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Abstract:
In food, chemical and pharmaceutical industries, regular cleaning of the equip-
ment is required to guarantee hygienic production. Modern facilities use automated
Cleaning-in-Place systems due to their reliability and reduction of manual opera-
tions. However, these systems and their cleaning routines are specially designed
for each facility, equipment type and production schedule. Hence, detailed informa-
tion about the energy consumption of the system is often unavailable. This work
presents a method to determine the energy use of a Cleaning-in-Place system based
on available data of the recorded cleaning routines. The case study was based on a
heating in line, decentralised and re-use cleaning unit located in a dairy factory. The
measured data of two cleaning lines of the unit was used to develop energy and mass
balances in order to identify and quantify the sources and sinks of mass and thermal
energy. The energy analysis showed that 68.96 MWh of steam was consumed during
a period of 50 days, of which 76 % was dedicated to heating up the base solution.
Besides, a total amount of 788 m3 of water was drained between the two lines, which
corresponds to 20.19 MWh of thermal energy consumption. The indicators of the
energy management software of the system were used to assess the method as well
as the inefficiencies of the system.

Keywords:
Cleaning-in-place, Energy analysis, Energy balance, Mass balance, Thermal energy,
Industry.

1. Introduction

From the current world population of 7.6 billion people, more than 6 billion people consume milk
or derived milk products [1]. As the population is expected to grow to 8.5 billion by 2030 [2],
a considerable increase in milk consumption is expected [1]. Although this increment can be
covered, it imposes a rise in the energy demand to an industry that relies mainly on fossil fuels.
As a matter of fact, fossil fuels are the largest source of energy in Europe’s food industry in which
the dairy sector is the second largest energy consumer [3]. The use of energy represents the



largest source of greenhouse gases, from which CO2 emissions account for the largest share [4].
To reduce the CO2 emissions from the food processing process, improving the energy efficiency
has been identified as the most cost-effective solution in a short-to-medium term [5]. Milk
processing consists of different thermal steps like pasteurisation, sterilisation, concentration,
and drying. Additionally, the equipment needs to be periodically cleaned to guarantee hygienic
production. The cleaning process is complex because the plant supervisors must deal with
milk remaining in pipelines, heat-precipitated milk constituents on heat exchangers, and other
residues like fat or hard water salts [6]. Modern dairy facilities use an automated cleaning
procedure, called Cleaning-in-Place (CIP). The CIP systems allow dairy facilities to clean
process equipment cost effectively without the need for any dis-assembly and re-assembly of
the equipment. However, these types of systems and cleaning routines are built specifically for
each facility. Hence, detailed information on the energy use of the CIP is often not available.
Some dairy companies reported that the energy demanded by the CIP systems in milk process
plants is around 9 % of the total energy consumed by the plant. Furthermore, in cheese or
butter plants this value can increase up to 19 % and 26 % respectively [7]. Nonetheless, the only
information revealed is the energy demand of the system without knowledge of how effective or
efficient it is. Design guidelines of CIP systems [8] explain that the main energy consumed by
a CIP is the thermal energy used to bring the solutions used as cleaning agents to the desired
cleaning temperature. However, this concept has been misinterpreted by manufacturers of
CIP systems and developers of energy management software as the energy dissipated by the
equipment that the system is cleaning. The current paper aims to fill this knowledge gap and
proposes a method to determine energy use in CIP systems based on available data from the
system. In this case, the presented method was initially developed and validated in a real CIP
system analysed by [9].

