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Abstract: This thesis examines the design, optimization, and dynamic simulation
of a forward-feed multiple-effect evaporation system for tomato paste production.
Tomato paste (30 °Brix), obtained from tomato juice (5 °Brix) concentration, and
rich in bioactive compounds such as lycopene, pectin, and vitamin C, is a glob-
ally relevant food ingredient whose quality depends on processing conditions. The
study combines the design of the system and cost analysis to determine the opti-
mal number of effects for the evaporation process, and applies Industry 4.0 Digi-
tal Twin technology to simulate its dynamic behavior. Thanks to a comparative
economic evaluation of configurations with one to five effects considering capital
expenditures, operating expenditures, and total costs over the plant’s lifetime, a
three-effect forward-feed configuration offers the lowest total cost. A Digital Twin
of the optimal configuration, developed in AVEVA Dynamic Simulation software,
reproduces the system’s dynamic behavior and enables simulations of start-up and
shutdown operations. The model demonstrates reliable process control, stable
start-up performance, and safe vessel drainage during shutdown. Overall, the work
shows how Digital Twins enhance process understanding, operational safety, and
decision-making in the food industry, while promoting sustainability and compet-
itiveness.

Key-words: tomato paste production, multiple-effect evaporation, digital twin, process optimization,
cost analysis, food engineering

1. Introduction

Tomatoes are widely used across a broad range of processed food products thanks to their appealing taste,
vibrant color, and functional consistency. Figure 2 illustrates that from fresh tomatoes, various items can be
produced, including dehydrated tomatoes, tomato pulp, ketchup, tomato paste, tomato powder, tomato juice,
chili sauce, and canned tomatoes. Among these, some of the most commonly consumed processed tomato
products are juice, sauce, paste, ketchup, soup, and canned tomatoes. This diversity in tomato processing
reflects its significant role in the food industry and the broad range of culinary applications.
The global tomato processing market was valued at approximately USD 51.8 billion in 2023, with tomato paste
and purees accounting for about USD 8.2 billion, highlighting their significant role within the broader processed
food sector [7]. In 2024, global tomato paste production reached a record 45.8 million tons (Figure 1), surpassing
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the 44.4 million tons produced the previous year. This growth reflects increasing demand and underscores tomato
paste’s critical importance in the food industry [11].
Major producers include China, the United States, Italy, Spain, and Turkey, which together supply this grow-
ing global demand. Exports have also surged, reaching a record 3.8 million tons in one year [8], reflecting
tomato paste’s widespread acceptance and integration into global food markets. Given this industrial and eco-
nomic significance, optimizing tomato processing is essential for improving quality, sustainability, and market
competitiveness.

Figure 1: Global Tomato Processing of 2024 [39]
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Figure 2: Process flow diagram of tomato products [4]

This thesis focuses specifically on the production and processing of tomato paste. Tomato paste, a concentrated
derivative of tomatoes, is a fundamental ingredient in global cuisines, forming the base for sauces, soups, and
various culinary preparations. Its extended shelf life and rich flavor make it essential in both household kitchens
and the food processing industry.
To fully understand the quality of tomato paste and the factors that influence it, it is essential to examine the
processing steps involved in its production.
The processing of tomatoes involves several critical steps, each of which contributes to the quality of the final
product. These steps, illustrated in Figure 3 must be carefully controlled to maintain product consistency,
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flavor, and nutritional value.
Tomato paste production main step is evaporation to obtain a concentrated final product. Before performing
this, a series of pretreatments are necessary, crucial for ensuring that the raw material is suitable for further
transformation.

Fresh Tomatoes Grading Soaking and
Washing

Sorting and
Trimming Break Extraction and

Juice Refinning Concentration Sterilization and
Packaging  TOMATO PASTE

Figure 3: Process flow diagram of tomato paste

The first step is grading, which ensures that only tomatoes of the appropriate quality and ripeness level are
used. Grading standards vary by country or company, and tomatoes are usually inspected based on defects such
as worm damage, mold, and mechanical damage, and their color is visually evaluated. Tomatoes are categorized
into different ripeness stages, from green to red, with each stage affecting the processing method [35].
Once the tomatoes are graded, they are washed to remove any dirt, debris, or microbial contamination. Washing
typically involves two phases: soaking and spray-rinsing. The tomatoes are soaked in water, sometimes using
high-pressure water jets, and then rinsed with fresh water. To control microbial populations, chlorine is often
added to the wash water [4].
After washing, the tomatoes are sorted and trimmed to remove any defective fruit or parts. This can be
done using roller conveyors and photoelectric sorters. This step ensures that only the highest-quality fruit is
processed, with any under-ripe or defective tomatoes being discarded or repurposed for other products [4]. After
sorting, the processing continues with coring, which aims to improve the final product’s texture. This can be
done by machine or by hand. Modern tomato varieties often have smaller cores, making this step less necessary
[4].
Then the tomatoes are chopped in a process known as breaking, which can be done using either a hot-break or
cold-break method. In hot-break processing, tomatoes are quickly heated to 82-93°C to deactivate pectolytic
enzymes, which, if left active, can degrade pectin, a structural polysaccharide responsible for the texture and
thickness of the final product. Preserving pectin and hemicelluloses during processing is crucial for obtaining a
high-viscosity paste, especially when the raw material is naturally rich in these hydrocolloids. This results in a
thicker, more stable product suitable for sauces and ketchup.
In cold-break processing, tomatoes are chopped at lower temperatures of 60-66°C, which results in a product
with a more delicate flavor and color but lower viscosity, making it more suitable for applications where those
characteristics are prioritized [14].
Following the break process, the pulp undergoes extraction and refining, which removes seeds, skins, and other
impurities. This is typically done using screw-type or paddle-type extractors, which press or beat the pulp
to extract juice. To minimize oxidation, which can degrade nutrients like lycopene and ascorbic acid, air
incorporation is minimized during extraction [33].
Finally, the juice undergoes concentration, where its solids content is increased to produce a paste with the
desired consistency. This is typically done using vacuum evaporators, which gradually increase the temperature
and concentrate the juice to 24-38% solids [5]. For final packaging, the paste is hot-filled at a minimum of 90°C
into cans, sealed without additional heat treatment, cooled after a water spray rinse, and finally packed [23].
Beyond their culinary attributes, tomatoes are also valued for their rich content of bioactive compounds, notably
carotenoids such as lycopene, which is recognized for its antioxidant and anti-inflammatory properties, and its
potential role in supporting cardiovascular and prostate health. Achieving high product quality largely depends
on processing conditions, which affect key attributes such as viscosity, flavor retention, nutritional value, and
lycopene bioavailability [40].

Among the various constituents that influence tomato sauce quality, three bioactive compounds play a partic-
ularly significant role in terms of their functional and nutritional relevance:

• Lycopene, a carotenoid responsible for the deep red color of tomatoes, significantly impacts both the
visual appeal and the antioxidant properties of the sauce. It consists of a long-chain hydrocarbon structure
with alternating single and double bonds, forming a conjugated system that absorbs light efficiently.
Higher lycopene content generally indicates a richer color and greater nutritional value, making it an
essential marker of tomato sauce quality. Lycopene exhibits notable stability during initial thermal
treatments, such as the "hot break" process at 93°C for 5 minutes. However, further processing, including
multi-stage evaporation and sterilization, can lead to a reduction of about 20% in lycopene content. To
preserve lycopene during the evaporation stages, it is crucial to minimize oxygen exposure and optimize
processing conditions [2].

• Pectin, a polysaccharide composed mainly of galacturonic acid units, is a key factor in determining the
consistency and texture of tomato sauce. It has a natural ability to form gels by trapping water, which

3



influences the sauce’s viscosity and stability. The degree of pectin methyl-esterification affects the gelling
properties, with higher pectin content resulting in a thicker and more structured sauce. Pectin degradation
is influenced by processing conditions, particularly heating. Rapid heating of crushed tomatoes can
minimize pectin breakdown, preserving the final product’s viscosity. Shortening the time gap between
crushing and heating is essential to retain pectin, making it a crucial parameter in the production process
[31].

• Ascorbic acid (vitamin C) also plays a fundamental role in defining the nutritional and sensory profile
of tomato-based products. It enhances freshness, acidity, and contributes to oxidative stability, prolonging
the shelf life of the final product. Structurally, it is a small, water-soluble molecule with strong antioxidant
properties, but it is highly thermolabile and sensitive to oxygen. During industrial processing, ascorbic
acid undergoes significant degradation, particularly during the initial thermal treatment stages. Studies
have shown that losses of up to 44.4% may occur during tomato paste production, especially in processes
involving high heat and oxygen exposure [21].To preserve vitamin C content, minimizing residence time
at elevated temperatures and operating under reduced oxygen conditions, such as vacuum evaporation,
are essential strategies [19].

While lycopene, ascorbic acid, and pectin are fundamental to the quality of tomato sauce, other factors such
as sugar content, acidity, and processing techniques also contribute to its overall characteristics. The balance
of these elements determines the final product’s color, taste, texture, and nutritional value, all of which are
essential for consumer preference and marketability. Understanding the interplay between these components
allows for better control over tomato sauce formulation and optimization of its quality.

