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CORRECTION OF THE TASKS TO BE CONSIDERED

From the original tasks to be considered, one task was added as a new task to be considered.
The added task is formed as following:

3. Evaluation of correct heat pump placement in a relevant industrial process from the
dairy industry using process integration as a tool.

Therefore the new tasks to be considered are:

1. Literature review of the main topic of the scope of work

2. Identification of relevant industrial process from the dairy industry

3. Evaluation of correct heat pump placement in a relevant industrial process from the
dairy industry using process integration as a tool

4. Determination and comparison of energy efficiency when turbo-machinery is applied

5. Evaluation of the technological possibilities for turbe compressors in high temperature
applications for the Norwegian market

6. Make draft scientific paper of the main results from the work

7. Make suggestion for the further work

These tasks are specified in agreement with the project supervisor.
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Abstract

There exist several high temperature processes in UHT plants where a great amount
of heat is wasted. To avoid this can energy efficient equipment be installed, such as
high temperature heat pumps, which can recycles this heat. Water is the high tem-
perature working fluid that gives the best performance and is ideal in UHT plants
because it can be used directly in heating treatment processes. However, it has
its disadvantages in extreme low density and high compressor discharge tempera-
tures. New development in turbo compressor technology is making this technology
interesting in water based heat pumps, because it can to an extent cope with these
flaws. Well functioning water based heat pump systems show good performance in
this specific application, but the question is if its performance is enough to make
up for the reliability of unproven technology. Heat recycling through optimal heat
exchanger networks is commonly used in UHT plants, and the advantages of such
implementations make it difficult for new equipment to penetrate the marked.

The existing UHT system, in addition to four new systems with several different
modifications, were included in a simulation model to compare the performance of
the systems for constant operating conditions. Two of these new systems included
an identical heat pump with turbo compressors. Optimal heat exchanger networks
were made for all systems, and the main goals were to minimize the combined heat
and power consumption, maximize the usable system surplus heat and thereby min-
imize the net heat and power deficit in the systems.

Minimum net heat and power deficit of 24.04 kW were obtained by a modified
system utilizing an optimal heat exchanger network without a heat pump. The
heat pump implementation managed a COP of 3.826, and energy savings of 419.04
kW compared to existing steam boilers for the same heating purpose. The energy
savings from heat pumps were however less than the potential usable surplus heat
from optimal heat exchanger networks without heat pumps. Whether or not this
surplus heat can be utilized is not known, whereas the savings associated with the
heat pumps are guaranteed. Additionally are some systems gaining performance by
diminishing flexibility, and are more vulnerable to change in operating conditions
than the existing plant.

There is suggested to conduct further work with an energy analysis on this specific
UHT plant with varying operating conditions. An investigation of the modifications
made in this thesis is another relevant approach for further work. Additionally is
development of cheap oil-free turbo compressor technology necessary before it can
be implemented in this specific application.
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Sammendrag

Det eksisterer en andel av prosesser pa hgye temperaturer i UHT anlegg, hvor
store mengde varme blir forkastet. For a unnga dette kan energieffektivt utstyr,
som hgytemperatur varmepumper, bli innstallert for a gjenvinne denne varmen.
Vann er det hgytemperatur arbeidsmedie som gir best ytelse og er ideell for UHT
anlegg fordi det kan bli brukt direkte i prosesser for varmebehandling. Likevel
har det sine ulemper, som ekstremt lav tetthet og hgy utlgpstemperatur fra kom-
pressor. Ny utvikling i turbokompressorer gjgr denne teknologien interessant i
vannbaserte varmepumper, fordi den kan til en viss grad handtere disse ulempene.
Velfunksjonerende vannbaserte varmepumper viser god ytelse i denne spesifikke ap-
plikasjonen, men spgrsmalet er om dette er nok for a gjgre opp for paliteligheten
til uprgvd teknologi. Varmegjenvinning gjennom optimale varmevekslernettverk er
vanligvis brukt i UHT anlegg, og fordelene med slike implementeringer gjor det
vanskelig for nytt utstyr a trenge seg inn pa markedet.

Det eksisterende UHT systemet, i tillegg til fire nye systemer med forskjellige mod-
ifikasjoner, ble inkludert i en simulasjonsmodell for a sammenligne ytelsen til sys-
temene for konstant driftsforhold. To av disse nye systemene inkluderte en identisk
varmepumpe med turbokompressorer. Optimale varmevekslernettverk ble laget for
alle systemene, og hovedmalet var a minimere det kombinerte varme- og kraftfor-
bruket, maksimere den anvendelige overskuddsvarmen og dermed minimere netto
varme- og kraftsunderksudd i systemene.

Minimum netto varme- og kraftunderskudd pa 24.04 kw ble oppnadd av et mod-
ifisert system som utnyttet et optimal varmeverkslernettverk uten varmepumpe.
Varmepumpene oppnadde en COP pa 3.826, og energisparingene lgd pa 419.04
kW sammenlignet med eksisterende dampkjeler for den samme hensikten. Ener-
gisparingene fra varmepumpene var likevel mindre enn den potensielle brukbare
overskuddsvarmen fra optimale varmevekslernettverk uten varmepumper. Hvorvidt
denne overskuddsvarmen kan bli utrnyttet er uvisst, mens energisparingene fra
varmepumpene er garantert. I tillegg oppnar noen systemer vinning i ytelse ved
redusering av flexibilitet, og er mer sarbar for endring i driftsfohold enn det eksis-
terende systemet.