1.1. System Description

The CIP system to be analysed in the current project is located in a milk pasteurisation plant
in Denmark. In this case, according to the classification proposed by [10], it is a heating in
line, decentralised and re-use CIP system. The analysed unit consists of 7 tanks as can be seen
in Figure 1. The tank T1 contains the water for the flushing and rinsing processes. Tanks
T2, T3 and T4 contain the chemical aqueous solutions used in the cleaning process whose
concentrations are presented in Figure 1. Tank T5 contains the recycled water of previous
rinsing processes and tanks T6 and T7 work as collectors of the flushing processes for milk and
fermented products, respectively. The tanks previously mentioned are connected to six process
lines. Each line is in charge of transporting the fluids from the tanks to the different equipment
of the facilities in order to clean them. The analysis will focus on cleaning routines for two
production lines. The first line has 27 objects connected to it, while the second one has 14
objects including milk coolers.
A standard cleaning cycle performed by the unit starts with an initial purge using water from
tank T1 to recover milk or fermented products into the tanks T7 and T6 respectively. Then,
the first rinse is performed by using water from tank T5, which is the recycled water that comes
from the final rinse of previous washes. After that, a caustic wash with the base solution from
tank T4, followed by an intermediate rinse with water from tank T1. To finish, a disinfection



Figure 1: Bulk Tanks of the CIP system.

wash with the solution from tank T2 is done, followed by a rinse with water from tank T1,
which is the water that will be recovered in T5 to perform the initial rinse of the upcoming
cleaning procedure. Furthermore, after every 25 cleaning procedures, an acid wash after the
intermediate rinse is performed to neutralise the residual caustic cleaner. This washing step is
performed with a nitric acid solution from tank T3.
The aqueous solutions coming from the tanks need to be heated to a certain cleaning temper-
ature between 65 ◦C to 85 ◦C. To achieve this, each line has a heat exchanger where the fluids
are heated with steam coming from a natural gas boiler. The CIP system also has numerous
sensors in both supply and return lines which are presented in Figure 2. The sensors, as well
as control valves and pumps of the CIP, are connected to a control system in charge of the
cleaning operations. Moreover, the data from the sensors are registered and analysed by a data
management platform (DMP) that records all the cleaning processes performed and reports
statistics about electricity, thermal energy, and water consumption as well as the time duration
of all the operations.

Figure 2: Supply and return line of the CIP system.

From all the continuous variables presented in Figure 2 whose data are collected, only three
are used by the DMP for the calculations. The forward flow rate measured by the flow meter
located in the supply side before the heat exchanger. Also, the forward temperature which is



the temperature measured by the transmitter after the steam heat exchanger and the return
temperature which is measured by the transmitter placed in the return line. Nonetheless,
there is a disagreement between the results of the DMP and the current energy consumption
calculation of the plant owner. The source of this misalignment is the fact that the DMP
considers the temperature difference between the return and forward temperature transmitters
when computing energy consumption. This procedure is not considered as valid due to the real
energy consumption should be calculated considering the temperature difference between the
temperature measured before and after the heat exchanger. Thus, the physical meaning of the
steam heat input can be captured.
In the present work, the raw data of the system recorded by the DMP is extracted and used to
develop a new method to calculate the mass and energy balance of the CIP system. Further-
more, a validation of the results of the new method with the DMP method is presented.

2. Method

In order to identify and quantify the sources and sinks of mass and thermal energy of the CIP
system, the data gathered by the DMP was analysed. Figure 3 shows a graphical example of
the wash data stored by the DMP which in this case is for a 36 minutes wash of a 30 m3 tank.
The upper part of the figure, the horizontal straight lines, is where the data regarding the valves
is presented, whereas the rest of the space is used to plot the set of continuous variables like
temperatures, pressure, and flow rates.

Figure 3: Example of DMP data for a wash.

From the variables presented in Figure 3, only the forward temperature (green line), the return
temperature (red line), the supply temperature (orange line) and the forward flow rate (dark
blue line) were used in the development of the new calculation procedures. Besides, the data
of three types of valves were used during the analysis. The valve that represents the forward
pump state, the forward valve of each of the tank solutions and the return valves of each of the
tank solutions. The valves have an open/close operation. Therefore, whenever a valve is active



it is has a value of 1 and when is inactive has a value of 0.
Although other variables measured by the system such as pH, turbidity and conductivity play
an important role for the control of the return valves, they have are not used in the mass and
energy balances. Besides, the data from the flow meter placed at the return line is not used
due to the poor reliability of its readings, mainly because it was disturbed by the air bubbles
created by the air trapped in the objects.

