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ABSTRACT

Improving energy efficiency in the food sector is critical for reducing emissions and reaching
net-zero goals. While raw material production and transportation contribute significantly to
emissions in the industry, optimizing energy use during processing remains a key priority. One
promising solution, digital-twin technology, creates a digital representation of equipment that
integrates plant data for real-time monitoring and optimization. This paper introduces
HTRIconnect™, an innovative digital-twin technology that links plant data to advanced heat
exchanger models for continuous monitoring, with a focus on analysing the impact of fouling
on operational parameters. A case study features operational data connected to a detailed model
for a Robert-type evaporator, commonly used in sugar refineries. The digital twin enables
effective monitoring of performance degradation caused by fouling, and a normalized Brix
index is used to evaluate the impact of operating conditions and fouling on sugar juice quality.
Additionally, a “what-if” analysis assesses the effectiveness of surface coatings, an emerging
technology that can reduce fouling in food processing, and their influence on the operational
efficiency of the Robert evaporator.

INTRODUCTION

Energy efficiency in the food industry plays a crucial role in addressing global climate
challenges by reducing energy consumption, lowering greenhouse gas (GHG) emissions, and
supporting net-zero objectives. The sector contributes about 26% of anthropogenic global GHG
emissions across its supply chain (Poore and Nemecek, 2018), including land use, farming,
processing, packaging, and transportation. Food processing alone accounts for 8% to 25% of
these emissions (Tubiello et al., 2021; Vermeulen, Campbell, and Ingram, 2012; Crippa et al.,
2021; Poore and Nemecek, 2018; Ritchie, 2019), revealing significant room for improvement.
While much attention is given to emissions from agriculture and transportation, the energy-
intensive operations within food manufacturing—such as heating, cooling, and drying—require
greater focus. Optimizing these processes not only cuts emissions but also delivers cost savings
and enhances sustainability, making energy efficiency a top industry priority.

Within food processing, improving energy efficiency is essential for enhancing the overall
sustainability of the supply chain. Energy-intensive activities, including heating, cooling, and
evaporation, offer substantial opportunities for energy savings and emissions reduction.
However, achieving optimal efficiency is often hindered by operational challenges, particularly
fouling in heat exchangers (Thonon, 2008; Wilson, 2018). Fouling occurs when unwanted
deposits accumulate on heat transfer surfaces, reducing efficiency, increasing energy
consumption, and causing frequent maintenance and production slowdowns. Implementing
advanced monitoring and maintenance strategies is vital to overcoming these challenges,
maximizing energy savings, and ensuring reliable production and consistent product quality.



Detection of fouling in heat exchangers in the food industry may involve using a combination
of several parameters including thermal, hydraulic, acoustic methods, etc. (WallhduBer,
Hussein, and Becker, 2012). It is also common in industrial systems that the impact of fouling
may be masked with other changing operational parameters, and a systematic interpretation of
the operating data is essential to obtain an unbiased performance assessment.

Digital-twin technology for heat exchangers provides a powerful solution to address energy
efficiency challenges in the food industry through real-time monitoring, predictive analytics,
and operational optimization. By creating virtual replicas of physical systems, digital twins
enable continuous performance tracking, identification of inefficiencies, and optimization of
operations to reduce energy consumption.

Heat Transfer Research Inc. (HTRI)’s digital transformation platforms (Pugh et al., 2025) link
plant data historians with process heat exchanger models—including shell-and-tube, plate and
frame, spiral plate, plate fin, hairpin, shell-and-plate, and jacketed pipe heat exchangers, as well
as air coolers, economizers, and furnaces. These digital twins offer near real time performance
assessments, process optimization recommendations, alert configurations, and predictive
studies that enhance operational safety, plant economics, and environmental sustainability.
Here, we discuss HTRIconnect, the latest addition to HTRI’s technology portfolio, and
highlight its role in advancing digital-twin applications for heat exchangers in the food
processing industry.