Det er foreslatt a utfore videre arbeid med en energianalyse av det spesifikke UHT
anlegget med varierende driftsfohold. En gransking av modifikasjonene som ble gjort
i denne avhandlingen er en annen relevant tilngerming for videre arbeid. I tillegg
er utvikling av billig oljefrie turbokompressorteknologi ngdvendig fgr det kan bli
implementert i denne spesifikke applikasjonen.
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1 Introduction 1

1 Introduction

1.1 Background

The need for innovation and new solutions in the industry are massive due to heat
energy waste. Numbers from Wolf et al. (2012) indicated that 14% of the industrial
heat demand in Germany can be covered by recycling of heat energy with present
technology, whereas this number could rise to 32% with new developments for higher
temperatures. Energy efficient equipment are needed for heat waste recovery to be
economical sustainable. Proven methods and technology for such use are already
commercialized, but the demand for new technology to exploit a larger portion of
the industry is evident.

An industry associated with large heat energy waste is the dairy industry. The
energy consumption in the Norwegian dairy industry were in 2007 between 510 and
580 GWh per year (Helgerud et al., 2007). A large amount of this energy is utilized
in heating treatment of the dairy products. Even though many of Norwegian facto-
ries have energy efficient heat treatment equipment, which recycles large quantities
of heat, are the potential for more such equipment present. The recycling of heat is
mostly done through heat exchanger networks, which is a commonly used method
in all industries. However, when the recycled heat temperatures are too low to be
utilized effectively, are other equipment more suitable.

An efficient way to recycle heat energy at high temperatures is the use of heat
pumps. Commercial heat pumps are mainly used in refrigerators and in the HVAC
market, but are also highly used in the industrial sector. The performance of in-
dustrial heat pumps is high on moderate temperatures, but they struggle when the
recovered heat needs to be at high temperatures. The result of this is that industry
usually does not recover heat on such temperatures.

In the present time has water emerged as a heat pump working fluid with high
potential in high temperature applications. The properties of water create however
difficulties for the heat pump compressors. Piston and screw compressors are the
most common compressor types used in commercial heat pumps, but experience
problems in large water based systems on high temperatures. Other compressor
types can therefore be relevant for such systems.

Turbo compressors are an interesting option, and are already commonly used com-
mercial in some industrial heat pump applications were usually water is utilizes as
working fluid. These systems are often restricted to applications that require tem-
perature lifts of maximum 30 °C, because sufficient performances cannot be achieved




1 1.2 Objective 2

with higher temperature lifts. New developments in turbo machinery could however
make it feasible to exploit applications with high temperature lifts.

1.2 Objective

The objective of this master thesis is to perform an energy analysis on an existing
UHT plant for heat treatment of milk, and propose modifications which can make
the plant more energy efficient. Several pinch analysis are to be done to the plant
with and without modifications. These modifications can consist of both new heat
exchanger networks and heat pump implementations. An energy balance will be
done on the existing system and systems with modifications to compare the energy
efficiency.

All implemented heat pumps are working on high temperatures and with water
as working fluid. The applications of such heat pumps in a heat treatment process
of milk is evaluated, and the energy efficiency is compared to other solutions. Ad-
ditionally is the technological readiness level of turbo compressors for direct steam
compressions evaluated.

1.3 Outline of Thesis

Chapter 2 contains a literature survey on heat treatment in the dairy industry, where
ultra-high-temperature (UHT) treatment is emphasized.

Chapter 3 contains a literature survey on how heat pumps can be integrated in
an industrial plant.

Chapter 4 contains a literature survey on industrial heat pumps with a focus on
turbo compressors with water as refrigerant.

Chapter 5 presents the selected case for the thesis.
Chapter 6 presents the simulation model to the respective case.

Chapter 7 represents the results of the simulation model and evaluates the results
through discussion.

Chapter 8 contains the conclusion from the results and suggestion for further work.
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1.4 Delimitations

The Tine Aalesund factory logs both heat and power consumption in the factory.
Since this thesis focuses around only one of several plants in the factory is the con-
sumption of this specific plant impossible to obtain form the logging device. The
heat and power consumption of utilities to the the specific plant are therefore cal-
culated through several assumptions.

Because the temperatures of the plant are located from different sources, are the
temperatures associated with some uncertainty. The specific heat capacity of all
process streams are retrieved by assuming an average between inlet and outlet tem-
peratures of the respective streams. Because some mass flow rates are retrieved from
these temperatures and specific heat capacities, are also these rates uncertain.

There exist no available information of the vacuum tank in the UHT plant, which
means that all existing processes within this tank are assumed. It is also assumed
that an evaporating stream from this tank can be utilized in all new modifications,
and if this is not possible are most results wasted.
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2 UHT treatment in the Dairy Industry 5
2 UHT treatment in the Dairy Industry

All manufacturing of dairy products include heating processes. These processes are
utilized to kill microorganisms, inactivate enzymes or sometimes to achieve other
chemical changes. The results depend on the duration of heating and the temper-
ature, which is defined as the intensity of the treatment. The main reason for the
heat treatment is to warrant the safety of consumers, to increase the keeping quality
and to establish specific product properties (Walstra et al., 1999, p. 189-190). The
different heating processes in the dairy industry are:

e Thermalization

e Low pasteurization
e High pasteurization
e Sterilization

Thermalization is the treatment with lowest intensity, usually 20 seconds at 60-69°C.
Low pasteurization follows with 30 minutes at 63°C or 15 seconds at 72°C, while
high pasteurization is a more intensive treatment with 20 seconds at 85-100°C. The
most intensive treatment is sterilization, which can be done by 30 minutes heating
at 110°C, 30 seconds at 130°C or 1 second at 145°C. The latter two are exam-
ples of ultra-high-temperature (UHT) treatment (Walstra et al., 1999, p. 208-209).
Because UHT treatment is emphasised in this thesis, will only this treatment be
covered more thoroughly in this chapter.