2.1. Mass balance

To clean the equipment, the CIP system sends a certain amount of solution, but a different
amount returns. This difference gives an estimation of the amount of solution drained, which
is equal to the amount that needs to be replenished to maintain the system stability. Since all
the solutions are mainly composed of water, the density of the solutions was assumed as the
density of the water at normal conditions (997 kg/m3). Thus, the use of volume was allowed
when referring to mass.

2.1.1. Volume forward

Figure 4a shows the evolution of the forward flow-rate for the wash example presented in
Figure 3. Moreover, the intervals i when the forward valve position for the base solution is
active are also represented by the three blue rectangles. From these data it was possible, in
a systematic way, to calculate the volume of base solution sent to the system. First, for each
interval where the forward valve is active, the time-weighted-average value of the forward flow
rate was calculated. Then, the duration of the active state for each of the intervals is obtained.
After that, the volume forward during each of the intervals was calculated by multiplying
its respective values of flow rate and the time duration. Finally, the volume forward during
the specific wash was obtained by the sum of the volume forward during each interval. This
procedure was applied to calculate the volume forward of each solution during each wash.
Furthermore, the total volume forward for each line was calculated.

2.1.2. Volume returned

During the cleaning procedures of the equipment, a different amount of water or solutions
return to the tanks. This is because the drain valves are activated when the sensors located in
the return line are not able to classified the solutions that return to the system. For instance,
the fresh water is usually pumped between the base and the disinfection solutions. When
returns to the CIP tanks it is at high temperature and has different values of concentration
or turbidity that do not allow its classification as fresh water or base solution. Thus, a small
amount of fresh water is drained until can be classified. For this reason, it is also important
to calculate the volume that returns to the system. However, the readings of the flow meter
placed in the return line were not reliable. Thus, the volume returned was estimated by using
the information from the forward flow rate measurements.
Figure 4b shows the evolution over time of the pump state variable and the forward and
return valves positions of the base solution. As can be seen, the forward pump presents the
same intermittent pattern as the forward valve of the base tank, thus creating the previously
mentioned intervals. This event occurs in certain equipment in which the initial part of each
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Figure 4: Flow rate and valve positions over time for base solution. a) Forward flow rate and tank forward
valve position over time. b) Forward pump state, tank’s forward valve and tank’s return valve position over
time.

phase runs intermittently until the last content of the previous phase is flushed out of the
equipment. On the contrary, the return valve does not present this intermittent pattern during
its initial phase, but it remains open for a continuous time frame. Hence, as the forward flow
rate was used to calculate the volume returned, a factor that took into account this intermittent
pattern was calculated using the information from the forward pump state as shown in equation
(1).

f =

∑
i di

(tf − t0)
(1)

Where, di is the duration of each interval of the forward pump state; t0 is the initial time where
the pumping starts and tf is the end time of the wash at which the forward pump is active.
Once this factor was calculated, the volume returned was calculated by multiplying the factor,
the forward phase average flow rate and the duration of the return phase.

2.2. Energy balance

The energy balance of the individual washes can be carried out identifying the heat sources
and heat sinks of the system. This balance is applied in a solution-wise sense and then applied
to all the solutions that intervene in each wash. In this analysis, the specific heat capacity (cp)
was assumed to be the one of water at normal conditions (4.18 kJ/kg·K).

2.2.1. Steam heat input

The steam heat input (Qin) represents the heat that was added to the solution through the
steam heat exchanger. Figure 5a contains the evolution of the forward, supply and return
temperatures, as well as the evolution of the forward valve of the base solution.



(a) (b)

Figure 5: Flow rate and valve positions for the base solution. a) Forward, supply and return temperatures,
with the position of the forward valve of the base solution. b) Return temperature evolution with the position
of the return valve of the base solution.

The DMP method The DMP method analyses each of the intervals of the forward phase sep-
arately. As the volume forward during these intervals is known, the heat consumption of the
solution is computed with (2).

Qin,solution =
∑
i

ρ · cp · V forward
i · (T av,forward

i − T av,return
i ) (2)

Where, i denotes each of the forward phase intervals; V forward
i is the volume forward on the

interval i; T av,forward
i is the time-weighted-average of the forward temperature measured within

the interval i and T av,return
i is the time-weighted-average of the return temperature measured

within the interval i. Related to this last term, it is important to remark that it is the averaged
value of the return temperature during the forward phase interval.

