advanced
MPC and AMPC controllers were designed based on a validated mathematical model and
innovatively implemented using an OPC server through MATLAB/Simulink for real-time
control. This is the first time such experimental results are being obtained and reported.
From the experimental results, it was established that the CFOH has an energy efficiency
conversion percentage of at least 87.9%. The analysis has also shown that the energy
conversion percentage can be increased by applying MPC and AMPC controllers, or other
advanced controllers.

When analyzing the energy consumed during the heating process, it was observed
that there are no significant electrical power differences for both saline solution and orange
juice, and that the energy efficiency observed was a function of the controller performance.

Future work will continue to analyze the energy efficiency of the CFOH with other
process parameters such as the flow rate, varying infeed temperatures, setpoint temperature,
and for different food materials, especially those of heterogeneous mixtures. IoT-enabled
remote control facilities will also be explored and developed to improve the operation and
management of the processes. Other applications of the CFOH, such as pasteurization
and fermentation, will also be investigated together with further analysis of heat recovery
during the cooling phase of the food materials.
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