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ABSTRACT 

The heat treatment process and cleaning-in-

place (CIP) in liquid dairy manufacturing, consume 

significant amounts of energy. In an effort to reduce 

the environmental impact of both of these processes, 

a fouling predictive model has been developed and 

used to identify the most sustainable operating 

conditions. The fouling layer growth and removal 

predictive model was developed using kinetic 

models from the literature to simulate fouling 

behaviour during both processes. Recorded data 

from a pilot-scale heat treatment unit were used to 

evaluate an unknown proportionality constant of the 

fouling predictive model. The model offered 

representative results for industrial processing 

conditions. When aiming to investigate more 

sustainable operating conditions, hygienic-

associated risks must be taken into consideration. 

Therefore, the model also assesses the risk of 

ineffective cleaning at the end of processing by 

performing uncertainty analysis. Results 

demonstrate opportunities for 8.7% carbon emission 

reduction versus conventional processing conditions 

with a ~2% risk of ineffective cleaning. The degree 

of risk acceptability is to be defined by the decision 

maker. 

INTRODUCTION 

   On the road towards the net-zero carbon target by 

2050, the industrial sector needs to become 

environmentally sustainable [1]. Research has 

increasingly focused on practices for process 

decarbonisation. In fact, substantial savings in 

energy and resources use can be achieved by 

adjusting the operating conditions in existing 

conventional industrial processes. The development 

of models able to simulate energy and wider 

resource use consumption in processing, can 

substantially contribute towards that goal [2]. 

 

   Milk and other liquid dairy products are in high 

demand worldwide. As a matter of fact, over 6 

billion people worldwide consume dairy products 

[3], while in 2023, 257.4 billion litres of milk and 

other dairy drinks were consumed worldwide [4].   

Therefore, any improvement in the environmental 

impact of their manufacturing can have a significant 

global positive effect [5]. Among the processes 

undertaken in milk manufacturing, (i.e. reception, 

heat treatment, cooling, CIP, packaging and cold 

storing etc.) the heat treatment and CIP processes are 

the most energy demanding [6–8]. A significant 

issue that affects the performance of the heat 

treatment process in liquid dairy processing and its 

energy consumption is fouling [9]. During heat 

treatment, dairy  components, mainly β-

lactoglobulin (β-lg) whey proteins, deposit on the 

interior surface of the processing equipment and 

heat exchangers leading to the formation of fouling. 

Fouling acts as a thermal insulator affecting 

processes energy consumption while it can impact 

product quality and equipment longevity. Thus, 

during processing, heating energy needs to be 

supplied at an increasing rate to ensure adequate 

pasteurization. To remove fouling and ensure 

hygiene, CIP is applied, usually every 8-10 hours of 

processing [10] which is considerably more frequent 

when comparing with the oil industry  where the 

cleaning of heat exchangers at least annually. In fact, 

about 40-50% of energy consumption is attributed to 

heat treatment, and about 10-25% of energy 

consumption in milk processing is attributed to the 

cleaning process [8,11] while the CIP process is 

highly water intensive, requiring about 0.3 L of 

water for every L of milk processed, leading to 

significant amounts of wastewater [12].  

 

   To assess the environmental impact of the heat 

treatment and CIP processes of liquid dairy 

manufacturing, both processes need to be modelled 

together due to their interdependence [13,14]. 

Fouling dynamics need to be taken into account due 

to their effect on energy consumption during 

processing and for assessing successful fouling 

removal after the CIP process. Although the high 

impact of fouling in dairy liquid processing is well 

known, there is limited work in the literature that 

aims to quantify the impact of fouling on heat 

exchange, energy and water use. Therefore, this 

study presents a dynamic fouling predictive model 

https://www.scopus.com/affil/profile.uri?afid=60025063


Heat Exchanger Fouling and Cleaning – 2024 

 

 202 

ISBN: 978-0-9984188-3-4; Published online www.heatexchanger-fouling.com 

for the heat treatment and CIP processes, that is used 

to assess their environmental performance under a 

range of CIP operating conditions. The model was 

programmed in MATLAB and regression and 

ordinary differential equations (ODE) solver 

MATLAB embedded functions were used. 