The newly proposed method

The newly proposed method introduces the use of the temperature measurements obtained
before the heat exchanger instead of the measurements of the return. As the volume forward
on each interval of the forward phase is known, a volume-weighted average is used to calculate
the forward and supply temperatures of the solution during the forward phase. The expression
in (3) is then used to calculate the steam heat input added to the solution during its forward
phase.

Qin,solution = ρ · cp · V forward
solution · (T av,forward

solution − T av,supply
solution ) (3)

Where V forward
solution is the total volume forward of the solution during the forward phase; T av,forward

solution

and T av,supply
solution are the average forward and supply temperatures of the active forward phase,

respectively.



2.2.2. Heat loss from the equipment

The heat loss from the equipment (Qloss,equipment) provides information regarding the heat that
the solution transfers to the equipment that is being cleaned and the inherent losses to the
environment that occur during this process. To evaluate this term it was assumed that the
whole volume forward flows through the equipment and arrives to the return point where the
temperature transmitter measures its temperature, which means that there are no leaks or
other kind of losses along its path. Thus, the temperature at which the solution arrives is
calculated as the time-weighted-average value of the return temperature measurements when
the return phase of the respective solution is active. Figure 5b shows the time frame where the
return phase of the base solution is active, as well as the evolution of the return temperature,
for the wash example presented in Figure 3. Then, the heat loss from the equipment plus the
environmental losses were calculated by (4).

Qloss,equipment = ρ · cp · V forward
solution · (T av,forward

solution − T av,return
solution ) (4)

Where T av,return
solution is the average return temperature of the solution when the return phase is

active.

2.2.3. Heat loss from the tanks

The volume that returns to its corresponding tank has a certain temperature that may differ
from the tank temperature. The heat loss from the tanks (Qloss,tanks) quantifies the heat that the
volume returned dissipates in order to stabilise to the tank temperature. The tank temperature
of the solution used in this study has the same value for all the washes of the line. To calculate
this value, the temperature measured by the supply line temperature transmitters was assumed
to be the same as the tank temperature of the respective solution. Then the tank temperature
for the line was calculated by doing the volume-weighted-average with the supply temperatures
and the forward volumes of the line washes. Once the aforementioned values were known, the
heat loss from the tanks was evaluated by (5).

Qloss,tank = ρ · cp · V return
solution · (T av,return

solution − Ttank) (5)

where V return
solution is the volume of solution that is received during the return phase and Ttank is

the average tank temperature for the solution introduced before.

2.2.4. Heat drained

The last term of the energy balance (Qdrain) refers to the heat that is drained when some of
the solutions that return to the system do not fulfil the requirements to be restored again in
the tanks. This last term was calculated by using the expression in (6), which corresponds to
the energy balance of the system.

Qin,solution = Qloss,equipment +Qloss,tank +Qloss,drain (6)

3. Results

The results are divided into two subsections. First, section 3.1 presents the results of the mass
and energy balances for the wash example shown in Figure 3. Then, section 3.2 presents the



results for the two analysed lines. Moreover, when analysing the steam heat input term of the
energy balance, a comparison of the results between the DMP method and the newly proposed
method is presented.

3.1. Wash example

In Table 1, the average forward flow, the duration and the volume forward are shown for the
base solution during the wash example.

Table 1: Base phase calculations and results for the volume forward

Interval i Average forward flow [m3/h] Duration [s] Volume forward [m3]
1 10.48 40 0.12
2 11.66 56 0.18
3 12.28 907 3.09

Wash 12.17 1003 3.39

The volume returned considers the calculated average forward flow rate, the return duration
which is 1047 seconds and the factor f calculated with (1) that for this wash has a value of
0.94. Thus, the calculated volume returned is 3.32 m3. If this procedure is applied to all the
solutions that intervene in the wash, the volume forward and volume returned for each of them
are estimated, and thus the mass balance of the wash is completed as presented in Table 2.

