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A B S T R A C T   

Energy-derived carbon emissions from dairy manufacturing and distribution are significant. Meeting a net zero 
carbon target is a global priority, and to that end the dairy industry is engaging an emission-reduction strategy. 
Modelling tools that can predict energy consumption and related carbon-emissions can aid decision-making 
towards energy transitioning. This study presents an energy consumption model for dairy skimmed milk and 
cream manufacturing and distribution, which has been developed following a mechanistic modelling approach. 
This approach integrates chemical engineering process design, heat exchange principles, and empirical model-
ling to simulate energy consumption for each individual supply chain component, sequence-by-sequence. The 
model offers simulation flexibility, allowing the projection of the product’s embodied energy and carbon- 
emissions under diverse manufacturing and distribution scenarios. To investigate the model capabilities, sce-
nario analysis was performed for 12 different scenarios. These scenarios resulted by testing the use of three fuel 
types for the heating requirements in manufacturing (oil, natural gas and hydrogen), two categories of refrig-
erated vehicles (diesel and electric), and two different distribution infrastructures (centralised and decentral-
ised). The evaluated skimmed milk product-embodied energy ranged between 309 and 869 kJ/L. The scenarios 
were also simulated towards 2050 using the UK projections for electricity’s carbon conversion factor to predict 
the anticipated carbon-emission reductions. These 2050 projections allowed for roadmap planning towards 
decarbonising energy for skimmed milk and cream manufacturing and distribution, with outcomes demon-
strating up to 90.2% carbon-emission reductions by 2050. The developed model can support safe decision- 
making and assist the dairy industry in meeting the net zero carbon target.   

1. Introduction 

Society is currently approaching a tipping point in the battle to 
mitigate global warming. A detailed understanding of energy-related 
carbon emissions is required to enable impactful decision-making in 
industry, both at national, and international levels. The food sector ac-
counts for approximately 30% of global energy consumption [1,2], 
while food manufacturing and distribution are responsible for >38% of 
the global food sector’s energy consumption [3]. The dairy industry has 
demanding energy requirements in process manufacturing due to 
intensive heating and cooling needs and in product distribution due to 

refrigeration and transportation requirements [4]. In addition, the 
global consumption of dairy products where cheese, milk, and butter 
comprise ~14% and ~5% of the total dietary intake in high and low to 
middle income countries respectively, will make any improvements in 
the sector’s sustainability significantly impactful [5]. Moreover, a 
carefully devised strategy to mitigate energy consumption in the dairy 
sector can inspire the wider food and drink industry, since a significant 
portion of operations within the food and drink industry are grounded in 
the activities of the dairy sector [6]. 

Energy consumption within the dairy sector is expected to rise due to 
global warming and population growth [7]. The increasing ambient 
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temperatures and the more frequent heatwave events in many parts of 
the world will set the requirement of lowering the refrigeration tem-
peratures to ensure food security. The lower refrigeration temperatures 
and the higher gradient between refrigeration and ambient temperature 
during the hot days, will pose an additional energy load to the dairy 
supply chain[8]. In parallel, world population growth will drive an 
estimated >60% increase in the demand for dairy products by 2050, 
versus 2000 levels [9]. An energy mitigation strategy spanning the 
entire dairy sector (from “farm-to-fork”) should be developed to support 
the reduction of energy-derived emissions responsible for global 
warming, whilst still being able to meet the food demand of growing 
populations. Along the dairy supply chain, product manufacturing and 
distribution together are responsible from the lion’s share of the energy- 
derived carbon emissions. For example, in the milk supply chain, 
manufacturing and distribution is estimated to be responsible for around 
45% of total energy-derived greenhouse gas (GHG) emissions produced 
along the “farm-to-fork” supply chain [10,11]. Therefore, there is an 
urgent need to focus on mitigating energy use of those interdependent 
supply chain stages [10]. 

Governments around the globe have set their own sustainability 
targets to meet net zero carbon levels by 2050, as per the Paris Agree-
ment [12], “Net zero carbon” means that the anthropogenic carbon 
emissions that cross the boundaries of a system should be balanced by 
the anthropogenic carbon emission removals through those boundaries 
[13]. As part of net zero carbon target, the European Union aims for a 
55% reduction in overall carbon emissions by 2030 [14]. The report by 
Ricardo Energy & Environment on behalf of FoodDrinkEurope in-
vestigates and recommends decarbonisation pathways for the European 
food and drink manufacturing sector [15]. Focusing on the energy 
mitigation targets for UK dairy manufacturers, over 90 dairies across 60 
companies have committed to achieve 30% relative reductions in carbon 
emissions related to energy use at their processing sites by 2025, 
compared to 2008 levels [16]. The food and drink industry are under 
pressure to take actions driven by a number of national, international 
and self-imposed targets. Some of the key strategies to support decar-
bonisation will focus on shifting to renewable energy and transforming 
the production system towards centralised or decentralised production, 
depending on financial and environmental benefits. 

For the year 2023, food and dairy manufacturing is still predomi-
nantly dependent on fossil fuels. A complete fossil fuel phase-out is 
required to reach the net zero carbon target by 2050 [17]. Under this 
energy transition, the industrial and transportation sectors aim to move 
towards process electrification and greener fuels such as hydrogen. 
Process electrification is when processes are converted from a fuelled- 
powered to an electric-powered technology. Process electrification can 
lead to a gradual process decarbonisation, benefiting from the national 
or regional grid decarbonisation, in line with the net zero carbon target 
[18]. Process electrification can also lead to complete process decar-
bonisation when renewable energy is used directly to power the process 
[19]. Regarding the electrification of transportation, although fully 
electric refrigerated vehicles have not been currently released at scale, 
electric transportation is expected to be the dominant form of logistics in 
the future [20]. 

Hydrogen is a zero-carbon fuel since its combustion produces water 
and is currently considered a likely fuel alternative for the future across 
many industrial sectors [21]. Although hydrogen combustion has zero 
carbon emissions, the use of hydrogen may still have a carbon impact, 
depending on the primary production technology utilised [22]. A com-
plete net zero hydrogen production technology is via water electrolysis 
powered by renewable energy, such as solar or wind. This is often called 
“green hydrogen” because its production causes the release of minimal 
or zero GHG emissions [23]. Hydrogen can also be produced from nat-
ural gas via steam methane reforming [23]. This technology generates 
significant carbon emissions and therefore is called “grey hydrogen”. 
When carbon capturing technologies are used in steam methane 
reforming, this leads to reduced net carbon emissions. Hydrogen 

produced through this technology is called “blue hydrogen”, and is more 
environmental friendly compared to grey hydrogen[23]. However, both 
blue and grey hydrogen have a carbon footprint [20]. 

The future sustainability of the food and dairy sector does not only 
rely on energy transitioning but also on the future size and shape of 
product distribution infrastructure. One consideration is whether it 
would be more environmentally and financially sustainable if the future 
dairy sector is transformed towards a more centralised or a decentralised 
product distribution infrastructure [22,24]. Existing large-scale cen-
tralised food production has significant freight transportation needs, 
accompanied by corresponding significant levels of energy use and 
emissions [22]. However, large scale production tends to require less 
energy and cost per unit of product due to the economy of scale [25,26]. 
Two noteworthy examples of intense centralised production are a mega 
dairy farm located in China, which is home to almost 100,000 cows [27] 
and a high-technology dairy processing plant located in the UK that 
processes up to 240,000 L per hour, providing 10% of the milk supply for 
the UK [28]. In contrast, decentralised dairy production has lower 
transportation energy needs. However, production at the smaller scale 
may require higher energy and cost demand per unit, compared to large 
scale production [29]. 

Any energy mitigation actions for the dairy supply chain must be 
made through a well-planned strategy. Models can provide a holistic 
measurement of energy use and interactions between the supply chain 
stages which significantly contribute to energy and emissions mitigation 
planning [30,10]. As a result, reliable energy consumption models 
should be developed to aid decision-making. Such models will be able to 
identify the most energy consuming operations, whilst simulating future 
scenarios of the dairy supply chain and evaluating the potential energy 
savings through alternative processes and scenarios [10,31,32]. 

Studies in the field of food systems’ modelling traditionally focus on 
improving product quality and reducing cost. In the past decade to 2023, 
there has been growing research interest in modelling food systems to 
also manage environmental impacts [33]. This is due to a growing 
appreciation that such impacts carry a cost that can continually increase 
over time (e.g. waste management), as well as regulatory or legislative 
environmental drivers. A number of studies have modelled dairy 
manufacturing using a process design approach to estimate the total 
manufacturing energy use under different production scenarios [34,35]. 
Other studies performed multi-objective optimisation for both envi-
ronmental sustainability and economic performance of dairy products 
[36,37]. Several studies also assessed the future energy performance of 
dairy production by simulating potentially more sustainable scenarios in 
terms of energy mix and the specific combinations of different energy 
sources [38,39]. However, there is no existing work in the literature that 
offers a flexible model for food systems’ manufacturing and distribution 
that is capable of evaluating different scenarios and assessing for each 
scenario their energy and sustainability performance. 

The development of a food system energy consumption model that 
mitigates energy use in dairy manufacturing and distribution would be 
potentially invaluable. Mechanistic models (MM) are mathematical 
models that apply first principles and empirical modelling to predict the 
mechanistic behaviour of a system [40]. Mechanistic models provide 
simulation flexibility due to the ability to test different scales of pro-
duction and technologies. A mechanistic energy consumption model can 
be simulated under a range of production and supply scenarios to 
identify the least energy consuming and emitting scenarios. In addition, 
such models can be used for the strategic planning of a well-thought 
roadmap towards the net zero target [10]. Such models may also be 
integrated into Life Cycle Assessment (LCA) tools to enable the quanti-
fication of the total system’s environmental impact. Currently, model-
ling food systems’ energy consumption following a MM approach in the 
literature is sparse [34,35,40,41]. However, although an MM approach 
in food systems is not yet widely applied, it is highly recommended, 
since it offers the flexibility that can support decision making for 
continuously changing systems and develop an adaptive roadmap to 
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become net zero by 2050. 
In the present study, a mechanistic energy consumption model was 

developed to evaluate the energy use and carbon footprint of dairy 
skimmed milk and cream products under 12 manufacturing and distri-
bution scenarios. Moreover, the annual energy derived carbon emissions 
of skimmed milk and cream manufacturing and distribution under those 
scenarios were projected towards 2050, allowing the development of an 
energy transition roadmap that can be adaptive to changing energy 
options and industry drivers as they appear. The scope and impact of this 
paper can be scaled beyond the dairy sector to the broader food and 
drink industry, since the modelled processes and operations are repli-
cated for many other food and drink product types. Whilst this work can 
inspire the development of similar models, for any industrial sector that 
aims to tackle emissions and energy use. 