The purpose of an UHT sterilizing plant is to heat dairy products to a temper-
ature between 135 and 150°C and hold it there for a few seconds, before cooling it
down to a much lower temperature. Chemical changes are minimized by utilizing
the highest possible temperature for the shortest time possible. This means that the
best processing effects on the product is obtained with the fastest rate of heating to
the sterilizing temperature, and the fastest rate of cooling after the holding period.
However, the industry also has to consider other variables as well, and especially
economic factors like capital costs, operating costs and cleaning are important (Bur-
ton, 1994, p. 77).

UHT processes is either done with direct or indirect heating systems. The dairy
products are heated indirectly if the process is done by a refrigerant in a normal
indirect heat exchanger, which means that the heat is transferred by conduction
through a surface that is separating the refrigerant and the dairy products. The
refrigerant is usually either water liquid or steam. The dairy products are heated
directly if steam and dairy products are mixed directly under pressure, where heat is
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transferred almost instant when steam is condensing. An important attribute with
both heating systems is regeneration, where incoming dairy products are heated by
outgoing dairy products. The principle of regeneration is shown in figure 2.1. Re-
generation can only cover the first part of the heating process, while either indirect
or direct heating covers the upper temperature levels.

product out holder

T . regenreration o l

"""""" section t
35

20f . -— +|85 85
10 |op—= .‘. — - =

1 L'{ b
cooling product in hot

water watar

Figure 2.1: Simple illustration of a heat exchanger with regneration in a pasteuriza-
tion process (Walstra et al., 1999, p. 228).

2.1 Indirect heating system

The plate heat exchanger is often used in indirect heating systems, and is advanta-
geous because of its large specific heating surface, which results in a small tempera-
ture difference between the dairy product and the refrigerant. Another advantage is
the low energy consumption due to the possibility for more regeneration than with
other methods. A drawback with plate heat exchangers are their vulnerability when
high pressure is applied. Cracks can be formed in the plates, which can result in
leakage. Heating above 100°C requires pressures over 1 bar and this requires special
construction of the plate heat exchanger (Walstra et al., 1999, p. 228-229). Plate
heat exchangers for UHT processing are therefore developments from those which
have been used at lower temperatures, where those used for UHT processes are
implemented with more sophisticated and expensive gasket material to withstand
higher processing temperatures and pressures (Burton, 1994, p. 81). Plate heat
exchangers are only used in UHT processes when the products have a low viscosity,
due to high possibilities for fouling when viscous products are processed.

There are some cases where plate heat exchangers are not suitable, where a tubu-
lar heat exchanger is a better option. Tubular heat exchangers have a larger flow
channel than the plate type, which means that they can handle viscous products
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or products that contains high levels of pulp, fibers or particulate solids (Lewis and
Heppel, 2000, p. 72). They have a smaller specific heating surface than plate heat
exchangers, and the temperature between the milk and the refrigerant will therefore
be greater and more heat exchanger losses will occur. High pressure needs to be ap-
plied in this type of heat exchanger to avoid fouling and to improve the heat transfer.
This causes no problems for tubular heat exchanger, which means that very high
temperatures can be applied. They are therefore excellently fit for indirect UHT
treatment with temperatures up to 150 °C (Walstra et al., 1999, p. 230).

2.2 Direct heating system

UHT treatment is often done with direct heat exchangers, where the steam is in-
jected directly into the milk or the other way around. An almost instantaneous
heating to the desired temperature occurs. The water steam, which needs to be of
high purity, will directly condense, and maintained in the milk for a few seconds, be-
fore it is discharged in a vessel which reduces the pressure. An almost instantaneous
evaporation of water occurs causing rapid cooling. The amount of water evaporating
should be the same amount as the condensing water in the heating process. Direct
heating is normally just applied as the final stage of the heating. Typically, regen-
eration heats the products up to around 80°C and direct heating from 80°C to the
sterilizing temperature. Direct heating can either be done by injection, also called
steam-into-product type, or by infusion, also called product-into-steam type (Datta
et al., 2002).

The injection or steam-into-product system includes an injector which is the heart
of this system. Steam is here pressurized and injected into the product stream
through a suitable nozzle. The most important requirement is the fast condensation
of steam, to give rapid heating, and to prevent bubbles of uncondensed steam into
the holding area. If a passage of bubbles appears in the holding tube, this would
reduce the holding time at the sterilization temperature by displacing liquid and
reducing the effective volume of the tube. Rapid condensation is achieved by in-
troducing the steam into the liquid in the form of small bubbles or the form of a
thin sheet. Another requirement when this method is used, is to limit the operation
costs by having a low pressure difference between the liquid and the steam. This
will give lower costs linked to steam generation and heat losses. A phenomenon
which typically occurs in injectors when bubbles are formed, is rapid collapse of
these bubbles during condensation, which causes local changes in pressure in the
liquid and can create high noises. Some form of sound insulation can therefore be
appropriate (Burton, 1994, p. 105).

The infusion or product-into-steam system is similar to the injection system in all
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aspects except how the mixing of product with steam is done. There is a steam
pressure vessel with a conical base into which the heated product falls and from
which it passes to the holding tube. The size of these vessels and the methods for
product distribution can vary a lot in the industry, but the product heating time is
rarely more than half a second, making the size and distribution factors negligible
on the sterilizing effect. Because of the infuser shape, the volume of a bottom pool
of products adds time to the holding period, and will be determined by the flow rate
through the holding tube. The volume of this pool must therefore be minimized by
careful level control (Burton, 1994, p. 111-113).

The heating process of an infuser is generally gentler than for injectors since in-
fusers are not associated with bubble condensation and high noise level. Infusers
have always a larger size than the equivalent injectors. The dairy product distri-
bution systems in an infuser are mechanically equal to a steam injector, but since
an infuser also consist of a pressure vessel, the capital costs are generally larger for
infusers. The heating time for injectors is typically just under a second, while infuser
as mentioned earlier normally heats the product in half a second. The heating time
for both systems appear to be approximately similar, and is moreover short com-
pared to the holding time. This holding time is more predictable for injector types
than for infuser types. More factors play a role in the holding time when infusers
are used, including the pool of product at the bottom of the vessel (Burton, 1994,
p. 123-125). Figure 2.2 illustrates simple operation differences between an injector
and an infuser.