This work primarily focuses on the evaporation stage within the tomato paste production process, an essential
unit operation in the food industry, widely employed for concentrating liquid food products. In tomato paste
production, the primary objective of evaporation is to remove a significant portion of water, around 50%, to
enhance product consistency and flavor while preserving sensory and nutritional quality. The process is typically
carried out under vacuum to reduce thermal degradation and preserving delicate compounds [18]. Evaporators
work by removing water as vapor through heat exchange. Steam is used as the heating medium, releasing its
latent heat to the product before condensing. To enhance energy performance, multiple-effect evaporators are
adopted. These systems link several units in series, each operating at progressively lower pressures. The vapor
from one stage serves as the heating medium for the next, significantly reducing steam consumption [30]. In
accordance with the literature on multiple-effect evaporation applied to tomato paste production, this study
considers configurations with one to five effects. This choice reflects typical design and operational ranges found
in both simulation and optimization studies on tomato processing [27], [29].
In multiple-effect evaporation systems, the arrangement of product and steam flow significantly influences energy
efficiency, process control, and final product quality. Three primary flow configurations are used: equicurrent
(forward feed), countercurrent (backward feed), and mixed flow. Each has distinct advantages and is selected
based on the properties of the product being concentrated.
This study focuses on a forward-feed (equicurrent) configuration, where both the tomato paste and steam move
in the same direction, starting from the first effect, which operates at the highest temperature and pressure. This
method is particularly suitable for heat-sensitive products like tomato paste, as it minimizes thermal damage
by gradually reducing the temperature as the product moves through successive effects.

Key advantages of equicurrent flow are [3], [26], [41]:
• Minimized thermal stress: since the product is subjected to progressively lower temperatures, heat-

sensitive compounds are better preserved. As the tomato product advances through the effects, its
soluble solids content steadily increases, achieving the desired concentration by the final stage.

• Simplified pumping requirements: the natural pressure gradient allows the product to flow without ex-
cessive mechanical pumping, reducing operational costs and equipment wear.

• Energy efficiency: the heat from the first effect is efficiently transferred to subsequent effects, improving
overall energy utilization.

This thesis also includes a cost analysis of the multistage evaporation process. Conducting a detailed cost
analysis is a fundamental step in process design, as it enables engineers and decision-makers to assess the
economic feasibility of the system. This involves evaluating all costs associated with the process, both at the
investment stage and during regular operation. These costs are generally divided into two main categories:
Capital Expenditures (CapEx) and Operating Expenditures (OpEx) [12].

• CapEx includes long-term investments such as machinery, buildings, or infrastructure that are expected
to improve productivity over time. These expenses are not fully counted as a cost in the year they are
made. Instead, their value is gradually deducted over the years, according to the expected lifespan of the
asset, through a process called depreciation. [12] [16].
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• OpEx, on the other hand, includes the regular, ongoing costs required to keep a process running, such
as energy, raw materials, maintenance, and labor. Unlike CapEx, these expenses are recorded entirely in
the same financial year in which they occur.[12] [17].

Finding the right balance between CapEx and OpEx is essential when making process design decisions. A higher
initial investment may lead to lower operating costs over time, or vice versa. In tomato paste production, for
instance, increasing the number of evaporation effects reduces steam consumption, lowering OpEx, but also
raises CapEx due to additional equipment. The total cost over the plant’s lifetime, obtained by summing
CapEx and cumulative OpEx, provides a crucial metric for assessing the economic feasibility of different design
options, making it essential for selecting the most cost-effective and technically viable configuration[30].

The food processing industry is characterized by its complexity and diversity. It spans a wide range of food
products, processing techniques, preservation strategies, and distribution networks. This inherent complexity
presents a variety of challenges: increasing consumer expectations, the need for product customization, and
growing concerns about sustainability and resource efficiency.
In response to these evolving demands, the industry is undergoing a transformation, re-evaluating its practices
in order to improve productivity, ensure consistent quality, reduce environmental impact, and better meet
market needs. In recent years, this transformation has been significantly shaped by the integration of advanced
technologies and digital solutions.
One of the most promising developments in this context is the Digital Twin (DT), a concept strongly associated
with the broader movement of Industry 4.0 [1]. A digital twin can be described as a dynamic, virtual repre-
sentation of a physical system, continuously updated through real-time data from its operating environment.
Unlike static models, a DT evolves alongside the real system, enabling the monitoring of current states, the
prediction of future behaviors, and the support of decision-making processes across multiple time scales.
More specifically, digital twins combine mathematical modeling, simulation tools, and real-time data integration
to provide a deeper understanding of the system’s behavior. This includes estimating hard-to-measure variables,
improving process visibility, and identifying optimization opportunities. In the food industry, where real-time
insights, quality control, and efficiency are critical, such capabilities are particularly valuable.
The growing interest in digital twin technology is fueled by its versatile applications. It can support process
optimization, by identifying optimal operating conditions or design parameters; real-time monitoring, through
the integration of historical, live, and predictive data; and advanced control, by linking virtual and physical
systems to maintain stability and product quality, even in the presence of process disturbances [1].
Although the concept of digital twins is relatively recent, it is rapidly gaining traction across various industrial
sectors, including food manufacturing, due to its potential to merge engineering knowledge, data analytics, and
usability in a single intelligent framework [28].
This thesis contributes to this field by exploring the application of digital twin technology in smarter food man-
ufacturing, with a specific focus on the multi-effect evaporation process for tomato concentrate production. By
developing and validating a digital twin model in AVEVA Dynamic Simulation software, this work investigates
not only steady-state and economic performance, but also the dynamic behavior of the process during start-up
and shutdown operations. The results aim to demonstrate how such models can support process understanding,
control, and optimization in a modern, data-driven industrial environment.
Optimization of multiple-effect evaporation systems in tomato processing has attracted considerable attention
in recent engineering studies. Simpson et al. (2008) [27] pioneered an approach that integrates quality and
economic metrics by optimizing the number of effects using both Net Present Value (NPV) and lycopene
retention as a product quality indicator. Their Excel-based model suggests that, while total cost minimization
favors a four-effect configuration, the inclusion of lycopene retention in the NPV evaluation shifts the optimum
to three effects.
Another example of optimization of a multiple-effect evaporator is provided by Ganjeizadeh et al. (2020) [13].
The article presents a MATLAB-based mathematical model to evaluate energy performance, specifically steam
economy, across configurations of three, five, and seven effects. This study highlights the energy advantages of
increased effects but does not consider quality parameters.
In parallel, several studies have explored the effect of processing conditions on the quality of tomato products.
The chemical stability of bioactive compounds, such as lycopene, vitamin C, and pectin, is known to be strongly
influenced by thermal treatment. For example, Al-Kafrawy et al. (2022) [2] investigated the impact of hot-break
processing and triple-concentration on tomato paste, highlighting changes in physicochemical properties and
nutrient retention. Similarly, Xu et al. (2018) [40] examined how different processing methods, including hot-
break and cold-break techniques, affect color, viscosity, and bioactive compound retention in tomato products.
These contributions underline the necessity of balancing economic and energy considerations with product
quality preservation.
More recently, the integration of digital technologies into evaporation systems has opened new avenues for
process optimization and monitoring. In particular, Soares et al. (2019) [28] developed a digital twin for
industrial multi-effect evaporation of sugarcane juice, demonstrating its potential to enhance process control,
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predictive maintenance, and operational safety. While this study focused on sugarcane processing, it illustrates
the value of digital twins for simulating complex evaporation systems.
Building on these advances, the present work extends the application of digital twin technology to tomato paste
production. It combines techno-economic optimization with dynamic simulation to identify the configuration
that minimizes total costs while preserving product quality. Specifically, the dynamic simultaion is realized
with the software AVEVA Dynamic Simulation to reproduce realistic start-up and shutdown operations. This
integration of cost analysis, quality assessment, and dynamic digital simulation provides a tool for enhanced
process understanding, safer operations, and more sustainable tomato paste production.

2. Materials and Methods

This section describes the methodology employed for the design and optimization of a multiple-effect evaporation
process aimed at concentrating tomato juice into tomato paste. The objective of this work is the development of
a Digital Twin, a mathematical model designed to reproduce the dynamic behavior of a real industrial process.
This model is implemented using AVEVA Dynamic Simulation (Dynsim), a specialized dynamic simulation
software that enables the accurate representation and analysis of time-dependent process responses under various
operating conditions. This modeling approach not only supports design and operational optimization, but also
enables the estimation of key process variables that are otherwise difficult or impossible to measure directly,
thereby providing deeper insight into the system’s actual performance [28].
The analysis starts by defining the composition of the tomato juice used as the feed stream in the simulation,
as this directly influences the thermodynamic and physical properties relevant to the process. Subsequently,
the multistage evaporation system is described in detail, including the configuration of each stage and the
governing principles. This involves formulating and applying mass and energy balance equations for each effect.
The primary objective of this phase is to identify the optimal number of evaporation stages by conducting an
economic analysis, enabling a cost-benefit comparison among different design configurations. Once the optimal
number of effects is determined through the economic assessment, the simulation can proceed in the Dynsim
environment, where the process is modeled and dynamically analyzed by performing specific start-up and a
shut-down procedures.