2. Materials and methods 

This section presents the modelling methodology for the develop-
ment of the energy consumption model for dairy skimmed milk and 
cream manufacturing and distribution. A mechanistic modelling 
approach was followed to provide simulation flexibility for different 
scales of production, processing conditions and energy resources used. 
This approach integrates chemical engineering process design, heat 
exchange principles, and empirical modelling, to simulate energy con-
sumption for each individual supply chain component “sequence-by- 
sequence”. Specifically, the following stages were modelled (Fig. 1):  

1. Raw milk reception and cold storage.  
2. Skimmed milk and cream processing units.  
3. Cleaning-in-place for the processing lines.  
4. Packaging process.  
5. Cold storage in chambers in the manufacturing plant.  
6. Refrigerated transportation to the distribution centre.  
7. Cold storage in chambers in the distribution centre.  
8. Refrigerated transportation from the distribution centre to the retail 

outlet. 

The energy consumption model was developed following the steps 
below. Each step corresponds to the respective Sections 2.1-2.3: 

To model the skimmed milk and cream processing units, standard 
chemical engineering process design methods and heat exchange 
principals were applied. This allowed the estimation of the utilities 
demand (steam, chilled water, cleaning fluids), to scale the equip-
ment used and calculate the pressure states (Section 2.1). 
To measure the thermal load on the refrigerated facilities along 
skimmed milk and cream manufacturing and distribution, heat ex-
change principals were applied. The equipment or facilities modelled 
following this approach were the cold storage of raw milk in recep-
tion, product storage in the manufacturing plant and distribution 
centre and the refrigerated unit of the refrigerated vehicles (Section 
2.2). 
Steps 1 and 2 allowed the evaluation of the total heating, cooling and 
pumping energy input required in product manufacturing and dis-
tribution. This energy is provided to the system through electrical 
and fuelled-powered equipment. To measure the electricity demand 
and fuel demand of those equipment, empirical models and co-
efficients of performance (COP) were used. In addition, the energy 
usage of mechanical processes such as packaging and transportation 
were evaluated through benchmarking values available in the liter-
ature (Section 2.3). 

The model developed formulates a set of linear and non-linear 
algebraic equations, which were simultaneously solved through a pro-
gramme developed in Microsoft Excel (version 2307), for a set of pa-
rameters that differ for each scenario simulated. 

2.1. Modelling skimmed milk and cream processing units 

The skimmed milk and cream processing unit modelled is illustrated 
in the flowchart (Fig. 2) and represents a conventional processing line. 
In this processing unit, whole milk stream is heated at 50–60 ◦C and 
pumped into a centrifugal separator, where the globular milk fat is 

Fig. 1. Illustration of the modelled stages of skimmed milk and cream manufacturing and distribution.  
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separated from the serum. This process leads to two output streams each 
having a different fat content, a stream of cream and a stream of skim-
med milk. These streams are then pasteurised and then quickly cooled 
down, after which the pasteurised streams are passed to the packaging 
units [42]. 

The flowchart of Fig. 2 is adapted from the study of Singh et al., 
(2020) [43]. As illustrated, the raw milk produced at farms arrives at the 
dairy processing via refrigerated vehicles, which maintain the milk at a 
temperature of ~5 ◦C. The raw milk is then pumped from the truck 
through the heat exchanger E-101 where the milk is cooled to 4 ◦C via 

the chilled water supply to the cooling tank T-101. When production 
begins, the milk is pumped to the milk balance tank D-101 for deaera-
tion. Then enters the centrifugal separator S-101 after being preheated 
to 54 ◦C through the heat exchanger E-103 in order to be separated more 
effectively [44]. Through the separation process, stream 8, is separated 
into a skimmed milk stream (stream 9) and a cream stream (stream 31). 
Stream 9 leads to the skimmed milk processing unit, while stream 31 is 
homogenised through H-201 and then leads to the cream processing 
unit. 

In the orange colour streamline (streams 19–22) of the skimmed milk 

Fig. 2. Flow chart illustration of a skimmed milk and cream processing unit, where raw whole milk is preheated and separated in a skimmed milk and a cream 
stream, which are then pasteurised and cooled down in the skimmed milk processing lines (above) and the cream processing line (below) respectively. Streamline 
colours and equipment symbols are explained in the left side of the flowchart. The flowchart is adapted from the study of Singh et al., (2020) [43]. 
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processing unit in Fig. 2, hot water recirculates to deliver the required 
heat for milk pasteurisation. Heat is provided to the hot water recircu-
lating system via the steam supply (stream 29) to the heat exchanger E- 
107, where stream 21 enters the E-107 and the water is heated up to 85 
◦C (stream 22). Milk pasteurisation is achieved by heating the milk to 
72–76 ◦C and is required to remain at this temperature for 15 s and for 
that purpose a coil tube is used [43]. After pasteurisation, the milk needs 
to cool down quickly. The cooling process of milk begins in the heat 
exchanger E-105 and continues to the heat exchangers E-104 and E-103 
through regenerative heating, by capitalising on the cooler milk streams. 
Finally, in the heat exchanger E-102, chilled water is provided at 1 ◦C to 
cool down the pasteurised milk to 3.5 ◦C, ready to be packaged. 

A similar process occurs in the cream processing unit where cream 
pasteurisation is achieved by raising the temperature of cream to 88 ◦C 
for 1 s before immediately cooling it down to 7 ◦C. The homogenised 
cream of stream 32 is pumped through heat exchanger E-201 where it is 
heated up by the hot water supply (stream 48) of the cream processing 
unit, to balance any heat losses that occur if cream is temporarily stored 
in tank T-201. The cream then passes through the deaerator device D- 
201 to the cream pasteuriser. In the heat exchanger E-205 cream reaches 
its highest temperature of 88 ◦C via hot water supply (stream 53). 
Finally, the heat exchanger E-203 cools down the cream through a 
cooling tower system (CT-201), and further cooling is achieved in the 
heat exchanger E-202 via chilled water supply (stream 50). These both 
cool the pasteurised cream to 7 ◦C, ready to be packaged. 

2.1.1. Material properties for modelling the product processing units 
Material property values were required to resolve the mass and en-

ergy balance equations as well as for the heat exchangers’ design 
(Section 2.1.2), the pipeline diameter selection (Section 2.1.3), the 
energy demand for the cleaning-in-place process (Section 2.1.4) and for 
the pressure drop estimation (Section 2.1.5). These properties were the 
density ρ, the specific heat capacity Cp and the dynamic viscosity μ. 
Empirical models for the aforementioned properties for milk, cream, 
water and steam are provided in Section A of the Supplementary 
Material. 

2.1.2. Mass and energy balances 
To determine the flow rate and temperature for each stream of the 

flowchart in Fig. 2, a standard chemical engineering process design 
approach was followed [38]. For each process taking place through the 
processing line (e.g. heat exchange, separation, homogenisation), a unit 
operation was considered. The mass and energy balances for each unit 
operation were resolved accounting for the input and output flow 
streams [45]. 

The mass balance equation for a unit operation in the Fig. 2 flowchart 
under steady state, where no chemical reactions are taking place and 
there is no mass accumulation, may be written as follows: 
∑

i
ṁi,in =

∑

j
ṁj,out (1) 

Where, ṁi,in and ṁj,out are the mass flow rates of the inlet and outlet 
stream i to the unit operation. 

The general energy balance for a unit operation under steady state 
respectively, given that no chemical reactions occur and if energy losses 
and energy input due to mechanical work are neglected, may be written 
as follows: 
∑

i
Ḣi,in + Q̇net,in − Ẇnet,out =

∑

j
Ḣj,out (2) 

Or, 
∑

i
hi,inṁi,in + Q̇net,in− Ẇnet,out =

∑

j
hj,outṁj,out (3) 

Where, Q̇net,in is the net heat rate input to the system, Ẇnet,out is the net 

work rate output from system, Ḣi,in is enthalpy rate of the inlet stream i 
and Ḣj,out is the enthalpy rate of the outlet stream j of a unit operation 
respectively and hi,in and hj,out are the specific enthalpy of the inlet and 
outlet streams respectively. 

2.1.2.1. Mass balance for the separation process. In the separation pro-
cess taking place in the centrifugal separator (S-101), the inlet stream 8 
is separated into stream 9 of skimmed milk (low fat stream) and stream 
31 of cream (rich in fat stream). Due this composition difference be-
tween the streams, the mass balance equation for the fat substance (Eq. 
(6) should be considered alongside the total material mass balance (Eq. 
(7) in the calculations: 

Total material mass balance for the separator S-101: 

ṁwm,in = ṁsm,out + ṁc,out (4) 

Where, ṁwm,in is mass flow rate of whole milk stream entering the 
separator and ṁsm,out and ṁc,out are the mass flow rates of the skimmed 
milk and cream outlet streams of the separator respectively. 

Fat substance mass balance for the separator S-101: 

Fwm,inṁwm,in = Fsm,outṁsm,out +Fc,outṁc,out (5) 

Where, Fwm,in, Fsm,out, and Fc,out is the fat content (w/w %) of each 
stream entering or exiting the separator. 

2.1.2.2. Mass & energy balance in heat exchangers. The most commonly 
used heat exchangers in the dairy industry are plate heat exchangers 
(PHEs) since they offer a large heat exchange surface in a compact 
structure and have a low fouling factor, which means that they can be 
cleaned relatively easy [46]. PHEs consist of closely spaced thin plates 
held tightly together in a gasket frame [47]. Fig. 3 illustrates the phe-
nomena occurring in a counter flow plate heat exchanger, showing the 
pathways of the hot and cold streams. Fig. 4 represents a simplified 
illustration of a PHE that corresponds to PHE representations used in the 
flowchart of Fig. 2. 

The difference of the specific enthalpy between the inlet and the 
outlet of a stream passing through a heat exchanger Δh, in low pressures 
with no phase change, was calculated by Eq. (6): 

Δh = hout − hin =

∫ Tout

Tin

CpdT (6) 

While if there is phase change, Eq. (7) can be applied, where + is 
used when the phase change is evaporation and – if the phase state is 
condensation. 

Δh = hout − hin = ±Δhvap +

∫ Tout

Tin

CpdT (7) 

Where, Tin and Tout are the inlet and outlet temperature of the stream 
in one side of the heat exchanger, Cp is the specific heat capacity at 
constant pressure and Δhvap is the latent heat of vaporization. 