Table 2: Wash mass balance for all the solutions

Solution Volume forward [m3] Volume returned [m3]
Base 3.39 3.32
Acid 0 0

Disinfection 1.91 1.90
Fresh water 0.79 0.58
Rinse water 0.11 0

Table 3 shows the values of the variables involved in the estimation of the steam heat input for
the base solution phase of the wash example from Figure 3 with the DMP method.

Table 3: Steam heat input estimation done by the DMP for each interval of the base solution

Interval i Volume forward [m3] Tforward[
◦C] Treturn[◦C] Steam heat input [kWh]

1 0.12 46.83 20.69 3.53
2 0.18 79.65 15.04 13.62
3 3.09 83.79 69.84 50.97

Wash - - - 68.12

The DMP applies this procedure to all the solutions for which the steam heat exchanger is
activated and that intervene in the wash. These are the base, acid and disinfection solutions.



As no acid phase is present in the wash example, it has no steam heat input. Moreover, the
steam heat input for the disinfection phase is calculated as -28.13 kWh. On the contrary, table
4 shows the relevant variables and the estimation of the steam heat input and heat oss from
the equipment of the wash example from Figure 3 calculated with the newly proposed method.

Table 4: Steam heat input estimation and heat loss from the equipment by the newly proposed method, for
all the solutions

Solution
Volume
forward

[m3]
Tsupply[◦C] Tforward[◦C] Treturn[◦C]

Steam heat
input
[kWh]

Heat loss
from equipment

[kWh]
Base 3.39 73.64 82.09 76.06 33.15 23.63
Acid - - - - 0 0

Disinfection 1.91 38.36 38.56 40.42 0.45 -4.11
Fresh water 0.79 19.85 27.87 21.85 7.28 5.46
Rinse water 0.11 22.58 22.90 - 0 0

Wash - - - - 40.88 24.98

To complete the energy balance, table 5 presents the heat loss from the tank and the heat drain
of all the solutions for the wash example from Figure 3.

Table 5: Heat loss from the tanks and heat drained estimation for all the solutions

Solution Volume returned [m3] Treturn[◦C] Ttank[
◦C]

Heat loss
from tank [kWh]

Heat
drained
[kWh]

Base 3.32 76.06 74.3 6.76 2.76
Acid - - - 0 0

Disinfection 1.90 40.42 36.4 8.83 -4.27
Fresh water 0.58 21.85 14.4 0.03 1.79
Rinse water - - 21.80 0 0

Wash - - - 15.62 0.28

3.2. Line results

The mass and energy balances have been completed for all the washes of the analysed lines,
and the balances of the lines have been deduced by summing the results of the washes. Figure
6 shows the results for the total mass and energy balances. The presented results correspond
to a period of 50 days in which 1445 washes have been performed. For the mass balances,
the volume forward and the volume returned for each tank are depicted, and then a global
computation of the volume that needs to be re-filled in the system together with the volume
that is drained is given.
Finally, Table 6 presents a comparison of the results obtained for the steam heat input using
the DMP software and the newly proposed methods, for both lines.



Figure 6: Energy and mass balance

Table 6: Steam heat input comparison for both lines

Line 1 Line 4
Solution DMP [kWh] New method [kWh] DMP [kWh] New method [kWh]

Base 33.99 14.23 94.15 36.83
Acid -0.01 0.31 0.04 1.06

Disinfection -10.58 1.45 -27.87 5.80
Fresh water 0 2.69 0 6.59
Rinse water 0 0 0 0