2.1. Feed Composition

The typical composition of tomato juice per 100 grams is reported in Table 1 [18]. The product is predominantly
water with small amounts of carbohydrates, proteins and fibers. The high water content justifies the use of
evaporation as concentration method. As mentioned in Section 1— Introduction, the bioactive compounds
Lycopene, Pectin and Ascorbic Acid (Vitamin C) affect the color, nutritional and sensory quality, viscosity
and sensitivity to thermal degradation of the juice. It is therefore essential to tightly monitor the operating
conditions to avoid compromising the integrity of the final product [40].

Table 1: Composition of tomato juice per 100 g

Water Protein Fat Carbohydrates Pectin Lycopene

94 g 0.9 g 0.1 g 3.3 g 0.8 g 5 mg

Phosphorus Calcium Iron Potassium Vitamin E Vitamin A

19 mg 7 mg 0.7 mg 237 mg 0.54 mg 0.25 mg

Vitamin B1 Vitamin B2 Vitamin C Vitamin B3 Total Folate –

0.05 mg 0.02 mg 12.7 mg 0.6 mg 15 µg –

The composition reported in Table 1 can be implemented in Dynsim as the feed mixture for the evaporation
process. However, since not all components are available in the Dynsim component library, some of them —
Fat, Pectin, Lycopene, Vitamin A [10], Vitamin B1 [38], Vitamin B2 [37], Vitamin B3 [36], and Folate [9] —
are introduced as pseudocomponents in order to represent their physical and chemical behavior. To ensure the
accuracy of the simulation, to each pseudocomponent key physical properties are assigned, including molecular
weight, standard liquid density, and normal boiling point (Table 2). This approximation allows a realistic
representation of the tomato concentrate process, while maintaining consistency in mass and energy balances.
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Table 2: Physical properties of selected pseudocomponents implemented in Dynsim

Component Molecular Weight (kg/kmol) Std Liquid Density (kg/m3) NBP (K)

Fat 885.43 907.8 827.15
Pectin 194.14 1508 688.65
Lycopene 536.89 889 934.05
Vitamin A 286.46 993 396.15
Vitamin B1 265.35 1377 523.15
Vitamin B2 376.36 1211 553.15
Vitamin B3 123.11 1473 510.00
Total Folate 15 1470.4 523.15

2.2. Data and Problem Setting

This study addresses a design problem related to a feed-forward multiple-effect evaporation system for the
concentration of tomato juice. The goal is to determine the optimal number of evaporation effects Neffects
required to concentrate a given feed stream of tomato juice from an initial solids concentration of 5 °Brix to a
final concentration of approximately 30 °Brix.

2.2.1 Multistage Evaporation Process

To identify the most suitable configuration, the evaporator system is designed and evaluated for a range of
one to five effects, in accordance with the design range discussed in 1— Introduction. This stepwise approach
enabled the comparison of different setups from both an operational and economic standpoint. The objective
is to perform an economic optimization by minimizing the total cost, which includes both capital expenditures
and operating expenses. A schematic representation of the process is provided in Figure 4, offering a visual
overview of the system layout.

The diagram highlights the main process streams, including:
• Light blue arrows: represent the flow of vapor (V0, V1, V2, V3, V4, V5);
• Red arrows: indicate the tomato stream (L0, L1, L2, L3, L4, L5);
• Black arrows: show the condensate from each effect.

Figure 4: Multi-stage Evaporation Process

The input data used for the analysis are presented and explained step by step in the following tables, which
summarize the assumptions, process specifications, and physical parameters applied throughout the design
procedure.
A 50000 kg/h stream L0 of tomato juice with a dissolved solid concentration x0 of 5 % w/w has to be concentrated
in a co-current Neffects evaporator [27]. The feed inlet temperature Tl0 is 90 °C. This elevated temperature is
a result of the pretreatment steps to which the tomato juice is subjected prior to evaporation. After grading,
washing and sorting, tomatoes undergo a mechanical chopping process known as "breaking," which can be

7



performed using either a cold-break or hot-break technique. In hot-break processing, the tomato pulp is rapidly
heated to approximately 82–93°C before extraction. This method helps preserve pectins in the product, resulting
in a higher viscosity, improved consistency, and enhanced stability of the final concentrate [23]. The other inlet
stream is the steam, used as the heating medium for the first effect, which has a saturation temperature Tv0 of
129 °C and a pressure Pv0 of 260 kPa [27].
Tables 3, 4 and 5 summarize the key input parameters and physical properties employed in the modeling and
simulation of the multistage evaporation system. Table 3 reports the main input data, including the mass flow
rate, temperature, and solid concentration of the tomato feed, along with the temperature of the inlet steam
[27] . Table 4 presents the physical properties used in the analysis, such as the specific heat capacity of the
tomato solution [25], assumed constant throughout the process, and the evaporation enthalpy of the inlet steam
(T = 129 ◦C, P = 260 kPa) by interpolation from standard steam tables [20]. Finally, Table 5 details the design
parameters and physical properties for each evaporator effect (from the first to the fifth), specifying the heat
exchange area, overall heat transfer coefficient, and the enthalpy change associated with each evaporation stage
[27]. These data collectively serve as the foundation for the thermodynamic and economic evaluation of the
system.

Table 3: Input Data

Process Variable Value Unit

L0 50000 kg/h
Tl0 90 °C
x0 0.05 kg/kg
Tv0 129 °C
Pv0 260 kPa

Table 4: Physical Properties

Property Value Unit

cpl 1.17 kcal/kg/K
∆Hsteam

ev 651.39 kcal/kg

Table 5: Physical Properties and Design Data for Evaporator Effects

Effect Property Value Unit

First A1 209 m2

∆Hvap
ev,1 636.19 kcal/kg

U1 1074.21 kcal/m2/h/K

Second A2 209 m2

∆Hvap
ev,2 628.19 kcal/kg

U2 1617.4 kcal/m2/h/K

Third A3 209 m2

∆Hvap
ev,3 621.69 kcal/kg

U3 2025.67 kcal/m2/h/K

Fourth A4 209 m2

∆Hvap
ev,4 615.19 kcal/kg

U4 2433.94 kcal/m2/h/K

Fifth A5 209 m2

∆Hvap
ev,5 608.69 kcal/kg

U5 2842.21 kcal/m2/h/K
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To carry out the design and optimization of the multiple-effect evaporation system, the following assumptions
were made to simplify the analysis and ensure procedural consistency [22],[25]:

• All evaporation effects are assumed to have the same heat exchange surface area.
• The steam flow rate is selected as a manipulated variable to facilitate convergence during the iterative

design process.
• The design calculations are performed iteratively, solving one effect at a time in a sequential manner.
• The tomato juice/paste in the evaporator is assumed to be completely mixed.
• The specific heat cp of tomatoes juice at 5% concentration is taken as 1.17 kcal/kg/K and is assumed

constant during the process.
• No heat is lost by radiation or convection.

Once all the relevant input data and design specifications have been defined, the calculation procedure is carried
out according to the following procedure, which involves a sequential evaluation of thermal and mass parameters
for each evaporator effect, starting from the first stage [22]. The steps are as follows:

1. Heat transfer and Temperature Difference:
Given the specified duty for the first effect, the temperature difference across the effect is calculated based
on the global heat transfer equation:

V0 ·∆Hsteam
ev = U1 ·A1 ·∆T1 (1)

This step establishes the driving force for the heat exchange and is crucial for determining the boiling
temperature in the first effect.

∆T1 =
V0 ·∆Hsteam

ev

U1 ·A1
(2)

2. Boiling Temperature of the solution:
Once the temperature drop is known, the boiling temperature of the product in the first effect can be
estimated as:

T1 = Tv0 −∆T1 (3)

3. Mass and Energy Balances:
The mass and energy balances allow the determination of flow rates and temperature profiles in each
effect: {

L0 = L1 + V1

L0 · cpl
· Tl0 + V0 ·∆Hsteam

ev = L1 · cpl
· T1 + V1 ·

(
cpl

· T1 +∆Hvap
ev,1

) (4a)

(4b){
V1 = L0 − L1

L0 · cpl
· Tl0 + V0 ·∆Hsteam

ev = L1 · cpl
· T1 + (L0 − L1) ·

(
cpl

· T1 +∆Hvap
ev,1

) (5a)

(5b)
V1 = L0 − L1

L1 =
L0 · cpl

· Tl0 + V0 ·∆Hsteam
ev − L0 ·

(
cpl

· T1 +∆Hvap
ev,1

)
−∆Hvap

ev,1

(6a)

(6b)

4. Solute Concentration:
A mass balance on the solute allows the calculation of the outlet concentration, a critical parameter for
monitoring the concentration progression throughout the system:

L0 · x0 = L1 · x1 (7)

x1 =
L0 · x0

L1
(8)

5. Boiling Point Elevation (BPE):
The presence of solutes causes an elevation in the boiling point, which must be considered when calculating
the true operating temperature [27]:

∆Teb,1 = 0.175 · x1.11
1 · e3.86x1 · P 0.43

1 (9)
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6. Vapor Pressure Calculation:
The pressure corresponding to the boiling temperature is estimated using an extended Antoine-type
correlation. The coefficients used in this correlation are reported in Table 6.

ln (Pev [Pa]) =
C1

T [K]
+ C2 + C3 · T + C4 · T 2 + C5 · T 3 + C6 · ln(T ) (10)

Table 6: Vapor pressure correlation coefficients

C1 C2 C3 C4 C5 C6

−5.8002206× 103 1.3914993 −4.8640239× 10−2 4.1764768× 10−5 −1.4452093× 10−8 6.5459673

7. Extension to subsequent effects:
The same approach is then applied recursively to each subsequent evaporator stage. As intermediate
variables (Vi, Ti, Li, xi) depend on the results from the previous effect, an iterative method is required
to ensure consistency throughout the train of effects.
To ensure the global mass balance is satisfied, the following objective function is used:

Fobj = Vtot,spec − Vtot,calc (11)

Where [27]:
Vtot,spec = 40955.76 kg/h (12)

And

Vtot,calc =

5∑
i=1

Vi (13)

The iterative loop adjusts variables (typically L1 or T1) until Fobj reaches a defined convergence threshold
(Vtot,spec = Vtot,calc). This ensures that the evaporation system meets the required performance target
under the imposed design conditions.