Therefore, for a counter flow heat exchanger, the mass and energy 
balance equation results from applying Eq. (6) or (7) to the general mass 
and energy balance equations (Eqs. (1) and (3)), given by Eq. (8): 

ṁc

∫ Tc,out

Tc,in

CpcdT
(

+ ṁcΔhvapc

)

= − ṁh

∫ Th,out

Th,in

CphdT(+ṁhΔhvaph) (8) 

Where, ṁh, Th,in and Th,out are the mass flowrate, the inlet and the 
outlet temperature of the hot side stream, and ṁc, Tc,in and Tc,out are the 
mass flowrate, the inlet and the outlet temperature of the cold side 
stream respectively (as shown in Figs. 3 and 4). Empirical models for the 
specific heat capacities of the hot and cold side streams, Cph and Cpc, are 
provided in Section A of the Supplementary Material. 

A simplistic and convenient design method was used to size the heat 
exchangers [47]. The first step was to estimate the duty exchange rate 
between the hot and the cold stream side of each heat 
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exchanger,Q̇exchange. This is equal to the difference in enthalpy rate be-
tween the inlet and outlet stream from one side of a heat exchanger, ΔḢ 
[48]. 

Q̇exchange = ΔḢ (9) 

The next step estimated the overall heat transfer coefficient,Uhe [45]. 
Given Uhe, the total heat exchange surface, Ahe can be estimated from Eq. 
(10), and the total number of plates, Npt can be determined from Eq. 
(11) given the surface area of a plate, Apt. Values for the plate di-
mensions and other geometrical characteristics of plates used for the 
calculations were extracted from the study of Mehrabian et al. (2000) 
[49]. 

Ahe =
Q̇exchange

Uhe
(10)  

Npt =
Ahe

Apt
(11)  

2.1.3. Pipeline diameter selection 
The pipeline diameter for a processing line is scaled based on the 

processing flowrate. All unknown flowrates of the processing unit of 
Fig. 2 were evaluated following the steps presented in Section 2.1.1 and 
2.1.2. To find an approximation for the required ideal pipeline diameter 
at a given the flowrate, the Adam’s equation [50] was used (Eq. (12): 

did = 0.25
̅̅̅̅
V̇

√
(12) 

Where, V̇ is the stream volume flowrate measured in gal/min and did 

is the ideal pipeline diameter measured in inches. However, the pipeline 
diameter selected should be one commercially available with the closest 
diameter to did. Thus, the appropriate standardised pipeline diameter dst 

was used for any further calculations [51]. 

2.1.4. Energy demand for the cleaning-in-place process 
Faced by the dairy industry in liquid dairy heat treatment processes 

is when proteins, fats, and minerals coagulate on the surface of the heat 
exchanger walls – a phenomenon called fouling [52]. Dairy fouling is a 

Fig. 3. Schematic representation of a counter-flow Plate Heat Exchanger. The blue stream represents the cold side stream while the red stream represents the hot side 
stream. Where, ṁ, Tin and Tout are the mass flowrate, the inlet and the outlet temperature of the stream in one the cold (c) or hot (h) side of the heat exchanger. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Unit operation for a heat exchanger, indicating the inlet and outlet stream temperatures and flowrates, Where, ṁ, Tin and Tout are the mass flowrate, the inlet 
and the outlet temperature of the stream in one the cold (c) or hot (h) side of the heat exchanger. 
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result of reaction of dairy components, mainly casein proteins occurring 
in the bulk flow and on top of the heat exchange surfaces during thermal 
treatment at temperatures higher than 70 ◦C [53]. Fouling acts as a 
thermal insulator affecting heat exchange during processing and can 
also act as a substrate for the growth of microorganisms over time, 
which will cause an impact on quality (and potentially safety) [54,55]. 
In order to remove fouling, the pasteurisation process needs to be 
interrupted at regular intervals, every 8–10 h, to allow for the cleaning 
of the inner processing line surfaces by pumping cleaning fluids, an 
automated process called cleaning-in-place (CIP) [42,56]. 

For the needs of this study, the CIP programmes including CIP for 
pasteurisers, disinfection, and cold components as described in the 
Tetrapack Handbook for pasteurisation lines [42] was used to calculate 
the CIP energy consumption. The CIP programme for a pasteuriser has 
the following steps:  

1. 10 Minutes rinsing with warm water.  
2. 30 min circulation with an alkaline detergent solution (0.5 – 1.5 % 

(w/w)) at 75 ◦C. Usually, 1% (w/w) sodium hydroxide (NaOH) is 
used to dissolve deposit proteins and acts as bactericide [57].  

3. 5 Minutes rinsing out the alkaline detergent with warm water.  
4. 20 min circulation of an acid solution (0.5 – 1.0 % (w/w)) at 70 ◦C. 

Usually, nitric (HNO3) of phosphoric acid (H3PO4) is used in order to 
remove deposited salts [57].  

5. Post-rinsing with cold water (to remove all trace of detergent, note 
duration is not detailed in source [42]).  

6. 8 Minutes cooling with cold water. 

The CIP programme for disinfection takes place once a day in the 
morning and is performed by circulating hot water at a temperature 
between 90–95 ◦C for a duration of 10 to 15 min until the returning 
temperature reaches at least 85 ◦C. 

Finally, a cleaning-in-place (CIP) programme for “cold components” 
of the processing line, such as pipes and tanks, is performed once a day 
following the steps below:  

1. Flushing with warm water for three minutes  
2. 10 Minutes circulation of an alkaline detergent solution (0.5 – 1.5 % 

(w/w)) at 75 ◦C  
3. Rinsing with warm water for three minutes  
4. 5 min disinfection using hot water at 90 to 95 ◦C  
5. 10 min gradual cooling by utilising cold tap water (typically 

excluding cooling for tanks) 

The CIP system pumps cleaning fluids along the processing line at a 
sufficient velocity to achieve turbulent flow, as the turbulence increases 
the fluid shear at the internal surface, which achieves more effective 
cleaning. The flow velocity of the cleaning fluids pumped into the 
pipeline, ucf should range between 1.5 and 3.0 m/s [58]. Eq. (13) was 
used to calculate the required mass flow rate, ṁcf of the cleaning fluid, 
given the cleaning fluid velocity, ucf and the standardised pipeline 
diameter, dst of the processing line as calculated in Section 2.1.3. 

ṁcf = πdst

4

2

ucf ρcf (13) 

Where, ṁcf is the mass flowrate of the cleaning fluid and ρcf is the 
density of the cleaning fluid assuming to be equal to that of water. 

The energy required to heat up the cleaning fluids was calculated 
using Eq. (14): 

Q̇cf n = ṁcf

∫ Tcf ,amb

Tcf

Cpcf dT (14) 

Where, Q̇cf n is the heating energy required to heat the cleaning fluid 
of each step n of the CIP programme. Tcf ,amb are the initial cleaning fluid 
temperature at room temperature and Tcf is the temperature of the 

cleaning fluid. For reasons of simplicity, the specific heat capacity of the 
cleaning fluid Cpcf and density ρcf were considered to be equal to that of 
water. 

After calculating the required heat to be provided in each cleaning 
fluid, the total heating energy Qcleaning required for cleaning was calcu-
lated through Eq. (15): 

Qcleaning =
∑

n
Q̇cf ntcf n (15) 

Where, tcf n is the time of cleaning of the cleaning step n measured in 
seconds. 

2.1.5. Pressure state calculation 
Pumps are equipment used to transfer fluids between processing 

equipment. They are also responsible for regulating the pressure level, 
which is continuously dropping due to friction within the process line 
inner walls during the recirculation of fluids through piping and process 
equipment. Heat exchangers affect the energy consumption of the dairy 
processing plant indirectly, because the flow of the inlet streams through 
narrow flow channels of complex geometry leads to turbulent flow, 
which results in substantial pressure drop. The pressure drop is recov-
ered by pumps placed along the process line. 

The pressure drop due to flow through the heat exchangers was 
modelled as described in Section 2.1.5.1, and the pressure drop as a 
result of stream passing through the processing lines was modelled as 
described in Section 2.1.5.2. After defining the pressure drop resulting 
from each heat exchanger and processing line section, the pressure in the 
outlet of each pump was chosen to provide sufficient pressure rise. This 
is to ensure the pressure does not drop below the vapour pressure of the 
liquid along the pipeline, which would result in bubble formation or 
cavitation that could damage the process equipment causing erosion and 
is also associated with increasing fouling effects [53,58]. 

2.1.5.1. Pressure drop from plate heat exchangers. For the pressure drop 
calculation through the PHEs, the Gusew & Stuke (2019) model was 
used [59]. This model accounts for the pressure drop across the corru-
gated plates’ channels, the pressure drop caused by distribution ducts, 
and the pressure drop due to elevation change under turbulent flow at 
different corrugation angles for plates. The corrugation angle was cho-
sen to be 630 since this angle resulted in the highest pressure drop 
compared to smaller corrugation angles [59]. For the pressure drop 
calculation in each fluid side of the heat exchanger, material properties 
were calculated according to the property models of section A in the 
Supplementary Material for the average temperature between the inlet 
and outlet. 

2.1.5.2. Pressure drop from pipeline. The pressure drop through the 
pipeline was calculated through the evaluation of the friction factor fp of 
the pipeline, given the diameter of the pipeline dst (as calculated in 
Section 2.1.3), and the Reynolds number Re (Eq. (16), Eq. (17) & Eq. 
(18)) [50]. 

1̅
̅̅̅
fp

√ = − 2log(
ε

3.7dst
+

2.51
Re

̅̅̅̅
fp

√ ) (16) 

Where Re is given from: 

Re =
ρudst

μ (17) 

Where, ρ is the fluid density, u is the fluid velocity, μ is the fluid 
dynamic viscosity and can be calculated for the different fluids as shown 
in Section A in the Supplementary Material. 

Given the estimated friction factor fp, the pressure drop due to flow in 
the pipeline ΔPp can be calculated given the length of the pipeline L, 
through Eq. (18) [50]. 
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ΔPp = fpρ u2

2
L
dst

(18)  

2.2. Modelling cold storage facilities 

The energy consumption of the refrigerated facilities across dairy 
manufacturing and distribution depends on several factors such as the 
ambient and storing temperature conditions, the storage wall materials 
and the initial temperature of the stored products. To account for the 
impact of those factors on energy use, a mechanistic modelling approach 
was followed. 

2.2.1. Thermal load on refrigerated facilities 
In any cold storing facility, electrical energy is consumed by the 

refrigeration system, which is responsible for discharging the total 
thermal load, QT posed on the system, in order to regulate the storage 
temperature. Section 2.2.1.1 presents the method followed to evaluate 
the thermal load (QT) on the cooling tanks used for raw milk prior to 
manufacturing commencing, and Section 2.2.1.2 for the cold storage 
chamber in manufacturing and for the refrigerated unit of the refriger-
ated vehicles. 