Wacuum

Injector Restrictor

(a} Injection Milk OUT

Milk IN Vacuum

Steam

(b) Infusion Milk OUT

Figure 2.2: Simple illustration of (a) injection and (b) infusion systems (Burton,
1994, p. 104)
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2.3 Comparison of indirect and direct heating systems

The two types of system differs especially with direct systems capability of high rates
of heating and cooling. UHT processing, where high temperature is supposed to be
held for short times, is for that reason simpler to obtain with direct systems. There
are also product quality benefits with direct heating, but economic disadvantages
as well, which is the most influential factor in choosing between the two systems
(Lewis and Heppel, 2000, p. 101).

Direct heating is relatively complex, and is associated with both higher investment
and operation costs than indirect heating. A number of components are customized
and specially fabricated, unlike indirect systems with standard heat exchanger plates
and tubes. Direct systems are also in need of more equipment than indirect sys-
tems, such as expansion vessels and condenser in addition to more pumps and control
systems. In 1994 were a direct plant associated with twice the capital cost as an
equivalent indirect plant with a plate heat exchanger (Burton, 1994, p. 124). The
operation costs in a direct system is higher than an indirect system because of the
restricted possibilities of heat regeneration. A direct plant can typically regenerate
50-60%, while this number is around 90% for indirect plants (Lewis and Heppel,
2000, p. 102). The higher complexity and costs associated with a direct system
makes an indirect system superior in most cases. A direct system can only be justi-
fied in special cases, where product characteristics and quality make its use desirable,
which is especially common for viscous products.
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3 Heat pump Integration in Dairy Industry

For new installations of energy efficient equipment there will be a variety of feasi-
ble solutions and the best solution for a specific plant will depend on a number of
factors. This is true for any sector of process industry, but especially in the food
industry were the number of factors to be balanced is more than ordinary process
plants. Nicol et al. (2005) categorize in particularly four interacting factors to select
best practice technology. These factors and what they include are represented in
table 3.1.

Table 3.1: Interacting factors for best practice technology (Nicol et al., 2005)

Product Operational Capital Energy
Food safety Flexibility Capital cost Energy cost
Product quality Scale Cost of control Relative cost
technology of fuels
Product Product changes Existing capital Peak demand
functionality infrastructure charges
- Cleaning - Supply infrastructure

For instance could product changes interact with the energy efficiency in a plant. If
energy efficient equipment is customized for a special operation state, it will perform
worse if the operation is changed with product changes. Another example is the de-
pendency capital costs and scale of new equipment has on energy efficiency. Small
plants with less space and capital are less likely to invest in new costly energy effi-
cient equipment, whereas big plants with large capital would have the opportunity to
do so. A typical measure for increasing energy efficiency in the industry, and thereby
also operation costs, is recycling of heat. This is normally done with a methodology
called process integration, and the result of this methodology would decide which
new equipment that fits the specific plant. Examples of such new equipment as a re-
sult of process integration are heat exchanger networks, CHP units and heat pumps.

The energy factor from table 2.1 is especially important in Norwegian industry.
Greenhouse gas emissions taxes are high compared to other countries (Bruvoll and
Larsen, 2004), which implies higher costs of fossil fuels. Norway is blessed with
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hydro-electric opportunities and the electric energy costs are generally low and sta-
ble. This reduces the electricity-to-fuel price ratio, and makes industrial heat pumps
an interesting choice for energy efficient purchases. It is said that if the electricity-
to-fuel price ratio is above three no general applicability of electrically driven com-
pression heat pumps is expected (Wallin et al., 1990). Industrial heat pumps are
associated with high capital costs, and a minimization of operational costs is there-
fore vital to obtain a low return of investment.

Heat pump systems are rarely used in the dairy industry. In 2004 had in fact
just Canada, Norway, the Netherlands and the US installed heat pumps in dairy
plants. Moreover, the number of plants with installed heat pump systems in these
respective countries is relatively low. A more common solution in the industrial sec-
tor is the installation of heat exchangers to utilize exhausted process streams, which
is a solution associated with less investment cost and overall risk than heat pumps.
It is well known that the industry is slow to invest in new equipment when it already
exists a profitable solution in the specific plant (Ozyurt et al., 2004). However, en-
ergy saving measures are nowadays vital for industrial plants to be competitive, and
the continuously discovery of more efficient and liable high temperature heat pump
technology makes it an interesting option for heating processes in the dairy industry.

3.1 Process Integration - Pinch Analysis

Where there are many process streams at differing temperature levels it will be ap-
propriate to use process integration. Process integration involves a method called
pinch analysis, which is highly used in the industry. The pinch method is a sim-
ple methodology, which do not require complex mathematical calculations. It gains
energy advantages from improving the integration of processes, often by developing
simpler and more elegant heat recovery systems. Improvements can be found not
only from heat recovery projects, but also from changing process conditions, im-
proving operability and more effective interfacing with utility systems (Kemp, 2007,
p. 2-6).

The first step when using the pinch analysis is to locate the hot and the cold streams.
Hot streams are usually process streams with an unused heat potential exiting an
industrial process or streams within a process that requires cooling, whereas cold
streams are usually streams that requires a temperature lift before entering or within
an industrial process. The second step of the Pinch analysis is to figure out the
temperature levels of the respective streams in both entering and exiting state, in
addition to the specific heat flow rates. An example of how hot and cold streams are
typically categorized and the required information to perform calculations is shown
in table 3.2. For simplicity are only two hot and two cold streams included. AT
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is the temperature range of the streams, C' is the heat capacity flow rate of the
streams, whereas (Q;,qq represents the heat load of each stream.