MATERIALS AND METHODS 

 

    The fouling and cleaning of a plate heat 

exchanger (PHE) during liquid dairy processing 

were modelled following a mechanistic approach. 

Specifically, a thermal model for the PHE has been 

combined with a fouling predictive model for 

fouling growth during processing and removal 

during cleaning. The benefit of following a 

mechanistic modelling approach is that it offers 

simulation flexibility under a range of processing 

conditions [15]. 

 

   The fouling predictive model for the processing 

stage applied in this study, is based on the one 

presented by Alhuthali et al. (2022) [16] using the 

fouling kinetic model developed by De Jong (1996) 

[9] which capture the dynamics of unfolding, 

aggregation and deposition of beta-lactoglobulin, 

the main protein in milk that triggers fouling 

formation. The unknown proportionality constant of 

the fouling predictive model by Alhuthali et al. 

(2022) [16] which represents operational, and 

equipment characteristics of the heat exchange 

system modelled, was determined using recorded 

data from a pilot-scale processing unit for high 

temperature short time (HTST) treatment offering 

representative results under industrial processing 

conditions. Specifically, the trials used for 

parameter estimation had a product flow rate of 125 

L/h, and applied an 85℃ heat treatment temperature 

to the product, while the total processing time was 5 

hours. 

   To model fouling dynamics during the CIP stage, 

a fouling predictive model from the literature for 

fouling removal was applied. The fouling removal 

model used was the one developed by Bird and Fryer 

(1991) [17] presented in [18]. The model can predict 

the fouling removal dynamics and assess the 

cleaning performance at the end of the CIP process. 

The fouling removal model was developed using the 

experimental data developed in the thesis of Bird 

(1993) [19]. In their experiments they used an alkali-

solution wash (1% w/v NaOH) at different 

temperatures, and shear conditions to remove 

uniform proteinaceous milk deposits [19]. The 

model takes as input the fouling layer thickness after 

processing, and considers two stages for cleaning; 

the swelling of fouling due to chemical reaction with 

the alkali solution, and the fouling removal due to 

shear.  

 

   For each simulated operating condition for heat 

treatment and CIP, the energy consumption, water 

use, and carbon emissions were evaluated per L of 

product processed. The energy use for heat supply 

during milk processing has been calculated by 

evaluating the heating demand during processing 

with consideration to the additional heat required 

due to fouling growth, and the heating demand for 

the CIP process by accounting for the energy 

required to heat up the cleaning fluids [10]. Then the 

energy required by the burning fuel is calculated 

from the estimated heating demand given the 

efficiencies of the fuel burning engine used. The 

burning fuel simulated for providing the heating 

energy was natural gas. This type of fuel was 

selected since it is the most commonly used fuel in 

the food industry today. The water consumption was 

evaluated by accounting for the water demand for 

the CIP process performed under the respective CIP 

operating conditions of the simulation [10]. Finally, 

the carbon emissions due to energy and water use 

were evaluated given the carbon factor of each 

resource used.  

 

   Processing parameters do not always have a fixed 

value but might vary around the set value. A small 

shift in the set processing conditions such as in the 

processing temperatures, flow rate or product 

composition, may lead to ineffective fouling 

removal at the end of the CIP process. Aiming to use 

the model for investigating operating conditions for 

improved sustainability for both product processing 

and CIP, it is important to also assess the associated 

hygienic risk. If cleaning is ineffective, any 

remaining fouling within the processing line will 

accelerate fouling formation in the next running 

cycle, and this may trigger the formation of biofilm 

that gives rise to food safety risks [20]. Therefore, 

uncertainty analysis was performed to calculate the 

risk of ineffective cleaning at the end of the 

processing-cleaning cycle. Uncertainty analysis was 

performed following the Monte-Carlo simulation 

method [21], where uncertainty is assessed by using 

random samples from all known distributions of the 

model parameters, and inputs. These distributions 

inputs were produced by applying a 5-10% 

variability in the model input parameters that have 

and important impact on fouling formation. These 

were the  process operational conditions (i.e. inlet 

and outlet temperatures and flow rates) and the 

product composition (i.e. concentration of β-lg 

protein). The risk of ineffective cleaning was 

calculated by running 5,000 Monte Carlo. 