2.2.1.1. Thermal load on cooling tank. The thermal load, QT,ct on the 
cooling tank for raw milk cold storage (T-101 in Fig. 2) is a result of the 
heat released during cooling of the raw milk, Qrmc and due to the heat 
transmission through the tank walls, Qtw (Eq. (19)). 

QT, ct = Qrmc +Qtw (19) 

Qrmc is calculated through Eq. (20): 

Qrmc = mrm Cprm (Tcs − Trm,i) (20) 

Where, mpr is the total mass of raw milk in the cooling tank, Cprm is the 
specific heat capacity of raw milk stored, Trm,i the initial temperature of 
raw milk loaded in the cooling tank, and Tcs the cold-storage tempera-
ture [60,61]. 

Qtw is calculated through Eq. (21): 

Qtw = Utw Atw (Tamb − Tcs) (21) 

Where, Utw is the overall heat transfer coefficient for the tank wall, 
and Atw is the heat exchange surface of the tank calculated as presented 
in the study [60], and Tamb is temperature outside of the tank. 

2.2.1.2. Thermal load on cold storage chamber and the refrigeration unit of 
refrigerated vehicle. The thermal load, QT,CS on the cold storing chambers 
and the refrigeration unit of the vehicles, is a result of the heat released 
during product cooling (Qpr), the heat transmission through the enclo-
sures (Qen), door openings (Qdo), from the heat released from people 
entering the storage chamber Qpe, and from the heat released by elec-
trical equipment such as light bulbs and circulation air fans (Qele) (Eq. 
(22)). 

QT,CS = Qpr +Qen +Qdo +Qpe +Qele (22) 

The Qen is a temperature dependent variable and is calculated simi-
larly to the approach for the cooling tank as follows: 

Qen = UenAen(Tamb − Tpr) (23) 

Where, Uen is the overall heat transfer coefficient of the chamber or 
refrigeration unit enclosures, which was calculated as presented in [62] 
and [63] respectively, and Aen is the heat exchange surface of the 
enclosure, Tpr is the storing temperature of products in the cold storing 
chamber and Tamb is the ambient temperature or the temperature outside 
of the storage chamber. More details on calculating the thermal load for 
cold storage chambers and refrigeration units of vehicles can be found in 
[62] and [63] respectively. 

2.3. Energy usage of electrical or fuel-powered equipment 

This section presents the formulae used to calculate the power de-
mand of electrical and fuel-powered equipment for milk and cream 
manufacturing and distribution. This equipment involves pumps (Sec-
tion 2.3.1), steam, compressed air, chilled water, and cold water supply 
systems (Section 2.3.2), the centrifugal separator (Section 2.3.3), the 
homogeniser (Section 2.3.4), the packaging process (Section 2.3.5), the 
refrigeration systems (Section 2.3.6), and the refrigerated vehicles 
(Section 2.3.7). 

2.3.1. Energy model for pumps 
The electric power consumption of a pump Ẇpump are given from 

[55]: 

Ẇpump =
ṁpumpgHpump

ηpumpηp. et.mot
(24) 

Where, ṁpump the mass flow rate of the pumped stream, g is the 
gravity acceleration, ηpump is the pump energy efficiency, and ηp.el.mot is 
the efficiency of the electric motor of the pump (Eq. (27)). Hpump is the 
total head of a pump, which represents the height that a pump can raise 
water upwards and is it is given by the desired pressure rise 

⃒
⃒ΔPpump

⃒
⃒

evaluated as described in Section 2.1.5, and the density of the pumped 
fluid ρpump using the following equation: 

Hpump =

⃒
⃒ΔPpump

⃒
⃒

ρpumpg
(25) 

In industrial process design, pump selection is performed by using 
operating graphs, provided by the pump manufacturers that indicate the 
most appropriate pump for each application and provide the pump ef-
ficiency. In the dairy industry, centrifugal pumps are most commonly 
used for liquids [42]. Instead of using pump performance graphs, Eq. 
(26) offers a broad estimation for centrifugal pump efficiency, ηpump 

given the total head of pump, Hpump and the volume flow rate of stream 
entering the pump, V̇pump [64]. 

ηpump= (80 − 0.937 Hpump + 5.460 • 10− 6V̇pumpHpump − 1.514

• 10− 11V̇pump
2Hpump + 5.802 •10− 3Hpump

2 − 3.028 • 10− 14V̇pump
2Hpump

2

(26) 

Finally, the electric motor efficiency, ηp.motor is calculated using Eq. 
(27), which is derived from data for the electric motor efficiency, ηp.el.mot 

for different pump power values, Ẇpump provided in [65]: 

ηp.el.mot = 0.815 + 0.00206 ln(Ẇpump) (27)  

2.3.2. Steam, compressed air, chilled water and cold water supplies 
In the milk and cream processing units, steam is used to heat up the 

hot water recirculating systems through the heat exchangers, E-107 and 
E-206 (Fig. 2). Steam is also used in the packaging process to disinfect 
the product packaging before it is filled. Steam is produced by a boiler 
system which burns fuel. In the packaging process, compressed air is 
used for plastic bottle moulding and filling. Compressed air supply is 
produced via an oil-injected air compressor that uses electricity [58]. 
Regarding the cooling needs in the milk and cream processing units, 
chilled water is supplied in the E-102 and E-202 heat exchangers in 
order to cool down pasteurised skimmed milk and cream to prevent 
microbial growth. Chilled water is produced in a chilled water system, 
which includes a chiller, a cooling tower, a chilled water pump and an 
electrically powered condenser water pump [66]. Moreover, in the 
cream processing unit, cold water is supplied via a cooling tower, (CT- 
201 in Fig. 2). For the evaluation of the energy requirements for these 
supplies, benchmarking values were used. More specifically, COP values 
for the steam, compressed air, chilled water and cold-water supply 
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systems in food manufacturing were used which are presented in sec-
tion B in the Supplementary Material [66,67]. 

2.3.3. Energy model for centrifugal separator 
To estimate the power consumption of a centrifugal separator, a 

simplified version of the Szepessy and Thorwid model was used to es-
timate the power usage of the separator device and the power of the inlet 
feed pump [60]. According to this study, the overall power consump-
tion, Ẇtot,sep is equal to the sum of the power used by the pump, Ẇpump,sep 

and the power consumption of the separator device, Ẇcent : 

Ẇtot,sep = Ẇsep.pump+Ẇcent (28) 

In the above study [60], a combination of analytical and data-driven 
approaches for energy evaluation are provided. Whilst in the present 
study, the Szepessy and Thorwid energy model was simplified by 
applying polynomial regression to the data provided in their study for 
the calculation of the absolute pressure drop ,

⃒
⃒ΔPsep

⃒
⃒ and the centrifugal 

separator power, Ẇcent as a function of the inlet volume flowrate. The 
regression models are presented in section C in the Supplementary 
Material. Given 

⃒
⃒ΔPsep

⃒
⃒ and Ẇcent, Eq. (29) was applied to provide the 

power needs of the inlet feed pump Ẇsep.pump for Eq. (28) [60]. 

Ẇsep.pump =
ṁsep|ΔPsep|

ηpump,sep 
(29) 

Where, ṁsep is the mass flow rate of the inlet stream of the separator 
⃒
⃒ΔPsep

⃒
⃒ is the pressure rise of the pump in the centrifugal separator and 

ηpump,sep is the pump efficiency taken equal to 0.88 [68]. 

2.3.4. Homogeniser energy 
Homogenisation aims to produce more stable fat emulsions in order 

to prohibit gravitational separation of fat in the milk or cream outlet 
stream [48]. Homogenisation is achieved with a high-pressure pump, 
which pumps the milk or cream through narrow gaps causing turbulence 
and cavitation effects that lead to the desired breakdown of fat globules. 
To estimate the power demand of the homogeniser, Ẇhom the following 
equation, Eq. (30) was used [42]: 

Ẇhom =
ṁhom|ΔPhom|

ηhom ηh,el.mot
(30) 

Where, ṁhom is the mass flow rate of the inlet stream to the homog-
eniser, |ΔPhom| is the pressure rise resulted by the stream passing through 
the homogeniser, ηhom is the pump efficiency of the homogenizer equal to 
0.85 and ηel.mot is the electric motor efficiency equal to 0.95 [42]. 

2.3.5. Packaging energy use 
Currently, plastic packaging is the most widely used packaging for 

milk and cream products worldwide, and thus was the type of packaging 
considered in the model. Although there has been a recent increase in 
carton packaging, especially in European markets, this study selects to 
demonstrate the energy quantification for the use of plastic packaging. 
However, subject to data availability, alternative and/or more sustain-
able packaging could also be considered in this model to assess their 
energy consumption. To evaluate the energy use of the plastic packaging 
process, data from an LCA study of different packaging systems was 
used. Specifically, the study provided benchmarking values for the 
electricity, steam, and compressed air demand for the packaging pro-
cesses involving the demand for the packaging decontamination, filling 
and capping processes [69]. The data were estimated by collecting in-
formation from three manufacturers of filling machines, and four dairy 
plants using these machines. It is important to note that the energy use of 
packaging in this study refers to the energy consumption within dairy 
manufacturing and does not involve the energy used for the packaging’s 
primary materials or the production of bottle preforms. Table 1 contains 
the values of the electricity, steam and compressed air consumption per 
unit of plastic package using HDPE and PET bottles [69]. 

2.3.6. Electricity demand for refrigeration 
The refrigeration systems principally works through an evaporation- 

compression cycle of a refrigerant fluid [62]. The electrical energy Ecf 
required to power the refrigeration system of a cooling facility can be 
estimate from Eq. (31): 

Ecf = ηmcCOPcompQT (31) 
Where,ηmc is the efficiency of the motor of the compressor taken 

equal to 91% as an average value in the results of [70], and COPcomp is 
the COP of the compressor of the refrigerant system can be calculated 
from Eq. (32) [62]: 

COPcomp =
0.5(Tevap + 273.15)

Tcond − Tevap
(32) 

Here, Tevap is the average temperature of the evaporator (◦C) assumed 
to be equal to the cold storing temperature Tcs and Tcond is the average 
temperature of the condenser taken equal to 55 ◦C [62]. 

2.3.7. Transportation energy model 
After products are produced, refrigeration transportation is required 

to transfer the products from dairy plants to distribution centres and 
from distribution centres to the retail outlets. In this study, two cate-
gories of refrigerated vehicles were modelled: diesel and electric- 
powered. The refrigerated vehicles require energy for transportation 
Etr which was calculated as presented in Section 2.3.7.1 and for 
refrigeration Ere which was calculated as presented in Section 2.3.7.2. 