OVERVIEW OF HTRIconnect TECHNOLOGY

In process industries, the performance of heat exchangers is monitored using various
instrumentations, which may include measurements of stream temperatures, flow rates,
pressures, and fluid composition at both the inlet and outlet of the unit on the hot and cold sides.
These operational data are typically stored in the plant’s data historian, a centralized repository
for time-series process data. HTRIconnect serves as a data integration hub, seamlessly linking
the plant data historian with heat exchanger models developed using HTRI’s rigorous heat
transfer simulation software (Figure 1). By automatically pulling real-time process data from
the data historian, HTRIconnect continuously updates and runs heat exchanger models to
simulate actual operating conditions. The platform calculates key performance indicators, such
as heat transfer rates, pressure drops, and fouling resistances, as well as incremental
performance profiles along the heat transfer surfaces.

The results of these simulations, including any deviations from optimal performance, are
pushed back into the plant data historian, making them accessible to relevant users across the
organization. These data can be shared globally throughout the organization and in near
real-time, with minimal additional costs for data transmission. HTRIconnect integrates
seamlessly into existing workflows, enhancing operational agility and collaboration between
different workgroups, such as operations, maintenance, and process engineering teams. By
providing immediate access to actionable performance insights, it enables faster, more
coordinated decision-making and supports proactive maintenance strategies to improve plant
efficiency and reliability.

In this paper, we present a case study demonstrating the application of HTRIconnect and a
rigorous heat exchanger model for a Robert evaporator in a sugar refinery. The technology was
utilized to monitor the evaporator’s real-time operational performance, providing continuous



performance tracking through process data integration. Additionally, what-if analyses were
conducted to evaluate various operational scenarios aimed at reducing energy consumption.
These studies explored process optimization strategies, such as use of surface coating and
impact of multistage evaporators on steam economy, ultimately helping the refinery identify
opportunities for improving energy efficiency and process performance.
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Figure 1. HTRIconnect digital transformation platform for continuous connection of plant
data historian to rigorous heat exchanger models in Xist, Xphe, Xace, Xspe, Xfh,
Xpfe, Xjpe, and Xhpe, HTRI software that perform rigorous heat exchanger rating,
simulation, and design for different exchanger geometries.

CASE STUDY: SUGAR REFINERY

In the sugar manufacturing process, whether processing sugar cane or sugar beet, the sugar juice
is heated to evaporate water in evaporators, producing concentrated sugar juice. This
concentrated juice undergoes further processing, including crystallization, to produce refined
sugar crystals.

Several types of evaporator technologies are used in the industry, each with its own advantages
and limitations depending on the application, efficiency requirements, and operating conditions.
In this case study, we focus on the Robert evaporator, a type of rising film evaporator.
Recognized for its lower cost, scalability, and ability to handle high-viscosity fluids while
providing efficient heat transfer, the Robert evaporator plays a critical role in energy-efficient
sugar concentration. Its design facilitates effective heat utilization and continuous operation,
making it a popular and reliable choice for large-scale sugar production in the sugar industry.
Robert evaporators can come in various design; an example is shown in Figure 2. In a Robert
evaporator (rising film evaporator), sugar juice enters the evaporator as a liquid feed at the
bottom of the tubes and rises vertically upwards through the tubes while undergoing



evaporation. The tubes are externally heated by steam on the shell side, creating the temperature
differential necessary for heat transfer and evaporation.

As the sugar juice absorbs heat, water begins to vaporize within the tubes, creating a two-phase
mixture of liquid and vapour that rises due to the increasing vapor pressure. The velocity of the
rising vapor helps create turbulence, improving heat transfer and promoting efficient
evaporation along the tube walls. At the top of the evaporator, the mixture enters the flash
chamber (separator), where the vapor and liquid are separated. The vapor component is
removed from the top of the chamber, often directed to subsequent effects in a multistage
evaporator system to improve steam economy. The liquid concentrate falls below through a
calendria (the chamber housing the vertical tubes) and collects at the bottom.

In some designs, liquid recirculation loops are included to return a portion of the liquid back to
the feed inlet to enhance evaporation and control residence time. However, not all designs
require recirculation, as rising film evaporators can often achieve sufficient heat and mass
transfer through natural circulation. The decision to include recirculation depends on factors
like fluid viscosity, heat transfer requirements, and energy efficiency goals.
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Figure 2. Illustration of a Robert evaporator (rising film evaporator).