2.3. Costs Analysis

Cost estimation is a crucial component of process design, providing the basis for assessing both the technical
feasibility and economic viability of a proposed system. The estimation of capital and operating expenses allows
for informed decision-making and optimization during the early stages of project development. In this section,
the methodology applied to estimate the costs associated with the multiple-effect evaporator system is presented.
This includes determining equipment costs through empirical correlations, which relate key design parameters
to investment requirements. To reflect current economic conditions, cost adjustments are performed using the
Chemical Engineering Plant Cost Index (CEPCI), accounting for inflation and market fluctuations. Additionally,
operational costs are estimated based on steam consumption, as it represents a significant portion of ongoing
expenses in evaporation processes. This analysis does not explore cost modeling in depth, since engineering and
construction costs, working capital, contingencies and maintenance costs of the plant are neglected. However,
this study offers a sufficiently accurate estimation framework for the specific purpose of identifying the optimal
number of evaporator effects.

2.3.1 Capital Expenditure (CapEx)

Capital expenditures, as mentioned in Section 1— Introduction, represent the initial investment required for
the purchase and installation of process equipment. In the context of this study, CapEx estimation focuses on
calculating equipment costs based on size and operating conditions, using empirical cost correlations commonly
adopted in chemical engineering design.

The base purchased cost for process equipment is estimated using the following empirical correlation:

C0
p = exp

(
K1 +K2 · logA+K3 · (logA)2

)
(14)

where:
• C0

p : purchased equipment cost in 2001 USD (carbon steel, atmospheric pressure),
• A: size or capacity parameter of the equipment (e.g., heat transfer area in m2),
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• K1, K2, K3: empirical constants specific to the equipment type (Table 7).

For the specific case of a long-tube evaporator, the following values are used, as reported in Table A.1 of
Appendix A in Analysis, Synthesis, and Design of Chemical Processes [34]:

Table 7: Empirical constants for long-tube evaporators

K1 K2 K3

4.642 0.3698 0.0025

The bare module factor FBM is determined from Figure A.19, using the equipment classification provided in
Table A.6 reported in Table A.1 of Appendix A in Analysis, Synthesis, and Design of Chemical Processes [34].
The bare module cost for evaporators is estimated using the correlation provided in Table A.5 of Appendix A
[34]:

CBM = C0
p · FBM · FP (15)

where:
• CBM : bare module cost [USD],
• C0

p : base purchased cost in 2001 USD (carbon steel, atmospheric pressure),
• FBM : bare module factor (installation, material, labor),
• FP : pressure factor.

For the case of long-tube evaporators, the values in Table 8 are used:

Table 8: Bare module and pressure factor for long tubes evaporators

FBM FP

3.0 1.25

To update the cost from the base year (2001) to current economic conditions, the CEPCI index is used [34].
This correction ensures that the cost estimates reflect current market conditions, compensating for the effects
of inflation over time:

C2 = C1 ·
(
I2
I1

)
(16)

where:
• C2: updated cost at present (target) year,
• C1: known cost at base year (here, C1 = CBM ),
• I1: CEPCI index at base year (2001) = 397,
• I2: CEPCI index at year of interest (e.g., 2024) = 800.

The total capital expenditure is calculated by multiplying the updated bare module cost, C2, by the number of
effects of the evaporator system Neffects:

CapEx [$] = C2 ·Neffects (17)

2.3.2 Operating Expenditure (OpEx)

Operating expenditures, as mentioned in Section 1— Introduction, refer to the ongoing costs required to run
the process under normal operating conditions. In the context of this study, OpEx estimation considers the
cost of steam used for evaporation.

The operating expenditure is estimated based on the consumption of fresh steam, V0 [kg/h], the annual operating
hours, the total plant lifetime, and the unit cost of steam. The annual operating time is assumed to be
approximately 1,680 hours, calculated as 70 days per year of continuous operation. This assumption reflects the
seasonal nature of tomato processing, which is typically concentrated between mid-July and late September,
when tomatoes naturally ripen. During this period, factories operate 24/7 to process the raw material within
a limited time window [24].
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The economic lifetime of the evaporation system is assumed to be 15 years, in line with standard industrial
practice for multi-effect evaporators in the food processing sector. Although Simpson et al. [27] do not explicitly
define a fixed equipment lifetime, their Net Present Value (NPV) model is based on a multi-year evaluation
horizon, denoted as parameter m (project shelf life, in years). This modeling approach supports the assumption
of a long-term operational horizon, typically ranging from 10 to 20 years in industrial applications. Therefore,
adopting a 15-year lifetime for the economic analysis is both reasonable and consistent with their methodology.
Regarding the steam cost, according to Table 8.3 in Chapter 8 of Analysis, Synthesis, and Design of Chemical
Processes [34], it is estimated to be approximately 0.03 $/kg, based on standard pricing data for industrial
utilities. This estimate assumes the case of low-pressure steam without credit for power, meaning that no
economic value is assigned to the electricity potentially generated during steam production.

OpEx [$] = V0

[
kg

h

]
· 1, 680

[
h

y

]
· 15 [y] · 0.03

[
$

kg

]
= V0 · 1, 680 · 15︸ ︷︷ ︸

total steam consumption [kg]

·0.03
[
$

kg

] (18)

To evaluate the economic performance of each evaporator configuration, the total costs are computed as the
sum of capital expenditures and cumulative operating expenditures over the expected plant lifetime. Thus, the
total costs over the project lifetime are calculated as:

Total costs [$] = CapEx+OpEx (19)

This approach allows for a straightforward comparison between different evaporator configurations by integrating
both investment and operational perspectives into a single economic indicator.

2.4. Packaging heat exchanger

In addition to the evaporators system, a heat exchanger is included to raise the temperature of the final product
stream from 50°C to 90°C. This temperature is required for packaging operations, as canned tomato paste is
typically hot-filled at a minimum temperature of 90°C into cans. The product is then sealed without further
heat treatment, passed through a water spray to remove any residue from the exterior, cooled, and finally packed
[23]. To perform this heating step, the process vapor stream V0 exiting the first evaporator, can be employed as
the heating medium. This step is considered only to illustrate a possible energy recovery for the downstream
filling operation and is not implemented in AVEVA Dynamic Simulation.

The design of the heat exchanger is carried out according to the following procedure:
1. Estimation of the thermal energy required to heat the tomato product stream

The thermal energy required to heat the concentrated tomato stream from 50°C (exit temperature of the
Neff-th evaporator) to 90°C (packaging temperature) was calculated as follows:

Qneeded = Ln · cp,l · (Tpack − Tn) (20)

where Ln and Tn represent, respectively, the flow rate and temperature of the liquid concentrated tomato
stream exiting the Neff-th evaporator.