Erv = Etr +Ere (33) 

Where, Erv is the total diesel- or electric-energy consumed by a 
refrigerated vehicle. 

2.3.7.1. Energy consumption for transportation. For the evaluation of the 
transportation energy consumption Etr, benchmarking values were used. 
Specifically, for the diesel-powered vehicles, Tassou et al., (2009) [71] 
provided benchmarking values for the average fuel consumption per 
tonne of transported product and kilometres travelled for different types 
of vehicles. For the electric-powered vehicles the respective bench-
marking values for electric-powered vehicles were used [72]. The 
benchmarking values for different types of diesel- or electric-powered 
refrigerated vehicles are provided in Table 2 [71]. 

To estimate the diesel or electricity demand for transportation Etr, 
the linear relationship of Eq. (34) was applied. 

Etr = d • Ei • mp (34) 

Here, d is the transportation distance of a route, Ei is the bench-
marking value for the energy intensity per unit of distance and mass of 
load (provided in Table 2), and mp is the mass load of product trans-
ported which was given equal to the average payload of Table 2. 

2.3.7.2. Energy consumption for refrigeration in vehicle. The energy 
consumption for refrigeration resulted for the evaluation of the thermal 
load for the refrigeration unit QT as presented in Section 2.2.1. Then, the 
electricity demand for refrigeration Ecf can be evaluated from the 
thermal load, as presented in Section 2.3. For the case of diesel-powered 
refrigerated vehicles, the electrical energy for refrigeration Ered is pro-
vided by the electric generator of the vehicle which typically has an 
efficiency ηge around 0.4 (Eq. (35)) [73]: 

Table 1 
Electricity, steam and compressed air demand for ultra-clean 
filler plastic packaging systems per unit of HDPE and PET 
bottles [69].  

Electricity (10− 3 kWh)  2.59 
Steam (10− 3 kg)  2.46 
Compressed air (10− 3N/m3)  9.78  
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Ered = Ecf ηge (35) 

In the case of an electric-powered refrigerated vehicle, the electric 
energy for refrigeration derives directly from the vehicle’s battery with 
an approximately 94–98% DC-DC convertor efficiency, (where DC 
stands for direct currency), while the onboard charger efficiency ηcharging, 
which is the efficiency to store electricity from the grid into the vehicles 
battery, has a value of 97–98% [74]. Thus, as a brief approximation the 
electric energy required from the grip allocated for refrigeration is given 
from Eq. (36): 

Ereel = ηDC− DC ηcharging Ecf (36)  

2.4. Total manufacturing and distribution energy consumption evaluation 

This section provides the methodology for how the energy con-
sumption models for the different operations along skimmed milk and 
cream manufacturing and distribution were integrated, in order to 
evaluate the total energy consumption and related carbon emissions. 

2.4.1. Product-embodied energy 
The product-embodied energy Eunit was estimated by calculating the 

total energy requirements of each individual operation involved in 
manufacturing and distribution that correspond to a unit of product. 
Since skimmed milk and cream products have some common processes 
(such as milk separation, storage and transportation), the energy needed 
to be allocated based on the mass rate of each product. Thus, Eunit was 
calculated using Eq. (37). 

Eunit = munit

∑

k

CVkẆk

ȧk
+ munit

∑

k

CVkEk

mk
(37) 

Where, munit is the mass of a product unit, and for each process or 
equipment k used in product manufacturing and distribution, Ẇk is the 
electrical or fuel power consumption of a continues process k, CVk is the 
gross calorific value of the used fuel for the process k provided in Table 3 
[75,76] and ȧk is the rate of mass that is treated through the process or 
equipment k per second. While Ek is the energy consumption of an 
operation, and mk is the total product mass treated through this 

operation. 

2.4.2. Product carbon footprint from energy use 
The carbon footprint from energy use CFunit for each product can be 

estimated with a similar method to that of the product-embodied energy 
of Section 2.4.1. Here, in order to express the energy use in carbon 
dioxide equivalent emissions (CO2e), carbon conversion factors fc from 
the UK Government for each energy resource between electricity, oil, 
diesel, natural gas were used (Table 4) [77]. The type of hydrogen 
assumed to be used in this study is “green hydrogen”, which is produced 
explicitly from renewable energy resources. Although ranges for the 
carbon conversion factor of green hydrogen produced using different 
green technologies were available in the literature, in this study it is 
assumed that the carbon conversion factor of green hydrogen is equal to 
2.2 kgCO2e/kgH2 [78]. This assumption was made based on the general 
rule-of-thumb that the carbon footprint of green hydrogen should be at 
least 5 times lower than the respective value of grey hydrogen, which is 
a well-established footprint in literature and has the value of 11.5 
kgCO2e/kgH2 [78]. This value correlates well with the UK’s value for 
carbon conversion factor of green hydrogen which was equal to 2 
kgCO2e/kgH2 [23].As the technology for hydrogen production matures 
and becomes available on a commercial scale, more data of the carbon 
conversion factor of hydrogen will become available. However, a 
detailed methodology for the estimation of the carbon conversion factor 
of hydrogen is provided in a recent UK Government paper [79]. The 
carbon conversion factor of electricity is not a steady value but is ex-
pected to drop over the years by 80% by 2050 due to the electricity 
decarbonisation plan (Table 5) [77]. Due to this alteration, the product’s 
carbon footprint from energy, CFunit should be evaluated for a specific 
year of reference, as shown in Eq. (38): 

CFunit(year) = munit

∑

k

fc(year)CVkẆk

ȧk
+munit

∑

k

fc(year)CVkEk

mk
(38)  

2.4.3. Annual manufacturing and distribution carbon emissions from 
energy use 

The assessment of the environmental impact of the energy used for 
manufacturing and distribution in this study was performed by evalu-
ating the system’s annual energy derived carbon emissions, CFsystem from 
Eq. (38). The CFsystem is evaluated for a specific year reference due to the 
electricity decarbonisation plan [77] (see prior Section 2.4.2). 

CFsystem(year) = ntot,SMCFunit,SM(year)+ntot,CCFC(year) (39) 
Where, ntot,SM and ntot,C is the total number of skimmed milk and 

cream products respectively produced annually, and CFunit,SM and 

Table 2 
Average payload and energy intensity and of refrigerated vehicles based on their 
class [71,72]. Where average payload stands for the average load carried by a 
vehicle exclusive of what is necessary for its operation which corresponds to the 
total product transported weight.  

Vehicle 
Category 

Vehicle class Average 
payload 
[tonnes] 
(Weight of 
the products 
when 
vehicle fully 
loaded) 

Energy 
intensity 
by weight 
and 
distance 

Units Reference 

Diesel Medium 
rigid  

2.25 83.8 ml
tonnekm [71] 

Large rigid  7.41 37.1 ml
tonnekm [71] 

City- 
articulated  

6.57 36.4 ml
tonnekm [71] 

32-tonne 
articulated  

10.37 26.4 ml
tonnekm [71] 

38-tonne 
articulated  

11.83 26 ml
tonnekm [71] 

Electric Full electric 
truck class 8 
UDDS  

11.8 0.1135 kWh
tonnekm [72] 

Full electric 
truck class 8 
Regional 
500  

11.8 0.1254 kWh
tonnekm  [72]  

Table 3 
Gross calorific value of the used fuel [75,76].  

Type of fuel Gross calorific value of the used 
fuel or electricity 

Reference Unit 

Oil burning fuel  46.17 [75] GJ/ 
tonne 

Natural Gas  40.23 [75] GJ/ 
tonne 

Hydrogen  141.7 [76] GJ/ 
tonne 

Diesel for 
transportation  

45.29 [75] GJ/ 
tonne  

Table 4 
Carbon conversion factor for different fuels [77,78].  

Type of fuel Carbon conversion factor [kg CO2e/tonne] Reference 

Oil burning fuel 3165.04 [77] 
Natural Gas 2539.51 [77] 
Hydrogen 2200 [78] 
Diesel for transportation 3228.89 [77]  
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CFunit,C is the carbon footprint from energy use of a unit of skimmed milk 
and cream product respectively. 

Future projections of the energy derived carbon emissions from dairy 
manufacturing and distribution can be done by evaluating the CFsystem 
towards 2050. This can facilitate the creation of a roadmap towards the 
net zero carbon target. 

2.5. Scenario analysis 

The simulation flexibility offered by the mechanistic approach in the 
presented model allowed for the investigation of the products’ energy 
use and related carbon emissions under different scenarios. Specifically, 
12 different manufacturing and distribution scenarios were simulated. 
These scenarios resulted from the combination of three types of fuel used 
for the heating needs at the manufacturing plant, two categories of 
refrigerated vehicles, and two types of distribution system in-
frastructures (Fig. 5). 

The carbon impact of product manufacturing depends mainly on the 
energy sources used in manufacturing [80]. Thus, three types of com-
bustion fuels for the heating requirements in dairy manufacturing were 
considered in the scenario analysis, being oil, natural gas, and hydrogen 
[81]. Traditionally, oil burning boilers were used to produce hot water 
or steam and past years has seen their gradual replacement with natural 

gas burning boilers. However, oil combustion is still used in old and/or 
smaller-scale dairy plants or in locations where there is no access to the 
natural gas network. The motivations to move to natural gas is because 
its combustion produces reduced and cleaner emissions compared to 
those of oil fuel [82]. Hydrogen fuel use was also simulated, since it is a 
low- or zero-carbon fuel, which has a strong potential to be used as 
combustion fuel in industrial sectors in the future, offering a key solution 
towards achieving net zero targets [20,83]. 

Regarding the distribution stage, the products’ energy use and car-
bon impact depends on the type of refrigeration vehicle used, and the 
distribution distance covered. Thus, to understand how the electrifica-
tion of transportation can limit the system’s carbon emissions, two 
categories of refrigerated vehicles were simulated in the scenario anal-
ysis, diesel- and electric- powered. 