Table 3.2: Typical representation of hot and cold streams.

Hot/Cold AT [°C] C [kW/K] Qioaa [kW]

Hot 40 < 120 -2 -160
Hot 90 <+ 150 -2.6 -156
Cold 10 — 110 1 100
Cold 70 — 140 3 210

Before going any further, a minimum temperature difference AT,,;, is chosen, which
is included in the analysis to ensure that within any interval, hot streams and cold
streams are at least AT,,;, apart. This value is decided through a cost minimization
of capital costs and operational costs. Operational costs is smaller with a low AT,
because this gives a larger amount of heat transfer, whereas capital costs is decided
from the heat exchanger area, which again is inversely proportional to AT,,;,.

After this optimization is done, the hot and cold composite curves can be plot-
ted and the temperature interval method could be used to find pinch temperature
(Kemp, 2007, p. 19-22). An illustration of how the composite curves typically can
be arranged is shown in figure 3.1, where a AT,,;, of 10 kelvin is applied. Table 3.3
is a representation of the temperature interval method for a system consisting of the
streams from table 3.2. T™ represents the temperatures that define the intervals,
Q)1 is the heat surplus or deficit in a specific interval I, AQ); is the cumulative heat
surplus or deficit from interval 1 to interval I, while AQ;* is a variable created to
identify the pinch points, in addition to hot and cold utilities.

By studying the composite curves in figure 3.1 it is evident that the hot streams
transfers all its heat to the cold streams over the pinch point, making only heating
required in this region. The opposite phenomenon occurs under the pinch point.
Table 3.3 contains two important values, i.e. the minimum required heat demand
over the pinch Qgmin and the minimum required cooling demand under the pinch
Qcmin- These values illustrates the heat demand and cooling demand not covered
by process integration. The pinch point can also be located in table 3.3, and it can
simply be said that this point divides the process into two parts — a heat sink above
it and a heat source below it. The total pinch analysis gives three rules to achieve
minimum utility targets, which is described by Kemp (2007, p. 27) as:
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Figure 3.1: Illustration of the composite curves from the example in 3.2.

Table 3.3: Temperature interval method for the streams in table 3.2

1| T Cl| Cr kW/K] | Q1 kW] | AQy kW] | AQ,* [kW] |

0 14 (QHmm)

145

1 0.4 12 12 2
115

2 -0.6 -18 -6 20
85

3 2 20 14 0 (PINCH)
5

4 -1 -40 -26 40
35

5 1 20 6 20 (QcCrmin)
15

e Do not transfer heat across the pinch.
e Do not use cold utilities above the pinch.
e Do not use hot utilities below the pinch.

With the knowledge from the first steps of the pinch analysis and the rules to achieve
minimum utility targets, a heat exchanger network (HEN) can be designed. In this
process is it necessary to divide the problem at the pinch, and design the two parts
separately. Another necessity is to start the design at the pinch and moving away
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from it, because the streams from each side of the pinch should be be brought to
pinch by other streams and not external utilities. The last requirement yields that
if one hot stream with C'y shall bring a cold stream with C'c from somewhere below
the pinch and up to the pinch point through a heat exchanger, must C'y be greater
or equal to Cc. The opposite will always apply above the pinch point. If this is not
the case, will this heat exchanger always break the criteria of AT,,;,. Splitting of
streams can be necessary if this criteria is not met (Linnhoff and Hindmarsh, 1983).

The capital cost of heat exchangers is dependent on the surface area and the amount
of heat exchangers. All though it is possible to design several different systems, the
energy recovery should theoretically be the same in each case, making the surface
area equal in all cases. In the early stages of the design is therefore a minimization
of units of utmost important, since more units require more expenses in pipelines,
foundations and maintenance (Linnhoff and Hindmarsh, 1983). Figure 3.2 is a typi-
cal HEN solution of a system consisting of two hot and two cold streams represented
in a grid diagram. The temperatures of all streams are placed on each side of the
respective stream or between heat exchangers, while the heat transferred in each
heat exchanger is located next to the respective heat exchanger. The heat capacity
flow rate C/k; of each stream is located on the right hand side in the diagram.

Pinch
100C

40C S— s0C HX 120C Chq =-2 KWK

20 kW GO KW 40 KW 40 Ky

90C - Hx 150C Cup =-2.6 kwik
155W /I-\
-—I\H_?i/; 70C -w = 110C  Cyq =1 KWIK
§3.3G
135.3C
70C HX o @ 140C Ciz = 2 KWK

14 kKW

10C

Figure 3.2: A typical HEN of a system consisting of two hot and two cold streams.

In this solution is the minimum energy requirement and the maximum energy re-
covery achieved, which make this solution a MER network. However, the network
design is rarely so easy, and trade-offs are usually made to reduce the number of
heat exchangers at the expense of increasing some utility load (Kemp, 2007, p. 34).
Moreover, limitations in the specific plant could also deny the possibility of a MER
network, such as limiting space and reassurance of product quality.
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There can occur special cases where the pinch method is shown to be a poor method-
ology, like cases where thresholds problems occur. A threshold problem occurs when
either the external heat input or the external heat output disappears. This is a situ-
ation where the energy need is not affected by the position of the composite curves.
However, the exergy need is strongly affected, due to different temperature levels.
An exergy analysis can in this case give an insight, which is lost in the pinch method
(Wall and Gong, 1996).