In this case study, a Robert evaporator without liquid recirculation is monitored using
HTRIconnect. The software evaluates the evaporator’s heat transfer performance by analysing
the film transfer coefficients on both the cold and hot sides and assessing the thermal resistance
that develops over time, correlating this with real-time monitoring data.

Through rigorous analysis, HTRIconnect performs incremental heat transfer calculations along
the heat transfer surface, allowing the model to accurately capture the evaporator’s dynamic
behaviour under two-phase flow conditions. This incremental approach is crucial for
representing localized performance variations due to changing flow rates, phase transitions, and
fouling. For simplicity, the thermal performance of the unit is represented as the ratio of
operating to clean overall heat transfer coefficients (U / U.). The operational overall heat
transfer coefficient is evaluated by
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Here, hi and &, represent the internal and external film transfer coefficients, respectively; d; and
d, denote the internal and external tube diameters, respectively; Ry; refers to the internal thermal
resistance; kw is the thermal conductivity of the tube material.

U. is evaluated for the same inlet operating conditions in the absence of thermal resistance.
The monitoring data retrieved from the plant data historian, which are used to perform the
rigorous heat transfer calculations, along with the corresponding results returned to the
historian, are illustrated in Figure 3.
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Figure 3. Illustration of data transfer between plant data historian and HTRIconnect for the
Robert evaporator example

Two operational campaigns were monitored and are presented in Figure 4, where the x-axis
represents the number of hours in operation, with 0 marking the start-up following a cleaning
event, and the y-axis shows the ratio U/U,; (operating to clean overall heat transfer coefficients).
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Figure 4. Reconciled exchanger thermal performance represented as U/U...



It is observed that U/U.; does not always begin at 1, which is a common occurrence in process
industries due to incomplete cleaning or uncertainties in operational parameters, as well as
variations in thermal and hydraulic correlations used in the analysis.

Optimum cleaning cycles of an operating heat exchanger may be determined due to economic
optimization (Ishiyama et al., 2011) and/or in hygienic constraints of the food industry.

During the first cycle, a gradual reduction in thermal performance is observed, with the unit
being stopped after approximately 100 hours of operation, followed by a cleaning event. After
the evaporator is brought back online, a performance drop is observed again, with the second
cycle showing a slightly steeper decline in thermal efficiency, indicating a faster fouling rate.
Monitoring the quality of the sugar juice leaving the evaporator during both cycles does not
consistently indicate a drop that would reflect the degradation in thermal performance (hollow
triangles in Figure 5).
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Figure 5 Sugar juice quality leaving the evaporator illustrated as the actual density over the
design density.

This inconsistency may lead operators to question the immediate necessity of a cleaning event,
as the fouling impact may be masked by other fluctuating operational conditions. Factors such
as variations in feed sugar juice quality, changes in steam pressure and flow rates, and
fluctuations in process conditions all contribute to this masking effect, making it difficult to
directly correlate sugar juice quality with fouling.

To address this challenge, the study introduces a normalized calculation (Figure 6). This
approach involves fixing the operational parameters entering the evaporator, such as setting
them to design conditions, and then re-simulating the heat exchanger performance using the
thermal resistance values obtained through data reconciliation (based on results in Figure 4).
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Figure 6 Steps to obtain a normalized exchanger operational performance.

The normalized calculations provide a clear and unbiased assessment of how evaporator fouling
impacts the sugar juice quality (filled circles in Figure 5). By eliminating the masking effects
of fluctuating operational parameters, the normalized analysis reveals a more distinct
correlation between fouling and sugar juice degradation, supporting better decision-making
when scheduling cleaning events necessary to optimize both performance and product quality.