In addition, to study different dairy distribution configurations, 
centralised and decentralised were considered in the scenario analysis. 
Centralised production systems were represented by a large sized dairy 
that processes 50,000 L of raw milk per hour and with product distri-
bution through nationwide routes of a total average distance of 550 km 
(500 km with long-haul refrigerated vehicles from the manufacturing 
plant to the distribution centre and 50 km from the distribution centre to 
the retail outlet using city refrigerated vehicles) (Fig. 6). Decentralised 
production systems were represented by simulating 5 small sized dairy 
manufacturing plants that process 10,000 L of raw milk per hour and 
distributes their products through regional routes of total average dis-
tance from the dairy plant to the retail outlet of 100 km (50 km with 
long-haul refrigerated vehicles from the dairy to the distribution centre 
and 50 km with city refrigerated vehicles from the distribution centre to 
the retail outlet) (Fig. 7). The production capacity of the large dairy 
plant used to represent the centralised production system (50,000 L/h) 
being equal to the summation of the processing capacities of all five 
smaller dairy plants used to represent a decentralised distribution sys-
tem (10,000 L/h processing capacity each), so that the modelled systems 
are comparable with each other in the following Scenario Analysis in 
Section 3. 

Table 5 
Projections for grid average industrial electricity emission factors towards 
2050 [77].  

Year Carbon conversion factor [kg CO2e/kWh] [77] 

2020  0.135 
2025  0.101 
2030  0.080 
2035  0.039 
2040  0.039 
2045  0.033 
2050  0.027  

Fig. 5. Manufacturing and distribution scenarios’ acronyms scheme.  

M.I. Malliaroudaki et al.                                                                                                                                                                                                                      



Chemical Engineering Journal 475 (2023) 145734

12

The dairy plants simulated were operational for 16 h per day (8 h of 
processing followed by a CIP programme for the pasteurisers of the milk 
and cream production line twice a day) for 260 days per year, repre-
senting a typical dairy manufacturing facility [35]. Moreover, the size of 
the dairy plant was categorised as small or large according to the study 
of Tomasula et al., (2013) [35]. Moreover, in this study it is assumed 
that the ambient temperature is 20 ◦C and the cold storage temperature 
of both raw milk and cream products is 4 ◦C [42]. 

The 12 scenarios simulated were named using 3-letter acronyms as 
described in Fig. 5 and Table 6. In the following scenario analysis, the 
scenarios are ordered from those anticipated to be the highest carbon 
emitting to the lowest. 

3. Results and discussion 

This section presents and discusses the scenario analysis undertaken 
for the manufacturing and distribution of 1 L skimmed milk and 330 ml 
cream products. Section 3.1 presents the results for the product- 
embodied energy evaluated according to the method presented in Sec-
tion 2.4.1. Section 3.2 presents the energy mapping and carbon foot 
printing by energy source results, evaluated following the methodology 
of Section 2.4.1 and 2.4.2. Finally, Section 3.3 presents the projections 
of dairy manufacturing and distribution carbon emissions by 2050, 

evaluated following the methodology of Section 2.4.3. 

3.1. Quantifying product-embodied energy and energy mapping 

To examine the product-embodied energy (see Section 2.4.1) for 
skimmed milk and cream, simulations were undertaken for 12 different 
manufacturing and distribution scenarios (Table 6). The results for the 
product-embodied energy for 1L of skimmed milk (0.08% w/w fat 
content) and 330 ml of cream (38% w/w fat content) are presented in 
Figs. 8 and 9 respectively. According to the simulation results, the 
product-embodied energy of skimmed milk ranged from 365 to 917 kJ 
per L (Fig. 8), while the embodied energy of cream ranged from 211 to 
403 kJ per 330 ml (Fig. 9). 

When considering only the manufacturing stage, the energy con-
sumption ranges between 261 and 316 kJ per L for skimmed milk 
products and between 135 and –179 kJ per 330 ml for cream products. 
Comparatively, an LCA study on milk manufacturing in Denmark eval-
uated milk product-embodied energy from 430 to 1500 kJ/kg [84], 
whilst reported values for milk dairies in US, Canada, Australia and 
Europe for the milk product-embodied energy ranged from 200 to 6,000 
kJ/kg for fluid milk manufacturing [25,32]. It is worth mentioning that 
the model does not show significant differences (<1%) in energy use for 
manufacturing at different scales of production (50,000 L/h in versus 

Fig. 6. Schematic of a centralised milk and cream production system.  
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10,000 L/h). This is because the model does not account for techno-
logical innovations and improved equipment efficiencies, which may be 
found in large dairy production plants that would improve the energy 

performance [25]. In addition, most of the model governing equations 
have a linear behaviour in different scales. 

Driven by the interest in energy mapping of manufacturing and 
distribution that can allow for identifying energy hotspots, Figs. 8 and 9 
offer the share in energy consumption between the different operations 
taking place. For model validation purposes, literature values for the 
energy consumption among different operation taking place in milk 
manufacturing of real processing plants were compared with the 
respective results of the present study (Fig. 8) and showed great agree-
ment as demonstrated in Table 7 [25]. According to the simulation re-
sults in Figs. 8 and 9, the most energy intensive operations for skimmed 
milk products were 1) product transportation, with a 38% contribution 
in total product-embodied energy use on average among the scenarios, 
2) heat treatment energy requirements in the processing units with a 
27% contribution, and 3) the CIP process with a 16% contribution. For 
cream products, the most energy intensive operations were the 1) 
heating requirements in processing with a 33% contribution in the total 
energy use on average, 2) product transportation with a 29% contri-
bution and 3) the CIP process with a 13% contribution. According to this 
study, these are energy hotspots that the industry should focus on 
improving their energy performance. The ability of a mechanistic energy 
consumption model for energy hotspot identification is especially useful 

Fig. 7. Schematic of a decentralised milk and cream production system.  

Table 6 
Codification of the manufacturing and distribution scenarios simulated. The 
letters acronyms of column 1 are presented in Fig. 5.  

Scenario 
Name 

Fuel used for heating 
needs in in manufacturing 

Type of 
refrigerated 
vehicles 

Type of 
distribution 
system 

ODC Oil Diesel Centralised 
GDC Natural Gas Diesel Centralised 
HDC Hydrogen Diesel Centralised 
OEC Oil Electric Centralised 
GEC Natural Gas Electric Centralised 
HEC Hydrogen Electric Centralised 
ODD Oil Diesel Decentralised 
GDD Natural Gas Diesel Decentralised 
HDD Hydrogen Diesel Decentralised 
OED Oil Electric Decentralised 
GED Natural Gas Electric Decentralised 
HED Hydrogen Electric Decentralised  
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considering that any energy mitigation action usually requires invest-
ment at a significant capital cost. 

Focusing only on the product-embodied energy for distribution, the 
results ranged broadly under the 12 different scenarios (Figs. 8 and 9). 
Specifically, the energy for distribution ranged between 68 and 553 kJ/L 

for skimmed milk products and between 22 and 179 kJ/330 ml for 
cream products (Figs. 8 and 9). The energy demand for decentralised 
distribution was ~77% less than the energy demand for centralised 
distribution for both products, which indicates that considering moving 
towards a decentralised distribution system in the future could lead to 

Fig. 8. Model simulation results for the energy use for manufacturing and distribution of a unit of skimmed milk product of 1 L [kJ/L] under 12 different 
manufacturing and distribution scenarios as summarised in Table 6. The figure also presents the share of energy use among different operations taking place in 
product manufacturing and distribution. 
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significant energy savings. However, should be aware that production at 
the smaller scale might be more energy intensive than at the large scale, 
thereby counteracting the savings made from the distribution stage. The 
use of diesel-fuelled refrigerated vehicles for product distribution was 
around twice as energy intensive as that when electric vehicles were 
used. According to the simulations, if diesel-fuelled vehicles are replaced 
with electric ones, this can lead to ~31% energy savings for the 

manufacturing and distribution of skimmed milk products and ~26% 
for cream products, proving that significant energy savings can result 
from electrifying the distribution stage. The reason why less energy 
savings is achieved for cream products is because the smaller volume 
and weight of the product transported, the less energy is required for its 
transportation, and thus the contribution of the distribution stage is not 
as significant as for milk products (i.e., the cream packaging is 330 ml 

Fig. 9. Model simulation results for the energy use for manufacturing and distribution per unit of a 330 ml of cream product measured in [kJ/3030 ml] under 12 
different manufacturing and distribution scenarios of dairy manufacturing and distribution as shown in Table 6. The figure also presents the share of energy use 
among different operations taking place in product manufacturing and distribution. 
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while milk packaging is 1 L). As a result, for higher density-value 
products such as cream, a centralised product distribution infrastruc-
ture could be more environmentally and financially sustainable. 

3.2. Energy mapping and carbon footprinting by energy source 

Today, manufacturers and suppliers are interested in modelling tools 
that can quantify the products’ carbon footprint in order to assess their 
products from a sustainability perspective [4,5]. Focusing on the energy- 
derived carbon footprint for milk and cream, this is not only dependent 
on the amount of energy consumed, but also on the energy mix of the 
utilised energy resources. The developed energy consumption model 
allowed for the quantification of the energy mix used by the different 
energy resources encompassing electricity, oil or diesel, natural gas, and 
hydrogen. It also allowed for evaluating the product’s carbon footprint 
from energy use, and the respective share of carbon emission by energy 
sources. Oil and diesel energy resources were considered together in the 
results, due to their similarities in their emission factor and calorific 
value (Table 3, 4). 

The simulation results for the energy mix by source (right side) and 
the corresponding carbon footprint from energy use (left side) are shown 
in Figs. 10 and 11 for skimmed milk and cream products respectively. 
The carbon footprint from energy use ranged between 7.6–59.1 g CO2e 
for skimmed milk and 4.4–22.2 g CO2e for cream. These results broadly 
agree in scale with carbon footprint values identified in several LCA 
studies. In one LCA study, 50 g CO2e per L of skimmed milk were allo-
cated for manufacturing and 70 g CO2e for transportation, whilst for 0.5 
kg of cream about 50 g CO2e were allocated for cream processing and 
110 g CO2e for transportation [85]. Another LCA study allocated 86 g 
CO2e per L of milk for product processing excluding packaging, and 31 g 
CO2e per L of milk for transportation [86]. The lower boundaries of the 
results from the present study correspond to the “greenest” scenarios, 
which currently do not exist and no studies in the literature have 
attempted to provide values for these scenarios to date. In addition, this 
study accounts only for the energy-derived carbon emissions and not for 
GHG emissions resulting from other resources. 

When considering the energy use by source (Figs. 10 and 11, right 
side), it can be observed that the product-embodied energy only varies 
by ±5% in the use of different combustion fuels for manufacturing 
heating needs (eg. ODC vs GDC vs HDC). These slight differences are due 
to differences in the efficiency of different fuel combustion technologies 

between oil natural gas, and hydrogen burning boilers [67,68]. How-
ever, since the different fuel used have a significant difference in their 
emission factor, the corresponding differences in carbon emissions (left 
side in Figs. 10 and 11) are therefore more significant. The scenarios 
where natural gas is used instead of oil were 6–14% less emitting, 
irrespective of the product considered. Whilst in those scenarios where 
hydrogen is used, these were 30–63% less emitting compared to oil 
usage. 