Usage of an exergy analysis could also be valuable in a general case. The pinch
method centers primarily on maximizing the internal heat transfer with the choice
of appropriate AT},;,. A proposed extension of the pinch method takes into account
the complete heat transfer exergy losses, the pressure drop exergy losses and the ex-
ergy associated with manufacturing of the heat exchangers. Such an extended exergy
synthesis results in an improved and more coherent exergy balance for comparing
exergy recovery schemes. It offers a new insight and permits the identification of
solutions which are more stable in time and fairly independent of changing economic
conditions (Staine and Favrat, 1996).

3.2 Heat pump Installation through Process Integration

After a pinch analysis of the existing process streams is done, an appropriate place-
ment of heat pump can be conducted. There are four methods to integrate a heat
pump in industrial plants, and there exists different rules for integrating the different
methods. The four methods are defined by Ranade (1988) as:

e Utility to Utility

e Process to Utility
e Utility to Process
e Process to Process

Utility to utility heat pumps are normally used to create levels of steam from existing
lower level of steam. They are most likely to be appropriate in situations where an
existing facility is purchasing a certain level of steam, but through process changes
a demand of slightly higher level of steam occurs. Process to utility heat pumps
should take the surplus heat from below the pinch and use it to generate steam,
whereas a utility to process heat pump could be used above the pinch to reach
higher temperatures from an existing utility. The most common solution, which is
emphasized in this thesis, is the process to process heat pump, where energy savings
can only be realized by placing the heat pump across the pinch. This means that a




3 3.2  Heat pump Installation through Process Integration 17

heat pump can take heat from below the pinch and reject it at a temperature above
the pinch temperature. Surplus heat available below the pinch will then be made
to supply heating required above (Townsend and Linnhoff, 1983). However, there
has been studies on integrated heat pumps that not crosses the pinch point, which
have concluded that this could be economically interesting when heat exchange gets
expensive due to large distances between streams (Berntsson, 2002).

To decide if a heat pump should be implemented in an industrial plant, there needs
to be an assurance that it will decrease the annual costs in the plant. The poten-
tial for heat pump integration can be analysed from the composite curves. If these
are open, the potential is large for an efficient heat pump implementation, whereas
closed curves would make the installation less obvious. Open curves are typically
characterized by one or more evaporating or condensing stream, which is also the
case in the open curve in figure 3.3. One case of open curves and one of closed
curves are here illustrated, where the difference in energy savings by a heat pump
implementation clearly can be observed. Other factors, which affects the potential
of heat pump installations, are the electricity-to-fuel ratio, the annuity factor, the
absolute level of energy prices and the specific heat pump cost (Wallin et al., 1990).

a) Closed composite curves b) Open composite curves

Figure 3.3: Difference between heat pump potential for respectively open and closed
composite curves (Wallin et al., 1990)

The composite curves restrict the heat loads to be extracted and delivered by the
heat pump. The limit is located where the utilized heat makes a new pinch point.
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When this limit is exceeded, the composite curves are forced apart to maintain
AT in. AT, at the original pinch point is now higher than it originally was, and a
new pinch point or points are denoted by the heat pump. The original pinch point
is however still the limit where no heat is allowed to be transferred, due to the fact
that this pinch is made by the system itself and not by the heat pump. Another
important aspect, is the change in heat exchanger network, which the implementa-
tion of a heat pump creates. The amount of heat, which is extracted from streams
and delivered to other streams by the heat pump, is no longer available for heat
exchange with other process streams (Wallin et al., 1990).

When a heat pump is integrated through pinch analysis occurs a question about
the ideal heat pump temperature lift. A normal approach is to determine the tem-
perature lift regarding COP, but research concludes that COP of a heat pump alone
cannot be the sole criteria. In most cases is it not energy savings, but the reduc-
tion costs associated with energy that is the goal for process integration and heat
pump implementation. A method is therefore suggested, which limits the temper-

ature range within which the optimum heat pump must lie based on an economic
approach (Ranade, 1988).

3.3 Characteristics of Process Integration in Dairy Industry

There are several characteristic aspects for process integration in the dairy industry,
which are caused by product requirements like hygiene, product safety, nutritional
value and product quality. The non- or semi-continuous operation of most dairy
plants creates an additional constraint, which again makes a normal Pinch analysis
challenging. Process integration in dairy plants can therefore be approached in a
number of ways, and several novel pinch methods are developed to serve for different
constrains (Atkins and Walmsley, 2013).

One of the required measures making dairy plants non- or semi-continuous is clean-
ing. CIP or cleaning-in-place is vital in a dairy plant, mostly because of product
safety. The intervals between each wash are vital to a number of factors, like pro-
duction rates, energy and water consumption, and are typically 6 to 12 hours for
a pasteurization process. In plants with several individual processes, the cleaning
schedules are normally following production, and for that reason is there no sched-
uled planning of CIPs between processes to improve energy efficiency. To integrate
separate processes is therefore difficult because the processes will not always coincide
with each other. Location could be another limitation in the integration process.
There is not always space for pipelines across a factory, and if these pipes are long,
there could be another feasible solution which would function better in practice
(Atkins and Walmsley, 2013).
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Process integration for plants with a number of semi-continuous processes can be
done with the pinch method, but some adjustment needs to be done. For instance
are the heat flow rates of the streams in this case the average rates over a period
of time, and these values could therefore vary some within this interval. All though
the composition curves can be made from the pinch analysis, it is still unknown
which streams that can be connected due to the semi-continuous operation. An
approach by Walmsley et al. (2013) suggests the use of a heat recovery loop instead
of a heat exchanger network, which means that excess heat from processes can be
delivered to other processes by a thermal storage. The thermal storage consists of
an intermediate medium that acts like a heat transfer medium that is stored and
recirculated as needed. This medium is normally water at low temperatures or oil at
higher temperatures. The approach was tested in a case study with a dairy factory
containing several heat treatment processes, and proved large annual savings.