REDUCING ENERGY CONSUMPTION

Energy reduction opportunities were identified by conducting what-if studies, focusing on
improving steam economy and improving overall operational efficiency. In this assessment, we
evaluated two common strategies for reducing energy consumption in evaporators:

- Application of surface coatings to mitigate fouling

- Implementation of a multistage evaporator to enhance steam economy

Surface Coatings to Mitigate Fouling
The use of non-stick coatings on evaporator tubes was assessed as a means of reducing or even
eliminating fouling during a typical crushing season. These coatings can minimize the adhesion
of fouling deposits, thereby extending the period between cleaning events or, in some cases,
completely eliminating the need for cleaning. These coatings may lead to

- fewer production stoppages

- more consistent heat transfer performance

- lower maintenance and cleaning costs

As noted by Purchase and Voigt (2012), coated tubes offer significant potential for long-term
performance sustainability, making them an attractive option for energy savings and operational
efficiency.

Multistage Evaporator for Enhanced Steam Economy

The study also explored the benefits of converting a single-stage evaporator to a multistage
evaporator system. Multistage evaporators operate by reusing the vapor generated in one stage
to heat the subsequent stage, thereby improving steam utilization (Higa et al., 2009).



Steam economy, defined as the amount of water evaporated per unit of steam used, is a critical
measure of energy efficiency in evaporator systems. A multistage configuration can
significantly improve steam economy, with typical systems achieving steam economies ranging
from 1.5 to 5 or higher, depending on the number of stages. By improving steam economy, the
plant can achieve reduced steam consumption, as well as lower fuel and energy costs.

These combined strategies provide a comprehensive approach to reducing energy consumption
in sugar refining operations, while maintaining or improving product quality and plant
reliability. We present a what-if scenario in Figure 7, where a second evaporator with a
fouling-resistant surface coating is added to the system, and its past performance is re-simulated
under this assumption. The surface coating properties, including a thickness of 0.06 mm and a
thermal conductivity of 0.42 W/m-K, were sourced from Purchase and Voigt (2012). Figure 8
compares the steam economy between the baseline configuration and the coated configuration.

DISCUSSION

The case study demonstrated the effectiveness of real-time monitoring using HTRIconnect and
rigorous heat transfer models for assessing performance and energy-saving opportunities. The
what-if studies identified strategies like surface coatings and multistage evaporators to optimize
energy consumption and improve operational efficiency.

Digital-twin platforms like HTRIconnect can be extended to other heat transfer equipment in
food processing, such as pasteurizers, evaporators, and dryers. These systems enable plants to
monitor real-time performance, optimize operating conditions, and reduce energy consumption
across processes. By utilizing continuous performance monitoring and predictive analytics,
plants can implement condition-based maintenance, reducing unexpected downtimes and
optimizing production schedules. This ensures that equipment operates efficiently and close to
its design specifications, improving energy efficiency.
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Figure 7. What-if study of a multi-effect evaporator with a second evaporator with a surface
coating to mitigate fouling.
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Figure 8. Comparison of steam economy between the existing system (hollow triangles) and
the what-if scenario involving the addition of a second evaporator with a surface
coating (filled circles) for the first 100 hours of operation in Figure 4.

CONCLUSION

The paper demonstrated how digital twins, through real-time monitoring, predictive analytics,
and performance optimization, help address energy efficiency challenges by reducing steam
consumption and enhancing operational reliability.

Integrating plant data historians with heat exchanger models using HTRIconnect enabled
accurate performance tracking and timely identification of operational inefficiencies. Plants that
implement digital-twin platforms can achieve real-time performance insights and enable
proactive maintenance strategies, thereby enhancing operational reliability and
reducing downtime.

The combined use of digital-twin technologies and fouling control strategies contributes to
reduced energy consumption and greenhouse gas emissions. As these practices are adopted
more widely, they will play a critical role in supporting sustainability goals across the food
processing sector and beyond.

NOMENCLATURE

d;i internal tube diameter, m

do external tube diameter, m

hi internal tube heat transfer coefficient, W/m? K
ho external film transfer coefficient, W/m? K

kw tube thermal conductivity, W/m K

Ry tube internal thermal resistance, m? K/W

U overall heat transfer coefficient, W/m? K



U overall heat transfer coefficient, clean, W/m? K
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