3.3. Projections of dairy manufacturing and distribution carbon emissions 
towards 2050 

As with every industry, dairy manufacturing and distribution needs 
to meet the net zero carbon target by 2050. Today, industry bodies are 
especially interested in modelling tools that can project the evolution of 
their system’s carbon footprint towards 2050, subsequent to energy 
mitigation decisions. This could facilitate the identification of an 
optimal roadmap towards net zero, including one that adapts to 
emerging alternative technologies and/or evolving industry behaviours 
and attitudes. The developed energy consumption model allows for the 
projection of the carbon footprint of the manufacturing and distribution 
system towards 2050. To project the evolution of the carbon emission for 
the studied scenarios summarised in Table 6, the expected gradual 
reduction of the emission factor for electricity as a result of the elec-
tricity decarbonisation for the UK was taken into account [67]. The 
annual energy use carbon footprint projections for the simulated sce-
narios are presented in Fig. 12. All scenarios are equivalent in terms of 
production capacity and as a result are comparable with each other as 
explained in Section 2.5. 

Fig. 12 indicates the reduction rate of the energy related carbon 
emissions of the simulated scenarios accounting for the UK’s electricity 
decarbonisation targets from 2020 to 2050. It can be observed that the 
higher the electricity rate in the energy mix for each scenario (see 
Figs. 10 and 11), the greater the emissions savings that can be achieved. 
For example, scenario GED (in Fig. 12) can lead to 21.1% emissions 
reductions by 2050, versus 2020 levels. For several scenarios, the 
emission reduction rate from 2020 to 2050 does not appear in Fig. 12. 
This is because those scenarios could not realistically exist in 2020, due 
to the unavailability of the simulated technology at a commercial scale. 
Specifically, the use of green hydrogen for the manufacturing heating 
needs in 2020 could not exist, leading to the exclusion of scenarios HDC, 

Table 7 
Comparison of the product embodied energy results presented in Fig. 8 for the share of energy consumption in different operations in manufacturing with average 
energy breakdown for fluid-milk plants in 1998 in the Netherlands and benchmark value for Canadian plants as presented in the study of Xu & Flapper (2009) [25]. 
Although the energy in the studies is measured in MJ/kg and the embodied energy in the present study is measured in MJ/L, they are comparable since the density of 
milk is close to 1.  

Stage Operation The Netherlands 1998 (primary 
energy) (MJ/kg) 

Canadian benchmark (final 
energy) (MJ/kg) 

This model values (final energy) (MJ/L) 
Oil Natural 

Gas 
Hydrogen 

Milk reception Reception/ 
Thermization 

0.023 0.018 –    

Storage 0.076 – 0.065   
Milk treatment Standardization 0.400 0.018 –    

Pasteurization* – 0.189 0.137 0.144 0.111 
Packing Filling/packing 0.090 0.036 0.021 0.022 0.019 
Supporting 

processes 
Pressurized air 0.002 – –    

CIP 0.100 0.110 0.0963 0.101 0.082  
Cooling 0.200 0.008 0.015    
refrigeration   0.0181    
Water provision 0.060 – - -    
Building/HVAC 0.095 0.0180     
Other 0.014 0.0310 0.098 (Electrical 

equipment)   
Total final SEC (MJ/kg fluid milk) – 0.43 0.303 0.316 0.261 
Total primary 

SEC 
(MJ/kg fluid milk) 1.06 0.68 –    
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HEC, HDD and HED. Also, there were insufficient electricity charging 
points in the UK in 2020 which negates long-haul requirements for a 
centralised distribution system, which leads to the exclusion of scenarios 
OEC, GEC, and HEC. The resulting reduction rates for the realistic sce-
narios in Fig. 12 (Scenarios ODC, GDC, ODD, GDD, OED and GED) 
clearly indicate that dairy companies cannot expect to reach the net zero 
carbon target just by relying on Government electricity decarbonisation 
planning to facilitate their dairy manufacturing and distribution system 
to the net zero carbon levels by 2050. Subsequent to reaching the 
appropriate technology readiness level (TRL) as the years pass, those 
technologies that will then become commercially available and merge 
onto the market, would allow moving from scenario to scenario and ever 
greener outcomes (subject to industry appetite with implementing new 
technology). Thus, dairy companies should carefully consider which net 
zero carbon practices to apply, in order to meet the net zero carbon 
targets. 

For the dairy sector to achieve net zero emissions from 
manufacturing and distribution by 2050, a range of interventions are 
required as no individual action alone would achieve the required net 
zero target. Fig. 13 presents the same results of Fig. 12, but this time the 
results provide an example of a possible roadmap towards net zero by 
2050. As a roadmap starting point, it is assumed that the studied 
manufacturing and distribution system was represented by scenario 

ODC which realistically existed in in 2020. If by 2030, oil burning 
boilers can be replaced with natural gas boilers, the system will be 
represented by the GDC scenario in 2030, leading to an 7.6% emissions 
reduction versus the 2020 levels. Then, if by 2040 the diesel refrigerated 
vehicles are replaced with electric powered vehicles, the system in 2040 
will be represented by the GEC scenario and a 37.1% emissions reduc-
tion will be achieved (when compared to 2020 levels). Finally, if by 
2050, the natural gas boilers are replaced by hydrogen ones, and thus 
moving to scenario HEC, a 90.2% emissions reduction will be achieved 
when compared to the 2020 levels. Overall, by following the recom-
mended roadmap and gradually transitioning from the ODC scenario in 
2020 to the HEC scenario in 2050, the carbon emissions from energy use 
can be reduced by 90.2%. It is worth noting that the example used as a 
possible roadmap for moving towards net zero (Fig. 13) is not the only 
possible one, but different routes could be followed. This also demon-
strates the adaptiveness of the model and resulting roadmap in response 
to evolving technology and industry attitudes. The roadmap path to be 
chosen is for decision makers, and responsive to government regulations 
and TRLs/take up. The emission quantification and roadmap planning 
visualisation capability that the model offers is a further benefit to aid 
decision making and communication to multi-disciplines audiences 
within and between sites and sectors. 

Fig. 10. Energy use [kJ] (right side) and emissions from energy use [CO2e] (left side) per L of skimmed milk manufacturing and distribution for the year 2020 under 
12 scenarios of Table 6. The figure also presents the energy mix between the different energy resources used in each scenario. 
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4. Conclusion 

Global companies are facing an existential threat in view of climate 
change and must act now to reduce their carbon footprint. In order to 
drive carbon emissions reductions, detailed roadmaps are required 
covering the whole supply chain and for periods of time that align to 
2050 targets. Modelling is a useful cost and time effective way to inform 
and support on decision making in changing technological landscapes 
such as the food industry. This study presents a novel methodology for 
conducting a mechanistic end-to-end model of a dairy manufacturing 
and distribution chain. The presented model allows for the evaluation of 
energy use and related carbon emissions for the manufacturing and 
distribution of milk and cream products. The mechanistic modelling 
approach provides simulation flexibility under different scales of pro-
duction and energy resources utilised, and therefore 12 ranging sce-
narios were simulated. The product-embodied energy and carbon 
footprint for 1 L skimmed milk products ranged between 309 and 869 
kJ/L and between 7.6 and 59.1 g CO2e/L, depending on the simulated 
scenario. The respective values for 330 ml cream products, ranged be-
tween 173 and 343 kJ and 4.4 to 22.6 g CO2e. The most energy intensive 
operations for both products were transportation, the CIP process, and 
heat treatment. The scenarios were also simulated towards 2050 to 
demonstrate the relevance of the model to the current food industry 

targets and show how it could be applied to produce a detailed and 
realistic roadmap for hitting the net zero target. The results demon-
strated that the 2050 net zero target cannot be realised by following 
government-mandated targets alone. Instead, the results illustrated that 
with step-by-step changes that move from scenario to scenario over time 
and availability, this could deliver up to 90.2% carbon-emission re-
ductions by 2050 (when compared to 2020 levels). 

This model is a promising decision-making tool for the dairy and the 
broader food sector, which can be justified by the following model ca-
pabilities. First, it allows for energy mapping of the manufacturing and 
distribution operations of existing systems. This reveals the energy 
hotspots, which should be primarily targeted for energy and emission 
mitigation actions. The model’s flexibility allows for accommodating 
various energy sources or distribution methods that can arise in the 
future and allows for assessing alternative energy mitigation actions 
before implementation. In addition, the model is adaptive, meaning that 
as “cleaner greener” fuels and/or alternative food processing technolo-
gies become available, and as consumer demand and preferences shift, 
these changes can be incorporated into the model. The advantage of the 
presented modelling methodology is that it can guide the development 
of approaches to reach net zero carbon emissions across the wider food 
and drink industry and into other industries. Overall, the model can 
quantitatively and visually aid roadmap planning towards the net zero 

Fig. 11. Energy use [kJ] (right side) and emissions from energy use [CO2e] (left side) per 330 ml of cream manufacturing and distribution in 2020 under 12 
scenarios of Table 6. The figure also presents the energy mix between the different energy resources used in each scenario. 
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carbon target by 2050, which is a substantial need for businesses and 
stakeholders today. 
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Symbols  

Variable Description Equation Unit 

COPcomp COPcomp is the coefficient of 
performance (COP) of the 
compressor of the refrigeration 
system 

31, 32 – 

Q̇cf n 
Heating energy required to heat the 
cleaning fluid of the step n of the 
CIP cycle 

14, 15 kJ
s 

Cph Specific heat capacity at constant 
pressure of the hot side stream of 
the heat exchanger 

8 KJ
kgK 

Cpc Specific heat capacity at constant 
pressure of the cold side stream of 
the heat exchanger 

8 kJ
kgK 

Cpcf Specific heat capacity at constant 
pressure of the cleaning fluid 

14 kJ
kgK 

(continued on next column)  

(continued ) 

Variable Description Equation Unit 

Cp Specific heat capacity at constant 
pressure of a stream passing 
through a heat exchanger 

6, 7 kJ
kgK 

Etr Fuel demand for transportation of a 
diesel or electric fuelled 
refrigerated vehicle 

34 kJ 

Ered Electrical energy for refrigeration 
of a diesel powered refrigerated 
vehicle 

35 kJ 

Ereel Electrical energy for refrigeration 
of an electric powered refrigerated 
vehicle 

36 kJ 

Ḣi,in Enthalpy rate of the inlet stream i 
of a unit operation 

2 kJ
s 

Ḣj,out Enthalpy rate of the outlet stream i 
of a unit operation 

2 kJ
s 

Q̇exchange Duty exchange rate between the 
hot and the cold stream side of each 
heat exchanger 

9, 10 kJ
s 

Q̇net,in Net heat rate input to the system 2, 3 kJ
s 

V̇pump Volume flow rate of stream 
entering the pump 

26 m3

s 
Ẇhom Power demand of the homogeniser 30 kJ

s 
Ẇcent Power consumption of the 

centrifugal separator device 
28 kJ

s 
Ẇk Electrical or fuel power 

consumption of a continues process 
k 

37, 38 kJ
s 

Ẇnet,out Net work rate output from system 2, 3 kJ
s 

Ẇpump Electric power consumption of a 
pump 

24, 27 kJ
s 

(continued on next page) 

Fig. 12. Annual carbon footprint per manufacturing and distribution scenario in the start of each decade (2020 – 2050) [Tonnes CO2e/year]. The figure indicates 
with arrows the emissions reductions towards 2050 for several manufacturing & distribution scenarios [Tonnes CO2e/year]. The emission reductions are indicated 
only in scenarios ODC, GDC, ODD, GDD, OED and GED, since these are the only realistic scenarios that could be realistically existing in 2020. 