2. Assessment of the thermal energy available from the vapor stream V0

Assuming a final outlet temperature for the vapor stream T out
v , the available energy was estimated as:

Qavailable = V0 · cp,w · (Tv0 − T out
v ) (21)

3. Definition of the objective function
The objective function was defined to match the thermal energy required to heat the tomato product
stream with the thermal energy available from the vapor stream V0:

Fobj = Qneeded −Qavailable (22)

4. Calculation of the required heat exchange area
Based on the final heat duty, temperature profiles, and an assumed global heat transfer coefficient U , the
required heat exchange surface was calculated using:

AHE =
Q

U ·∆Tlm
(23)
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where ∆Tlm is the log mean temperature difference (LMTD) between the hot and cold streams, calculated
as:

∆Tlm =
∆T1 −∆T2

ln
(

∆T1

∆T2

) (24)

2.4.1 Packaging Heat Exchanger Cost Estimation

For this case, a double-pipe heat exchanger is selected and its cost is estimated using the same correlation
applied for the evaporators, with empirical constants (Table 9) specific to this equipment type taken from Table
A.1 of Appendix A in Analysis, Synthesis, and Design of Chemical Processes [34]:

Table 9: Empirical constants for double-pipe heat exchanger

K1 K2 K3

3.3444 0.2745 -0.0472

The bare module cost is then estimated using equation A.4 of Appendix A [34]:

CBM = C0
p · FBM with FBM = B1 +B2 · FM · FP (25)

where The constants B1 and B2 (Table 10) were taken from Table A.4 for double-pipe exchangers ofof Appendix
A [34]:

Table 10: Bare factor’s constants for double-pipe exchangers

B1 B2

1.74 1.55

The material factor FM was obtained from Figure A.18 using the classification in Table A.3 of Appendix A [34].
For carbon steel construction, the value is:

FM = 1.00

The pressure factor FP is determined using Equation A.3:

log10(FP ) = C1 + C2 · log10(P ) + C3 · (log10(P ))2 (26)

For double-pipe exchangers, all pressure constants are zero, accordingly from Table A.2 of Appendix A [34], so:

FP = 1.00

Substituting into Equation (19):

FBM = 1.74 + 1.55 · 1.00 · 1.00 = 3.29

And thus:

CBM = C0
p · 3.29

Finally, the cost is updated to current economic conditions using the CEPCI index:

Cupdated = CBM ·
(
I2
I1

)
= CBM ·

(
800

397

)
(27)

2.5. The Digital Twin

The digital reproduction, commonly referred to as a Digital Twin, enables the virtual modeling and analysis of
the system’s behavior under various design and operating conditions. The digital twin has been implemented
only after the completion of the economic optimization phase, which identified the three-effect configuration
as the most cost-effective setup (as it will be discussed in Subsection 3.2 — Optimal Number of Effects of
Section 3 — Results) . Therefore, all simulations are carried out on a three-effect evaporator, and the model is
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designed to accurately reproduce the physical and thermodynamic behavior of the real system under this specific
configuration. The main objective of this implementation is to create a virtual replica capable of supporting
process control strategies and enabling the estimation of key process variables that are difficult to measure
directly, providing valuable insights into both steady-state and dynamic responses.
Figure 5 illustrates the process flow diagram of the evaporation system as implemented in AVEVA Dynamic
simulation (Dynsim). The simulation environment replicates the plant layout using various elements, including
sources and sinks, evaporator effects (each consisting of a heat exchanger and a drum), control loops, and
regulating valves.

Figure 5: Process flow diagram of the three-effect evaporator system as implemented in Dynsim

2.5.1 Sources and Sinks

Within the DynSim environment, the model is structured using source and sink elements, which define the
material and energy boundaries of the system. The source element introduces material or energy into the
process, typically representing feed streams or utility inputs. Conversely, the sink element is used to remove
material or energy from the system, modeling product or waste streams,and heat losses.

The source components are:
1. Tomato Tank (color: red): serves as the feed tank for tomato juice, providing the tomato juice that

enters the process.
2. Steam Tank(color: light blue): represents the source of steam generation. The specific type and design

of this component were not the focus in this context. In practice, the system could be connected to a
boiler or a steam generator; however, it is considered here only as a generic steam supply.

3. Nitrogen Virtual Tank (color: green): consists of a virtual element used for initializing the system. It
does not correspond to a physical tank but is necessary to define the initial conditions for the simulation
start-up.

The sink elements are:
1. Tomato Concentrate Tank (color: red): represents the outlet of the concentrated tomato juice. In

practice, a dedicated storage tank for tomato paste is not necessarily present at this stage, as the concen-

14



trate is often transferred directly to the sterilization and packaging line.
2. Solvent Tank(color: blue): collects the vapor phase (solvent) exiting the head of the third evaporator

in the multi-effect evaporator system.
3. Condensate Tanks (color: light blue): collect the condensate streams from the three evaporator effects.

2.5.2 Evaporator effects

Each evaporator effect is modeled as a combination of:
1. Heat Exchanger (HE1, HE2, HE3): transfers the latent heat from condensing steam to the process feed
2. Flash Drum (EVAPORATOR 1, EVAPORATOR 2, EVAPORATOR 3): separates liquid concentrate

from vapor produced by evaporation.

The dimensioning of the flash drum vessels within DynSim can be carried out by applying a residence time-
based approach. A holdup time of approximately 5 minutes [32] is chosen to ensure that the product remains
in the vessel long enough to effectively exchange heat with the heating medium and avoid thermal degradation
of the critical bioactive compounds. To estimate the size of the vessels, the mass flow rate of the tomato
stream is converted into a volumetric flow rate, assuming a density approximately equal to that of water. This
simplification enables a straightforward calculation of the volume required to ensure the desired residence time.
Each vessel is assumed to have a cylindrical shape with a fixed diameter, and based on the calculated volume, the
corresponding height is determined. For safety and operational flexibility, a margin is added to the calculated
height by increasing it by a few meters, in order to account for potential variations in flow conditions and to
prevent overfilling during transient phases.

2.5.3 Valves and Control loops

A set of valves and control loops is implemented to regulate key process variables and ensure operational stability
across the different effects.

Implemented valves:
• Feed Valve (XV1): regulates the inlet flow rate of tomato juice into the first evaporator effect.
• Steam Valve:(XV2): controls the supply of steam entering the first effect to provide the necessary

thermal energy.
• Liquid Valves(XV4, XV6, XV7): installed at the bottom of each flash drum to control the flow of

concentrated liquid from one effect to the next.
• Vapor Valves(XV3, XV5): located at the top of the first and third drums allowing the vapor produced

in each effect to flow toward the subsequent heat exchanger.

Implemented Proportional Integral Derivative (PID) controllers:
• Tomato Feed Flow Controller(PID1): reverse flow controller that maintains the desired feed rate of

tomato juice entering the system.
• Steam Controller(PID2): reverse temperature controller that adjust the flow of steam to sustain proper

heat supply in the first effect.
• Level Controllers (PID4, PID6, PID7): direct level controllers used in each effect to maintain the liquid

level inside each drum within specified operating ranges.
• Pressure Controllers (PID3, PID5): direct pressure controllers that in each effect, except for the

second, regulate the internal pressure and ensure that the proper boiling temperature is maintained. The
second effect operates at the pressure resulting from the upstream and the downstream and is not actively
controlled.
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2.6. Dynamic Scenarios: Start-Up and Shutdown Procedures

To assess the system’s behavior during key transitional phases, two specific dynamic scenarios were implemented
within the DynSim environment: a controlled start-up and a safe shut-down procedure. These scenarios were
scripted using sequential control logic and executed through DynSim’s command scripting interface, simulating
real-world operating strategies.

2.6.1 Start-up Scenario

The start-up scenario is designed to gradually bring the evaporator system to full operating conditions, ensuring
thermal stability and reducing mechanical and thermal stress.
During the first two minutes, all process valves are closed, except for the steam valve (XV2). This choice is
aimed to prevent the premature introduction of the liquid, which could cause thermal shock or unstable boiling,
and ensure an initial warming of the first effect before the introduction of the tomato feed. The steam controller
(PID2) operates in manual mode with an initial setpoint of 100 °C, with a partial opening of the valve (XV2)
of 50%.
After the pre-heating, the feed controller (PID1) switches to automatic mode, allowing a regulated and gradual
admission of tomato juice into the first effect. Simultaneously, the steam valve opening is gradually increased
from 50% to 75% over five minutes to enable a smooth and controlled temperature increase.
Once the internal temperature of the first effect exceeds 98 °C, the setpoint of PID2 is updated to its target
steady-state value of 96.243 °C; PID2 returns to automatic mode, gradually stabilizing until the system reaches
steady-state conditions. Figure 6 illustrates a summary of the start-up procedure.

0 min 

Steam valve XV2
open in manual

Temperature
setpoint of 100 °C

2 min

Opening Tomato
valve XV1 in

automatic mode

Gradually opening
of XV2

When 
Evaporato1.T > 98 °C

Steam valve
XV2 switched

automatic

Temperature setpoint
of 96.243 °C 

1) 
Start-up
begins

2) First 2 minutes:
All valves closed
except steam
valve (XV2) at 50%
open
PID2 manual,
setpoint 100 °C

3) Feed Introduction:
XV1 opens,
PID1 switches to
automatic
Gradual tomato juice
feed

4) Steam Increase:
XV2 opens from
50% to 75% over 5
minutes

5) Temperature check:
If Evaporator1.T > 98 °C
PID2 switches to
automatic 
PID2 setpoint updated
to 96.243 °C

6) 
System

stabilizes at
steady-state

Figure 6: Start-up Scenario summary

2.6.2 Shut-down Scenario

The shut-down scenario is designed to drain the evaporator system, ensuring the safe emptying of the drums.
The procedure begins with the loading of two predefined initial conditions: the previously established steady-
state configuration and the transition of all relevant controllers (PID1, PID2, PID4, PID5, PID7) into manual
mode. The related action is the fully closing of the feed and steam inlets valves (XV1 and XV2) and simulta-
neously opening of the bottom outlet valves of the evaporator drums (XV4, XV5, XV7) to initiate draining.
The shutdown process is completed once all levels fall below a predefined threshold of 0.05, indicating that the
vessels are effectively emptied and the unit is ready for maintenance or restart. Figure 7 illustrates a summary
of the shut-down procedure.