simulations and identifying the number of cases 

where cleaning was ineffective. The number of 

simulations was chosen accordingly to provide a 

sufficient number of significant figures in the 

evaluated risk for the purpose of the study. 
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RESULTS AND DISCUSSION 

  From the fouling predictive model, the evaluated 

fouling layer thickness was estimated to be 30.9 μm 

after 5 hours of processing at 85℃.Given, this 

estimation, the model was used to evaluate the 

performance of more sustainable operating 

conditions by exploring a range of CIP cycles of 

reduce cleaning time and temperature for the alkali 

detergent wash step compared to the conventional 

ones (30 min, 75℃ [10]). . Model simulations were 

undertaken to evaluate the carbon emissions from 

energy and water use per L of liquid dairy product 

processed, for the heat treatment and CIP processes. 

Specifically, as presented in the heatmap of Figure 1 

the carbon footprint per L of product was evaluated 

under a range of cleaning medium temperatures and 

durations of the alkali wash step of the CIP process 

[10]. 

 

 
 

Fig. 1. Heatmap representation, showing the 

evaluated carbon emissions per L of product 

processed under a range of different cleaning time 

durations and cleaning medium temperatures. The 

black cells indicate operating conditions where 

cleaning was considered ineffective at the end of the 

CIP process and therefore, they cannot be 

considered as potential operating conditions. 

 

   From Figure 1 it can be observed that from the 

conventional operating conditions for the CIP cycle 

(where in the CIP program, the alkali solution wash 

at 75 ℃ is applied for 30 minutes [10]), if the 

cleaning medium temperature is reduced by 9 ℃ and 

the cleaning time is reduced by 12 minutes, this can 

lead to 19.1% carbon emissions reductions per unit 

of product processed.  

 

   The respective evaluated risk of ineffective 

cleaning for each of the simulated operational 

conditions is provided in Figure 2. As we move 

towards the ineffective cleaning zone, the risk of 

ineffective cleaning increases. 

  

 
 

Fig. 2. Heatmap representation, showing the 

evaluated Risk of ineffective cleaning under a range 

of different cleaning time durations and cleaning 

medium temperatures.  

 

   As can be seen from both Figure 1 and Figure 2 

the least carbon emitting operating conditions for 

cleaning lead to a significant risk of ineffective 

cleaning up to ~50%. However, selecting slightly 

more carbon intensive operating conditions, e.g. 26 

minutes of cleaning with a temperature of 72℃  for 

the cleaning medium, still leads to significant energy 

savings of 8.7%, but the associated risk of 

ineffective cleaning could potentially be at a more 

acceptable range (~2%). At this point, given the 

evaluated risk of ineffective cleaning and the energy 

savings that can be achieved, it is upon the client as 

the decision maker to decide which processing 

conditions they will apply following the guidelines 

for that industry and country regulations. It is 

important to note that upon any decisions 

undertaken product quality and safety is a priority.   

CONCLUSION 

   The developed fouling and cleaning model was 

able to predict the dynamic behavior of fouling and 

evaluate the carbon emissions due to energy and 

water use, for the fouling-cleaning cycle under a 

range of CIP operating conditions. According to 

model outputs, moving from conventional, to more 

sustainable processing conditions can save up to 

19% of the energy use and carbon emissions in 

processing and cleaning. However, selecting 

optimal processing conditions (as determined by the 

model) may pose a risk of ineffective cleaning due 

to uncertainty under real operating conditions. The 

ability to evaluate the risk of ineffective cleaning 

can help the decision maker to choose the best 

processing conditions that will lead to energy and 

water savings, while keeping the risk to an 

acceptable level.  

   The uniqueness of this work lies in its ability to 

merge models for fouling, heat exchange, and 

cleaning into a simplistic and computationally 

efficient model. Using a limited amount of data, the 

hybrid model can effectively capture the underlying 
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mechanics while also providing results that 

represent a real heat treatment system. Future work 

suggest the use of industrial scale data, and longer 

processing runs, as well as to perform model 

validation, and assessment of feasibility of the more 

sustainable operating conditions as indicated by the 

model. In addition, a similar approach can be 

followed to model other dairy and food processes 

following the same methodology and model 

integration approach. The developed model has the 

potential to improve sustainability in dairy and other 

liquid product’s processing, and at the same time 

prevent any risk related to ineffective cleaning. 
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