M.I. Malliaroudaki et al.                                                                                                                                                                                                                      



Chemical Engineering Journal 475 (2023) 145734

20

(continued ) 

Variable Description Equation Unit 

Ẇsep.pump Power consumption of the pump of 
the centrifugal separator 

28, 29 kJ
s 

Ẇtot,sep Overall power consumption of the 
centrifugal separator 

28 kJ
s 

ȧk Rate of mass that is treated through 
the process or equipment k 

37, 38 kg
s 

ṁh Mass flow rate of the hot side 
stream of the heat exchanger 

8 kg
s 

ṁhom Mass flow rate of the inlet stream to 
the homogeniser 

30 kg
s 

ṁc Mass flow rate of the cold side 
stream of the heat exchanger 

8 kg
s 

ṁc,out Mass flow rate of cream stream 
exiting the separator 

4, 5 kg
s 

ṁcf Mass flowrate of the cleaning fluid 13, 14 kg
s 

ṁi,in Mass flow rates of the inlet stream i 
to a unit operation 

1, 3 kg
s 

ṁj,out Mass flow rates of the outlet stream 
i to a unit operation 

1, 3 kg
s 

ṁpump Mass flow rate of the stream that 
enters the pump 

24 kg
s 

ṁsep Mass flow rate of the inlet stream of 
the centrifugal separator 

29 kg
s 

ṁsm,out Mass flow rate of skimmed milk 
stream exiting the separator 

4, 5 kg
s 

ṁwm,in Mass flow rate of whole milk 
stream entering the separator 

4, 5 kg
s 

tcf n Time of cleaning of the cleaning 
step n 

15 s 

|ΔPhom| Pressure rise resulted by the stream 
passing through the homogeniser 

30 Pa 

(continued on next column)  

(continued ) 

Variable Description Equation Unit 
⃒
⃒ΔPpump

⃒
⃒ Absolute pressure rise through the 

pump 
25 Pa 

⃒
⃒ΔPsep

⃒
⃒ Pressure rise of the pump in the 

centrifugal separator 
29 Pa 

hi,in Specific enthalpy of the inlet 
stream i of a unit operation 

3, 6, 7 kJ
kg 

hj,out Specific enthalpy of the outlet 
stream j of a unit operation 

3, 6, 7 kJ
kg 

ΔPp pressure drop due to flow in the 
pipeline 

18  

Ahe Heat exchange surface of the plate 
heat exchanger 

10, 11 m2 

Aen heat exchange surface of the 
enclosure 

23 m2 

Apt Surface area of a plate of the plate 
heat exchanger 

11 m2 

Atw Heat exchange surface of the 
cooling tank 

21 m2 

Cprm Specific heat capacity of raw milk 
stored 

20 kJ
kgK 

CFsystem Annual carbon footprint of total 
skimmed milk and cream 
manufacturing and distribution 
system 

39 tonnes CO2e
year 

CFunit Product’s carbon footprint 38 kg CO2e 
CVk gross calorific value of the used fuel 

or electricity for the process k 
37, 38 kJ

kWh
or

kJ
kg

or
kJ
L 

Ecf electrical energy required to power 
the refrigeration system 

31 kJ 

Ei Benchmarking value for the energy 
intensity per unit of distance and 
mass of load 

34 kJ 

(continued on next page) 

Fig. 13. Annual carbon footprint per manufacturing and distribution scenario in the start of each decade (2020 – 2050) [Tonnes CO2e/year]. The figure indicates 
roadmap towards net-zero by 2050, moving from scenario to scenario every decade, from 2020 to 2050. [Tonnes CO2e/year]. 
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(continued ) 

Variable Description Equation Unit 

Ek Energy consumption of an 
operation or process k 

37, 38 kJ 

Etr Energy for transportation of a 
refrigerated vehicle 

33 kJ 

Ere Energy for refrigeration of a 
refrigerated vehicle 

33 kJ 

Erv Total diesel- or electric-energy 
consumed by a refrigerated vehicle 

33 kJ 

Eunit Product-embodied energy 37 kJ 
Fc,out Fat content (w/w %) of the 

skimmed milk stream exiting the 
separator 

5 kg
kg 

Fsm,out Fat content (w/w %) of the 
skimmed milk stream exiting the 
separator 

5 kg
kg 

Fwm,in Fat is the fat content (w/w %) of 
the whole milk stream entering the 
separator 

5 kg
kg 

Hpump Total head of pump 24, 25, 
26 

m 

Npt Number of plates of the plate heat 
exchanger 

11 – 

QT,ct Thermal load on the cooling tank 19 kJ 
QT,SC Thermal load on the cold storing 

chamber 
22 kJ 

QT Thermal Load on a cooling facility 31 kJ 
Qcleaning Total heating energy required for 

cleaning 
15 kJ 

Qdo Heat losses due to door openings of 
the cold storing chamber 

22 kJ 

Qele Heat released by electrical 
equipment such as light bulbs and 
circulation air fans 

22 kJ 

Qen Heat transmission through the 
enclosures of the cold storing 
chamber 

22, 23 kJ 

Qpe Heat losses due to due to people 
entering the storage chamber 

22 kJ 

Qpr Heat released during products’ 
cooling in the cold storing chamber 

22 kJ 

Qrmc Heat released during raw milk’s 
cooling 

19, 20 kJ 

Qtw Heat transmission through the tank 
walls 

19, 21 kJ 

Re Reynolds number in the pipeline 16  
Th,in Inlet temperature of the hot side 

stream of the heat exchanger 
8 ◦C 

Th,out Outlet temperature of the hot side 
stream of the heat exchanger 

8 ◦C 

Tamb Ambient temperature 21 ◦C 
Tc,out Outlet temperature of the cold side 

stream of the heat exchanger 
8 ◦C 

Tc,in Inlet temperature of the cold side 
stream of the heat exchanger 

8 ◦C 

Tcf ,amb Initial cleaning fluid temperature 14 ◦C 
Tcf Temperature of the cleaning fluid 

for the cleaning step n 
14 ◦C 

Tcond average temperature of the 
condenser of the refrigeration 
system 

32 ◦C 

Tcs Cold-storing temperature of the 
cooling tank 

20 ◦C 

Tevap Average temperature of the 
evaporator of the refrigeration 
system 

32 ◦C 

Tin Inlet temperature of one side’s 
stream of a heat exchanger 

6, 7 ◦C 

Tjout Outlet temperature of one side’s 
stream of a heat exchanger 

6, 7 ◦C 

Tpr Storing temperature of products in 
the cold storing chamber 

23 ◦C 

Trm,i Initial temperature of raw milk 
loaded in the cooling tank 

20 ◦C 

Uhe Overall heat transfer coefficient of 
the plate heat exchanger 

10 W
m2K 

(continued on next column)  

(continued ) 

Variable Description Equation Unit 

Uen Overall heat transfer coefficient of 
the chamber or refrigeration unit 
enclosures 

23 W
m2K 

Utw Overall heat transfer coefficient for 
the tank wall 

21 W
m2K 

V̇ Volume flowrate of stream in the 
pipeline 

12 gal
min 

did Ideal pipeline diameter 12 in 
dst Standardised pipeline diameter 13 m 
fc Emission factor or Carbon 

conversion factor of a fuel or 
electricity 

38 kg CO2e
kWh

or
kg CO2e
kg of fuel 

fp friction factor of the pipeline 16  
mk total product mass treated through 

the process or operation k 
37, 38 kg 

mp mass load of product transported 34 tonne 
mrm Total mass of raw milk in the 

cooling tank 
20 kg 

munit mass of a product unit 37, 38 kg 
ntot,C Total number of cream products 

manufactured annually 
39 – 

ntot,SM Total number of skimmed milk 
products manufactured annually 

39 – 

ucf Cleaning fluid velocity in the 
pipeline 

13 m
s 

Δh The difference of the specific 
enthalpy between the inlet and the 
outlet of a stream 

4, 5  

Δhvap Latent heat of vaporization of the 
stream i 

4, 5 kJ
kg 

ηhom Pump efficiency of the 
homogeniser 

30 – 

ηh,el.mot Electric motor efficiency of the 
homogeniser 

30 – 

ηge Efficiency of the electric generator 
of a diesel powered refrigerated 
vehicle 

35 – 

ηpump,sep pump efficiency of the centrifugal 
separator 

29 – 

ηpump Centrifugal pump efficiency 24, 26 – 
ηp,el.mot Electric motor efficiency of 

centrifugal pump 
24, 27 – 

ηmc Efficiency of the motor of the 
compressor of a refrigeration 
facility 

31 – 

ηDC− DC Efficiency of DC-DC converter in 
electric vehicles 

36 – 

ηcharging Efficiency of battery charging from 
grid electricity in electric vehicles 

36 – 

ρcf Density of the cleaning fluid 13 kg
m3 

ρpump Density of the pumped fluid 25 kg
m3 

L Length of the pipeline 18 m 
d Transportation distance of a route 34 km 
g gravity acceleration 24, 25 m

s2 

i Stream entering a unit operation 1, 2, 3 – 
j Stream exiting a unit operation 1, 2, 3 – 
k Number indicator for a process unit 

or an equipment 
37, 38 – 

n Cleaning step numbering 14, 15  
u fluid velocity 17, 18 m

s 
ΔḢ Difference in enthalpy rate 

between the inlet and outlet stream 
from one side of a heat exchanger 

9 kJ
s 

μ fluid dynamic viscosity 17 Pa s 
ρ Density of fluid 17, 18 kg

m3   
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