1) 
Shut-down

begins

2) Load Initial
Conditions:

Load steady-state
configuration
Set PID1, PID2,
PID4, PID5, PID7 
to manual

3) Isolate system:
Close tomato feed
valve XV1
Close steam valve
XV2

4) Start Draining:
Open bottom outlet
valves XV4, XV5, XV7

5) 
Monitor
Levels 

6) 
Shut-down
complete

Figure 7: Shut-down Scenario summary
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3. Results

This section presents and discusses the results obtained by applying the methodology outlined in Section 2—Ma-
terials and Methods. The analysis begins with the evaluation of the economic data, focusing on the cost esti-
mation results that form the basis for determining the optimal number of effects in the multi-stage evaporation
process. This decision is supported by a comparative assessment of total costs, balancing capital and operating
expenditures to identify the most cost-effective configuration.
Next, a sensitivity analysis is performed to examine how variations in key input parameters influence the
economic outcome and affect the reliability of the selected configuration. This step is essential to ensure the
robustness of the result under realistic operating uncertainties.
Finally, the dynamic behavior of the system is analyzed through simulation, focusing on the evolution of
temperature, pressure, and liquid levels within each evaporator under transient conditions. Particular attention
is given to the start-up and shut-down phases, which are critical for assessing system stability and control
performance, providing insight into the system’s responsiveness, control requirements, and potential operational
challenges.

3.1. Costs Analysis Results

One of the fundamental design decisions in configuring a multi-effect evaporator system is the determination of
the optimal number of effects, as it directly impacts both capital and operational costs. Increasing the number
of effects in a multi-stage evaporator generally reduces steam consumption and, consequently, the operating
costs. However, this improvement comes with a higher capital investment. To assess the economic trade-off
between efficiency and investment, five system configurations, ranging from one to five effects, are analyzed. In
Table 11, the results of the cost analysis are reported and graphically illustrated in Figure 8.

Table 11: Economic Evaluation for Different Numbers of Evaporator Effects

Number of Effects CAPEX [mln USD] V0 [kg/h] OPEX [mln USD] Total Cost [mln USD]

1 2.46 33,985.71 25.69 28.16

2 4.93 17,156.46 12.97 17.90

3 7.39 11,534.34 8.72 16.11

4 9.86 8,746.77 6.61 16.47

5 12.32 7,091.72 5.36 17.69

The total costs reach their minimum at three effects, confirming that the three-effect evaporator achieves
the lowest overall cost, making it the most economically advantageous solution.

Figure 8: Comparison of capital, operational and total costs across evaporator configurations from one
to five effects
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3.2. Optimal Number of Effects

Having identified the three-effect configuration as the most economically advantageous solution through the
cost analysis, this subsection provides a more detailed examination of its design and operational features.
Figure 9 illustrates the optimal evaporation system configuration, consisting of three effects arranged in a
feed-forward operating mode.

The diagram highlights the main process streams, including:
• Light blue arrows: represent the flow of vapor (V0, V1, V2, V3);
• Red arrows: indicate the tomato stream (L0, L1, L2, L3);
• Black arrows: show the condensate from each effect.

Figure 9: Three-effects Evaporation Process

Table 12 presents all key input, design, and calculated data for the three-effect evaporator configuration. The
results of mass and energy balances, reported in Table 12 are the following:

• In the first effect, fresh steam (V0 = 11,534.34 kg/h) heats the feed, resulting in V1 = 12,012.98 kg/h of
evaporated water and a liquid outflow of L1 = 37,987.02 kg/h with a solids concentration of x1 = 6.58%.

• In the second effect, V1 is used as heating steam. It produces V2 = 13,888.40 kg/h of vapor and a liquid
stream L2 = 24,098.62 kg/h with x2 = 10.37%.

• The third effect further concentrates the product to x3 = 27.64%, with V3 = 15,054.38 kg/h of vapor
produced and a final liquid stream L3 = 9,044.24 kg/h.

As expected, the boiling point elevation increases throughout the evaporation process due to the progressive rise
in solute concentration. The system operates under vacuum conditions for the entire duration of the process,
with the pressure gradually decreasing from the first to the third effect. This pressure gradient is accompanied
by a corresponding decrease in temperature across the effects, which contributes to preserving the quality of
the final product.

18



Table 12: Summary of Input and Calculated Parameters for the Three-Effect Evaporator: Values in
bold indicate system inputs, distinguishing them from calculated outputs.

Parameter Value Unit Note

General and Physical Data

Feed flow rate (L0) 50,000 kg/h input
Total vapor produced (Vtot) 40,955.76 kg/h sum of V1, V2, V3

Initial concentration (x0) 0.05 kg/kg feed solids
Liquid temperature (TL0) 90 °C inlet
Steam temperature (Tv0) 129.1 °C heating steam
Liquid heat capacity (cp) 1.17 kcal/kg/K assumed constant
Steam latent heat (∆Hev,steam) 651.39 kcal/kg

Design Parameters

Heat transfer area per effect (A) 209 m2 constant
∆Hev,1 / ∆Hev,2 / ∆Hev,3 636.96 / 628.19 / 621.69 kcal/kg per effect
U1 / U2 / U3 1074.21 / 1617.4 / 2025.67 kcal/m2/h/K heat transfer coefficients

Effect-by-Effect Operational Results

Effect 1st 2nd 3rd

Temperature drop ∆T [°C] 33.47 22.64 20.61
Boiling point elevation ∆Teb [°C] 1.50 1.90 6.95
Boiling temperature Tv [°C] 94.13 69.60 42.04
Liquid outlet flow L [kg/h] 37,987.02 24,098.62 9,044.24
Vapor flow V [kg/h] 12,012.98 13,888.40 15,054.38
Solids concentration x [kg/kg] 0.0658 0.1037 0.2764
Temperature T [°C] 95.63 71.49 48.99
Temperature T [K] 368.78 344.64 322.14
Pressure [atm] 0.855 0.328 0.116
Pressure [Pa] 86,603 33,274 11,743

The amount of fresh steam introduced into the system, obtained from the iterative procedure, denoted as V0,
corresponds to:

V0 = 11,534.34 kg/h

This steam supplies the thermal energy required by the first effect. The vapor generated in the first effect is
then reused as the heating medium for the second effect, and this cascading utilization continues throughout
the system. The total vapor produced by evaporation across all the three effects is:

Vtot = V1 + V2 + V3 = 40,955.76 kg/h

From this, the steam economy of the system is calculated as:

Steam Economy =
Vtot

V0
=

40,955.76

11,534.34
≈ 3.55

Steam economy is a key performance indicator in evaporator design, defined by the ratio of evaporated solvent
to steam consumption, and is strongly influenced by the number of effects, the boiling point elevation, and the
effectiveness of heat recovery across the stages [15]. In this case, a steam economy of approximately 3.55 signifies
that for every kilogram of fresh steam supplied, about 3.55 kilograms of water are evaporated, demonstrating a
substantial degree of energy reuse and confirming the efficiency of the selected three-effect configuration.
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3.3. Sensitivity Analysis on the Optimal Number of Effects

To evaluate the robustness of the optimal three-effect configuration, a sensitivity analysis is performed by
varying key input parameters and examining their impact on the economically optimal number of effects. This
approach helps to verify whether the identified optimal design remains valid under different operating conditions
and uncertainties.

3.3.1 Variation in Feed Flow Rate

The first part of the analysis investigates the effect of changes in the feed flow rate. Five scenarios are considered,
corresponding to variations of −60%, −40%, −20%, +20%, and +40% relative to the nominal feed flow rate L0.
For each scenario, the total cost is recalculated for evaporator configurations ranging from one to five effects. The
results, illustrated in Figure 10, show that the optimal number of effects remains three in most cases. However,
when the feed flow is reduced by 60%, a two-effect configuration becomes more economically convenient, and
when it is increased by 40%, a four-effect configuration is favored. These results indicate that the optimal design
is generally robust but sensitive to substantial changes in the feed flow rate.

Figure 10: Effect of feed flow rate (L0) on the optimal number of effects.

3.3.2 Variation in Evaporation Target

The second part of the sensitivity analysis explores the effect of varying the evaporation target, defined as the
total amount of water to be removed from the feed stream, Vtot. In this analysis, the inlet flow rate L0 is
kept constant, while Vtot is adjusted to represent different final concentration levels. To ensure consistency,
the evaporation target is expressed as a percentage of the inlet flow rate. The evaluated scenarios include
evaporation targets equal to 40%, 50%, 60%, 70%, 75%, 85%, 90%, 95%, and 99% of L0.
Each case corresponds to a different level of product concentration, with higher percentages representing more
intensive evaporation. The total cost was evaluated across configurations from one to five effects. The results,
illustrated in Figure 11, show that:

• With an evaporation target of 40% of L0, a two-effect configuration is optimal.
• With a target of 99%, a four-effect configuration becomes preferable.
• In all other cases, the three-effect configuration remains optimal.