Total 23.40 18.68 66.32 50.28



4. Discussion

From the mass balance of the analysed wash, the volume forward does not match the volume
returned as expected. Moreover, the fresh water presents the highest ratio of drainage.
As shown in Table 6 the energy balance calculated by the DMP yields a value for steam
consumption of the base solution twice the value estimated by the newly proposed method.
Besides, the DMP yields a negative value for the steam consumption of the disinfection phase.
This is due to the fact that during the first seconds of the disinfection forward phase the solution
that is returning to the system is the base solution, which is at a high temperature. Since the
DMP uses the average return temperature when the forward phase is active, it overestimates
the average temperature of the disinfection returning to the system up to a value that exceeds
the average temperature of what is sent.
The results of the newly proposed method presented in Table 3, show that the new procedure
captures the physical meaning of the steam heat input term since it directly uses the supply
temperature. Moreover, the method also includes the steam heat input consumption estimated
for the fresh water, even though steam is not directly applied within this phase. This can be
explained by the fact that the fresh water is pumped after the warm phases, thus flowing through
the hot steam heat exchanger and increasing its temperature considerably. Even though steam
is not added actively while the fresh water is being pumped, the steam left the heat exchanger at
a high temperature and, as a consequence, increases the fresh water temperature. The value of
the heat loss from the equipment can be estimated as negative, as it is the case of the disinfection
solution. This means that the solution has returned at a higher temperature than the one it
was sent, thus absorbing heat from the equipment, which was still at a high temperature from
the previous hot phase. The heat drained estimation for the disinfection solution is negative
because this term is approximated by means of completing the balance. For this wash example,
the disinfection solution returns at a relatively high temperature compared to the global average
temperature of the tank, thus yielding a large value for the heat loss to the tank term, which
causes the heat to drain value to be negative when completing the energy balance. From the
mass balance results of both lines presented in Figure 6 it is noticed that the volume that
should be re-filled of rinse water is negative. This can be explained by the fact that the fresh
water does not return to the fresh water tank, but to the recycled water tank. Moreover, the
amount of fresh water that returns is larger than the amount of recycled water used during the
cleaning procedures. Thus, when the recycled water tank is full, the system had to flush water
out of it in order to not overload the tank. Regarding the energy balances, when analysing
the steam consumption for each of the solutions, it is seen from Table 6 that the base phase
consumption is about three times larger for the DMP method than for the newly proposed
method. Besides the values for the acid and disinfection phases estimated by the DMP are
negative. These negative values balance the offset between the DMP method and the newly
proposed when doing the total estimation. Furthermore, the base phase accounts for the 76 %
of the heat input estimated for the period of analysis, followed by the fresh water (13 %) and
the disinfection solution (10 %). From Figure 6 one can observe that the heat drained by the
fresh water presents the largest value by far, representing 99 % of the total heat drained during
the period of analysis.



Finally, with a complete understanding of the thermal energy consumption of the CIP system,
possible optimisation to improve its efficiency can be analysed. As a matter of fact, it has been
identified that the cleaning temperature of some solutions is higher than those recommended
by the standards. Thus, a reduction in target temperatures could be beneficial to minimise
the energy consumption of the system. Moreover, increasing the temperature of the initial and
intermediate rinses with cold water might reduce the amount of energy consumed by the warm
fluids since they do not have to heat up the equipment again.

5. Conclusion

The strategy followed by the DMP, and used in the mass balance conducted in this paper
to estimate the volume forward of each solution yields reasonable results. However, when it
comes to the estimation of the volume returned to the tank, the lack of a reliable flow rate
measurements on the return line forces the use of the flow rate measured on the forward line to
be used for its estimation. The obtained results have been assessed as reasonable, even though
a comparison with real data from the consumption of each solution would have been beneficial
to confirm the results.
The complete energy balance yielded a total of 68,96 MWh of steam consumed during a period
of 50 days, from which 76 % of them are dedicated to heating up the base solution. The DMP
turns out to be overestimating this term by 30 % with respect to the result obtained throughout
the energy balance. Finally, an important term that also derives from the energy balance is
being drained by the system. For the 50 days analysed, a total amount of 20.19 MWh have
been drained between the two lines, from which 99 % are related to the draining of the water
that is sent in between the warm phases.

Nomenclature

Symbols

cp specific heat, kJ/(kgK)

CIP Cleaning-in-Place

DMP Data Management Platform

d duration of interval, s

f Factor used for return time duration, [-]

Q heat, kWh

t time, s

T temperature, ◦C

V volume, m3

Greek symbols



ρ density, kg/m3

Subscripts and superscripts

0 initial time

av average

f final time

forward variable measured after heat exchanger

i interval

in entering the system

loss leaves the system

return variable measured in the return line

supply variable measured before heat exchanger
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