Non- or semi-continuous processes create problems for heat pump installation in
dairy plants. It is obvious that heat pumps cannot perform if the processes deliver-
ing heat and the processes receiving heat are not operating simultaneous. Atkins and
Walmsley (2013) wrote that a heat pump installation within one specific individual
process would not include this problem, in addition to having a lower threshold to
overcome in order to be economic. The heat treatment process of dairy products
is a typical process were there is possibilities for a heat pump installation due to
the requirement of both heating and cooling. The heat pump could be placed as a
cooling device for the dairy product stream exiting either the heating process or the
regeneration process and deliver heat as a part of the heating process. Ozyurt et al.
(2004) tried such an approach in a pasteurization process by using the heat pump
evaporator to cool the dairy products to 34°C and the heat pump condenser to heat
the products to 72°C. The system showed sufficient performance with a primary-
energy-saving of 66%.

There are in dairy plants typically a number of process streams that contains water
at different temperature levels. The water consumption in a dairy factory is huge,
and a cost reduction can be obtained by minimizing this consumption. It is therefore
been developed methodologies that combine heat integration and mass integration.
Such methods were used by Becker et al. (2009) and a calculated reduction of 25
% water consumption were obtained. Despite these promising calculations, there
has to this date been no published studies of this method being applied in the
dairy industry. There could be various reasons for this, like the complexity of the
method, but it is certain that the industry requires case studies before applying the
methodology (Atkins and Walmsley, 2013).
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4 High Temperature Heat Pumps

High temperature heat pumps are mostly used in the industry, where high temper-
ature processes can be used as heat source for a heat pump system. Most of the
industrial heat pumps are working on moderate temperature levels, but there are
huge potential in utilizing processes on higher temperature levels. These industrial
heat pump systems are categorized in different types, depending on how they oper-
ate. Several different types of systems exist, but the most used types are categorized
by Wolf et al. (2012) as:

e Closed vapor compression systems (CVC)

e Mechanical vapor recompression systems (MVR)
e Absorption cycles

e Thermal vapor recompression (TVR)

MVR systems represented in 1997 50 % of all installed industrial heat pumps, while
CVC applications represented 45 % (Berntsson and Franck, 1997, p. 16). CVC and
MVR systems are most relevant for dairy treatment applications. and will for this
reason be discussed further in this report.

4.1 Closed Vapor Compression System (CVC)

The easiest CVC system consists of four different components, which are an evapora-
tor, a compressor, a condenser, and a throttling valve. In an industrial application,
the system utilizes energy in an industrial process to evaporate the refrigerant flow-
ing in the system before the refrigerant pressure increases through the compressor.
The refrigerant enters then the condenser were it condenses on a higher temperature
level, and the cycle ends with the expansion through the throttling valve, and the
refrigerant is again at the lower pressure level. Figure 4.1 illustrates a simple CVC
system.

The system used in applications in the industry today are usually more complicated
than figure 4.1 to optimize the cycle performance. Several stages of compression
and throttling are commonly used, in addition to either intercooling components
or internal heat exchangers depending on the working fluid. A cascade heat pump
system is also an option for high temperature lifts, where two or more CVC cycles
are connected by using the heat energy from the condenser in a low temperature
cycle to evaporate the fluid in a higher temperature cycle. Another option is a
trans-critical system, where the refrigerant is compressed up to trans-critical levels
and the refrigerant releases its energy through a gas cooler instead of condensing.
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Figure 4.1: Simple closed vapor compression cycle

Most application of closed industrial heat pumps are working on temperature levels
less than 50°C. The closed system had in 1988 a maximum temperature level at 120-
140°C due to thermal degradation of oil lubrication in compressor and limitation of
the refrigerants (Gluckman, 1988, p.64-65).

4.1.1 High temperature refrigerants

When high-temperature refrigerants are compared to each other, there are some
properties that are especially important to consider due to their impact on how the
heat pump system will operate. The critical pressure P,.; is important, since the
superheating out of the compression process is proven directly dependent on it. If
P.,.;; is high, the fluid has a tendency to exit the compressor in high superheated
state, while with low P..; the fluid needs to enter the compressor in superheated
state to avoid liquid in the compressor. Another important property is the critical
temperature T.,.;; since the COP tends to increase with higher T,.;;. The volumetric
heating capacity VHC is important for the compressor design, since low VHC gives
a high volumetric flow rate, which again requires larger compressor sizes. The value
of VHC is strongly dependent on the normal boiling point 73,. A high T}, implies
a low saturation pressure at a given temperature and therefore a low vapor density,
which again gives a low VHC (Bertinat, 1988).

The first parameters used to exclude not-optional fluids are the Ozone Depletion
Potential (ODP) and the Global Warming Potential (GWP), which are used to
measure the threat a fluid oppose to the ozone layer and to global warming. After
the decisions of phasing out refrigerants with too high GWP and ODP, many refrig-
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erants with capable thermodynamic properties are or will in the future be unusable
in heat pump systems. This includes especially CFC, HFCF and HFC fluids. The
decision of phasing out CFC fluids due to high ODP values was an important part
of the Montreal Protocol from 1989. HCFC fluids were suggested to replace CFC
fluids, but the restriction of HCFC usage started in 1996 and the plan is to phase
them out before 2030 (Chamoun et al., 2012). HFC fluids were the solution to the
out phasing of HCFC fluids and were seen as a long-term solution with their low
ODP values (Calm and Hourahan, 2007). The awareness of global warming became
a huge political discussion in the late 1990s, and with the Kyoto Protocol in 1997
the GWP values of refrigerants became an important issue and restricted the usage
of HFC fluids, although it is still highly in use. Since the global warming focus is
just getting larger, more restrictions on HFC fluids are counted as a future certainty.