However, the 99% and 95% scenarios lack physical significance, as the initial feed L0 contains only 94% water.
These cases were analyzed solely to theoretically identify the point at which evaporation would reach a level
that shifts the optimal configuration from three to four effects.
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Figure 11: Effect of Evaporation Target (Vtot) on the optimal number of effects.

3.4. The Digital Twin

Following the thermodynamic and economic analysis of the evaporator system, the digital twin is implemented
in AVEVA Dynamic Simulation based on the optimal three-effect configuration identified during the cost opti-
mization phase. As described in Subsection 2.5 — The Digital Twin — of Section 2 — Materials and Methods,
the model is designed to replicate both the physical dynamics of the process and the architecture of its control
strategy.
The simulation directly reflects the mass and energy balances previously defined and it is expected to reproduce
the theoretical design results. The primary objective is to verify internal consistency across the system, ensuring
that flow paths, control logic, pressure gradients, and heat transfer mechanisms are accurately implemented
across the three evaporator effects.
To evaluate the system’s dynamic behavior under realistic operating conditions, both start-up and shutdown
scenarios are simulated. These include a detailed analysis of temperature, pressure and liquid level trends within
the three effects.
To better visualize the results, the numerical outputs from the simulation are processed by exporting data
as CSV files. These datasets are then imported in Excel to remove eventual unfeasible points. Three graphs
for each scenarios are then produced, each illustrating the time evolution of a specific variable in the three
evaporators (blue, orange, and green lines respectively), highlighting the response of the feed-forward control
system. This visual representation allows for an immediate comparison between the dynamic model and the
expected process behavior, providing a basis for validating the implemented control strategy.
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3.4.1 Start-up Scenario Results

This section presents the temporal trends in temperature, pressure and level variations within the three evap-
orators during the startup scenario. The analysis highlights the dynamic behavior and evolution of these key
process variables as the system transitions from initial conditions to steady operation.

Figure 12 illustrates the dynamic temperature evolution in each of the three evaporator effects throughout the
start-up sequence. The behavior reflects the sequential thermal activation of the system and the effectiveness
of the controlled heating strategy implemented in DynSim.

Opening 
steam valve

Gradually opening of the steam valve in manual 
mode with temperature set point: 373.15 K 

 Steam valve switched to 
automatic mode with temperature 

set point: 369.693 K

Opening 
tomato valve 

Figure 12: Dynamic evolution of temperatures in the three evaporators during the start-up phase

Immediately following the initial opening of the steam valve, noticeable fluctuations are observed in the tem-
perature profiles. These are attributed to the absence of feed within the system, leading to unstable thermal
conditions.
Once the tomato feed valve (XV1) is opened and the steam controller (PID2) begins operating in manual
mode, with a setpoint of 373.15K (100 °C), the temperature in the first evaporator rises rapidly. As soon as
this temperature reaches the desired level (371.15 K/ 98°C), the steam controller switches to automatic mode,
with the setpoint adjusted to 369.693 K (96.243 °C). This gradual transition ensures a controlled and uniform
heating of the first effect, minimizing thermal stress on equipment. Around minute 4, the first evaporator reaches
thermal equilibrium, stabilizing at approximately 369 K (96 °C). From this point, its temperature remains nearly
constant, indicating that steady-state thermal conditions have been achieved.
The second evaporator begins to heat up more significantly around minute 6, corresponding to the moment it
starts receiving hot liquid from the first effect. After an initial transient with some fluctuations, the temperature
stabilizes at around 345 K (72 °C).
In contrast, the third evaporator remains near ambient temperature during the initial phase of start-up. Its
temperature begins to rise only at around minute 14, once product transfer from the second effect begins.
Shortly after, by minute 15, its temperature stabilizes at approximately 322 K (49 °C).
Overall, the system reaches full thermal steady-state conditions across all three effects within the first 15 minutes
of operation.
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Figure 13 shows the dynamic evolution of pressure within the three evaporator effects during startup, highlight-
ing the sequential pressurization of the system.

Opening 
steam valve 

Opening 
tomato valve 

Gradually opening of the steam 
valve in manual mode with 

Temperature set point: 373.15 K

Steam valve switched to 
automatic mode with 

Temperature set point: 
369.693 K

Figure 13: Dynamic evolution of pressures in the three evaporators during the start-up phase

At the beginning of the procedure, the steam valve (XV2) is opened gradually in manual mode, with a temper-
ature setpoint of 373.15 K. This results in a smooth decrease, with some initial fluctuations, in the pressure of
the first effect, indicating the start of heat transfer and vapor generation. Simultaneously, the pressure in the
second and third effects begins to decrease as well. Throughout the entire transient phase, all pressures remain
below atmospheric pressure (under vacuum). This vacuum operation is essential to allow evaporation at re-
duced temperatures, which is critical for preserving thermally sensitive compounds such as lycopene and pectin.
Operating under lower pressures reduces the boiling point of the product in each stage, thereby protecting its
quality while improving energy efficiency.
As expected, the pressure decreases progressively from the first to the third effect, reflecting the design of the
system where vapor from one effect is reused as the heating medium for the next. This pressure gradient is
fundamental to the thermodynamic operation of the evaporator and for ensuring the natural flow of liquid
stream from one effect to the next.
The switch to automatic steam control at a lower temperature setpoint (approximately 369.7 K) results in
pressure stabilization.
A closer look at the pressure profile reveals a slight increase in the second effect approximately from minute 6
to 22, consistent with the temperature trend of this effect. This behavior is attributed to the initial imbalance
between vapor generation in the first effect and condensation in the second. As steam is introduced and the
first effect begins producing vapor, the second effect momentarily accumulates vapor more rapidly than it can
fully condense or transfer to the third stage, causing a transient pressure and temperature rise. Once thermal
equilibrium is approached and inter-effect heat exchange stabilizes, the pressure in the second effect settles at
its expected steady-state value.
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Figure 14 shows the dynamic behavior of the liquid levels in the three evaporator effects during the start-up
sequence. The graph illustrates how the levels evolve over time as the system transitions from an initial state
to steady operation.

Opening 
steam valve

Opening 
tomato valve

Figure 14: Dynamic evolution of liquid levels in the three evaporators during the start-up phase

Following the initial opening of the steam valve, the system begins to heat up while all liquid inlet valves remain
closed. During this phase, the liquid levels remain zero across all evaporators, as no feed is introduced. After
the completion of the pre-heating phase, the tomato juice valve is opened, initiating a controlled feed into the
first evaporator.
As the feed enters, the liquid level in the first effect rises rapidly, followed by a delayed but sequential increase
in the levels of the second and third effects.
Accordingly to what the temperature and pressure trends have revealed, the second evaporator liquid level
shows a little fluctuation around minute 20, when the third evaporator starts receiving liquid from the second
one. At this specific point, the second effect drain more liquid than what it receives, but it rapidly stabilizes
after a few minutes.
This progressive activation reflects the cascading feed-forward configuration of the system, where the overflow
from each evaporator becomes the input for the next stage. All three levels stabilize as the system reaches
steady-state conditions at three meters in half an hour.

In summary, the start-up procedure successfully brings the evaporation system to stable operating conditions
within approximately 30 minutes, in terms of temperature/pressures profiles and liquid levels across the three
effects. However, while internal conditions stabilize relatively quickly, the fresh steam supply to the system,
denoted as V0, reaches its steady-state flow rate of approximately 11,500 kg/h only after about nine hours.
This slow approach to steady state reflects the dynamic interaction between the control loops and the system’s
thermal inertia: as the system nears the setpoint, the rate of change naturally decreases.
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3.4.2 Shut-down Scenario Results

This section analyzes the dynamic response of the evaporation system during the shutdown phase, with partic-
ular focus on the evolution of temperature, pressure and liquid levels in each evaporator effect. The simulation
reproduces a controlled drain-down procedure initiated from the steady-state conditions, established after nine
hours of continuous operation.
The shutdown sequence is designed to safely bring the system to a fully deactivated state by isolating the
feed and steam inputs and sequentially emptying the vessels. Monitoring the transient trends of key process
variables ensures that safe conditions are achieved for maintenance activities or subsequent restart operations,
while minimizing the risk of thermal or mechanical stress.

Figure 15 illustrates the dynamic temperature behavior of the three-effect evaporator system during the shut-
down procedure. The sequence involves the complete closure of the steam and tomato feed valves (XV2 and
XV1, respectively), along with the full opening of the bottom outlet valves of each evaporator (XV4, XV5,
XV7) to initiate draining.

Closure of steam and 
tomato valve and full 

opening of evaporators 
drain valves

Figure 15: Dynamic evolution of temperatures in the three evaporators during the shut-down phase

Following the adjustment of the valves, the temperature in the first effect begins to decrease gradually due to
the closing of steam input. Around minute 4, the temperature drops to approximately 340 K (67 °C). A pattern
emerges where the temperature decreases smoothly at first, followed by a more abrupt drop, reaching below
330 K (57 °C) by minute 5. Interestingly, after this point, the temperature rises sharply to about 339 K (66
°C) and then stabilizes, likely due to residual steam accumulation or local recirculation effects before the vessel
is fully emptied.
The second effect shows a different trend. Its temperature remains relatively stable, around its steady-state
value of 345 K (72 °C), up to minute 10, coinciding with the moment the liquid level inside the vessel reaches
zero. A minor fluctuation occurs around minute 2, marked by a slight increase, which may be attributed to
local thermal imbalance as the feed from the first effect stops. After the vessel is emptied, the temperature
gradually decreases, falling to approximately 320 K (47 °C) by the end of the shutdown.
The third effect exhibits a similar behavior to the second. Its temperature remains nearly constant until minute
12, which corresponds to the time when the liquid content is fully drained. Following this, the temperature
begins a smooth decline, eventually dropping below 320 K (47 °C), consistent with the absence of incoming hot
liquid and the progressive cooling of the vessel.
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Figure 16 illustrates the dynamic evolution of pressures during the shutdown phase.

Closure of steam and tomato 
valve and full opening of 
evaporators drain valves

Figure 16: Dynamic evolution of pressures in the three evaporators during the shut-down phase

The shutdown phase is initiated by the simultaneous closure of both the steam and tomato feed valves (XV2,
XV1), along with the full opening of the drain valves of all evaporators (XV4, XV5, XV7). Following the steam
cut-off, a sharp decrease in pressure is observed across all three effects. The loss of thermal input influences vapor
generation almost immediately, and without continuous feed or heating, the internal pressure begins to drop as
vapor condenses and the remaining liquid is drained. As during startup, all pressure values remain within the
vacuum range throughout the shutdown, reinforcing the system’s design for sub-atmospheric operation to avoid
excessive boiling temperatures.
The pressure decline is particularly pronounced in the first effect, consistent with its temperature profile during
the shut-down. As shown in the temperature trends during the draining phase also the pressure exhibits a brief
plateau. Once the evaporators are empty they gradually depressurize. Notably, the pressure in the second and
third effect exhibit an initial increase attributed to the draining of the first effect, which causes a small liquid
accumulation in the other drums.
Ultimately, pressures in all three effects converge toward a low steady-state vacuum level, indicating the removal
of both product and vapor from the system.
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Figure 17 shows the dynamic evolution of liquid levels in the three evaporator effects during the shutdown
procedure. Approximately one minute after the procedure is initiated, the liquid levels begin to respond,
departing from their steady-state values.

Closure of steam and 
tomato valve and full 

opening of evaporators 
drain valves

Figure 17: Dynamic evolution of liquid levels in the three evaporators during the shut-down phase

The first effect exhibits a rapid and continuous decrease in liquid level, reaching zero by minute 4. This
quick discharge reflects the immediate impact of isolating the steam supply and fully opening the outlet valve,
combined with the absence of incoming feed.
The second effect displays a more complex behavior. Initially, its level increases slightly, surpassing 3.5 meters,
indicating it is receiving more liquid than what it is able to drain. This brief rise is likely due to the residual
outflow from the first effect, which continues for a short period even after the feed is stopped. Around minute 4,
coinciding with the complete drainage of the first effect, the second effect’s level begins to decline. The decrease
occurs more gradually compared to the first effect and reaches zero by minute 10.
The third effect follows a two-phase drainage pattern. From the beginning of the shutdown until minute 10,
the liquid level decreases smoothly, indicating a slower draining rate. After minute 10, when the second effect
is fully empty, the decline becomes more pronounced and rapid, leading to full drainage by minute 12.

The shutdown simulation demonstrates that the evaporator system safely transitions from steady-state oper-
ation to a fully deactivated, drained condition in a controlled manner. Complete drainage is achieved within
approximately 12 to 16 minutes across the effects, with each vessel reaching zero level without oscillations or hy-
draulic transients. These results ensures that evaporator vessels are left in a safe state, suitable for maintenance
or subsequent startup operations.
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4. Conclusions and Further Development

This work focuses on the design, economic optimization, and dynamic simulation of a forward-feed multiple-
effect evaporation system for tomato paste production. Starting from a 50,000kg/h, 5°Brix feed and targeting a
concentrate of about 30 °Brix, the analysis compares configurations ranging from one to five effects and develops
a Digital Twin of the optimal configuration in DynSim to assess start-up and shut-down operations.
Among one to five effects, the three-effect configuration minimizes the total cost under the study assumptions
(Table 11). The corresponding fresh-steam demand V0 is 11,534.34 kg/h and the total evaporated water Vtot
is 40,955.76 kg/h, giving a steam economy of 3.55. Effect-by-effect balances produce an outlet concentration
close to 28% w/w solids, with progressively lower temperatures and pressures along the effects, consistent with
vacuum operation and quality preservation.
The Digital Twin reproduces the expected thermodynamic behavior and control interactions. During start-up,
effects reach thermal steady conditions within roughly 15 min and liquid levels settle within about 30 min, while
the fresh-steam flow asymptotically approaches its nominal value. The shut-down script achieves safe vessel
drainage in about 12–16 min without oscillations or hydraulic upsets, confirming a robust sequence.

The three-effect forward-feed arrangement achieves a favorable CapEx/OpEx trade-off while preserving heat-
sensitive compounds thanks to the temperature cascade under vacuum. The Digital Twin is a valuable engi-
neering tool: it reduces trial-and-error during start-up and shut-down, supports controller tuning, and provides
a safe environment to test “what-if” scenarios such as changes in throughput or set-points, ultimately helping
to save energy, enhance operability, and maintain product quality.

Future work should address the reduction of start-up time, as the current scenario shows that the fresh steam
flow requires several hours to reach its nominal steady-state value despite internal temperatures and levels
stabilizing earlier. Possible improvements include refining control strategies, adjusting valve characteristics, or
introducing preheating systems to achieve faster thermal stabilization.
The Digital Twin currently represents only the evaporation section. Extending the model to upstream (pretreat-
ment, juice extraction) and downstream (sterilization, packaging) units would enable an integrated simulation
of the entire plant, allowing the evaluation of inter-unit dynamics and the impact of operational changes on the
complete process.
Once validated with industrial data, the Digital Twin could be used as a plant-wide optimization and decision-
support tool. It could improve energy efficiency by identifying opportunities for steam and heat recovery, for
example through the system described in the section 2.4 — Packaging heat exchanger — of 2 — Results , adjust
operating set-points in response to changes in feed flow rate or composition, and simulate “what-if” scenarios,
such as equipment failures or process modifications, without interrupting production. It could also serve as a
realistic training platform, allowing operators to practice start-up, shut-down, and emergency procedures in a
safe environment.

Future developments could also involve the integration of Artificial Intelligence (AI) and Machine Learning
(ML) within the Digital Twin framework. Building on the validated model and reconciled data, this inte-
gration could follow a staged approach: (i) physics-informed soft sensors to estimate unmeasured states such
as effective heat-transfer coefficients or fouling resistance; (ii) predictive maintenance and anomaly detection
using temporal models trained on historical operating data to forecast maintenance needs and detect devia-
tions; (iii) energy-aware supervisory optimization, where learned surrogate models of the evaporation system
could be embedded within model predictive control (MPC) or safe reinforcement learning (RL) algorithms to
optimize start-up trajectories and steam consumption; and (iv) transfer learning across recipes or production
lines to accelerate adaptation while monitoring performance indicators such as start-up time and steam use.
This roadmap leverages the existing Digital Twin and requires only incremental instrumentation and logging to
implement advanced predictive and adaptive functionalities [6].
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5. Abstract in Lingua Italiana

La tesi affronta lo studio della progettazione, dell’ottimizzazione e della simulazione dinamica di un sistema
di evaporazione equicorrente multi-stadio, finalizzato alla produzione di concentrato di pomodoro. Questo
prodotto, ottenuto portando il succo da 5 a 30 °Brix, rappresenta un ingrediente di grande rilevanza a livello
mondiale, non solo per il suo largo impiego nell’industria alimentare, ma anche per il contenuto di composti
bioattivi come licopene, pectina e vitamina C, la cui conservazione dipende fortemente dalle condizioni di
processo. L’analisi combina il design del sistema con una valutazione dei costi, al fine di individuare il numero
ottimale di effetti nel processo di evaporazione. Inoltre, integra la tecnologia dei Digital Twin nell’ambito
dell’Industria 4.0, per studiarne il comportamento dinamico. Grazie ad una valutazione economica comparativa
su configurazioni da uno a cinque effetti, considerando investimenti iniziali, costi operativi e spesa complessiva
lungo l’intero ciclo di vita dell’impianto, emerge che la configurazione a tre effetti in equicorrente rappresenta la
soluzione più conveniente in termini di costo totale. Il Digital Twin della configurazione ottimale, sviluppato con
il software AVEVA Dynamic Simulation, riproduce fedelmente la dinamica del sistema e consente di simulare
le fasi di avviamento e arresto dell’impianto. Il modello mostra un controllo di processo affidabile, una buona
stabilità durante l’avviamento e un drenaggio sicuro degli evaporatori nella fase di arresto. In conclusione, il
lavoro mette in evidenza come i Digital Twin possano contribuire a una migliore comprensione dei processi, a una
maggiore sicurezza operativa e a un supporto più efficace alle decisioni nell’industria alimentare, promuovendo
allo stesso tempo sostenibilità e competitività.
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