The natural fluids used in the first mechanical vapor compression cycles, like ammo-
nia, carbon dioxide, hydro carbons and water, are nowadays considered as substi-
tutes for fluorochemical compounds (Calm and Hourahan, 2007). Especially water
(R718) and some hydrocarbons like pentane (R601) or isopenthane (R60la) are
showing potential for applications at high temperature levels. The advantages with
water as refrigerant are many, like the GWP and ODP values, it is not lammable,
no disposal problems after use, it can work with direct heat exchangers and it has
a high latent enthalpy (Karazhi et al., 2004). Water is especially showing potential
in heat pumps at very high condensing temperatures over 150°C, where it is one
of few available refrigerants that actually can be utilized due to its high critical
temperature. Usage of water steam has shown to give high COP, but it is far from
ideal due to its low VHC value and extreme superheating through the compressor,
which increases compressor size (Bertinat, 1988). It is identified that water has ap-
proximately 200 times higher volumetric flow rate than traditional refrigerants for
the same application at moderate temperature levels (Miiller, 2001), but this factor
will decrease for higher temperatures. Usage of hydrocarbons is also counted as not
ideal, since they all are in some ways flammable, which require implementation of
different security measures. Hydrocarbons like pentane and isopentane have inci-
dentally the opposite problem as water with superheating, which means that they
need to be superheated before entering the compressor.

4.1.2 Application

Industrial heat pumps are used in a large range of branches, and the most common
ones are the petroleum industy, chemical industry, wood drying industry and the
food and beverage industry. The most common application is dehumidification
drying of wood, which usually are small CVC systems (McMullan, 2013).
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4.2 Mechanical Vapor Recompression (MVR)

MVR systems are similar to the CVC system, but some differences still exist. The
most obvious one is the fact that a MVR system is open, which means that it has
a mass flow of refrigerant in and out of the system because it uses the exhausted
process fluid as the refrigerant in the system. This exhausted process fluid is usually
vapor entering the MVR system, which means that it directly goes through a com-
pression process without needing the evaporator. The fluid then transfers heat while
condensing and then leaves the system (Wolf et al., 2012). Figure 4.2 illustrates a
typical MVR system.

Condenser i

Qeond, AT>0 Process flow

v

MVR flow

=3 Industrial process e ! 'f Heat exchange

Figure 4.2: Simple mechanical vapor recompression system.

MVR systems are preferred when it is possible because of high performance com-
pared to CVC systems and other solutions. It exists multiple reasons for this, but it
is clear that losses in the extra components and mainly the extra heat exchanger in
CVC systems have an impact (Bantle et al., 2015). In addition to this is the MVR
system cheaper than a CVC system due to fewer components. The problem with
a MVR system is that its application is seen as much more restricted than other
systems (Gluckman, 1988, p. 64-65).

4.2.1 Refrigerants

The refrigerant in MVR systems is usually water, because it is the fluid that most
often is available in the industry as exhausted process gas. Water steam between 70-
100°C is compressed and usually condenses at temperatures around 20-30°C higher
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than before compression. It is also possible to achieve higher temperature levels,
but the COP will decrease and it requires higher investment costs in the sense of
technological modifications and extra components.

4.2.2 Application

The main application for MVR systems are vapor compression evaporation, distil-
lation, evaporative crystallization and evaporative drying. The reason for that is
the high energy consumption these processes are requiring, and a reduction in this
consumption, which can be achieved by implementing a MVR system, can lower the
operation costs substantially (Turbovap, n.d.). For vapor compression evaporation
application, which is a process were heat is recovered by transferring the heat from
the condensing process to the evaporation process, are MVR systems especially in
highly use and are easy to implement (McMullan, 2013).

The temperature lifts for these different applications can vary a lot. For usage
in evaporation plants the temperature lift is 10 to 20 kelvin, in distillation columns
30 to 60 kelvin, in drying processes 50 to 70 kelvin and in process integration 20 to
70 kelvin (Madsboell et al., 2015).

4.3 Compressor

The choice of compressor type and design in an industrial heat pump system is vital
to obtain not just a low system investment cost, but also a low operation cost in
form of an optimal COP for the system. The most common compressor types in
industrial heat pumps are reciprocation compressors, screw compressors and turbo
compressors. There are some other compression technologies available in industrial
application, for instance centrifugal fans and roots air blowers, which are used for
smaller pressure ratios.

The choice of compressor type is depended on different variables, including the size
and temperature levels of the system. The competitive capacity ranges for different
compressor types have been changing a lot over the years. The present opinion is
that the range is decreasing from the higher to the lower speed machines, which
means that reciprocation compressors normally handles the lowest capacities, the
turbo compressors handle the highest capacities, while the screw compressor range
is in between the other compressor types. Typical values are maximal 500 kW heat
output in systems with reciprocation compressors and 5 MW for screw compres-
sors, while turbo compressors are used in systems with heat output from 2 MW
and higher (LeonardoEnergy, 2007). As screw compressors have been developed to
handle higher capacities, the usage has penetrated the traditional capacity range
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of turbo compressors, making turbo compressors less competitive on medium-high
flow rates (Soumerai, n.d.).

The physical properties of the working fluid, in particular the specific heat of con-
densation and the specific volume at the inlet of the compressor affects the size of
the compressor, and is therefore important factors in choosing and designing the
compressor in a heat pump system. Compressor efficiency is another important fac-
tor, and typical total efficiency values for different compressor types were in 1997
0.48 for reciprocation compressors, 0.55 for screw compressors and 0.64 for turbo
compressors (Berntsson and Franck, 1997, p. 21). These values will differ some
for different working fluids, but it is still an indication of typical compressor type
performances.

4.3.1 Turbo compressor

It exists two different kinds of turbo compressors, the axial compressor and the cen-
trifugal compressor. Axial compressors are preferred in applications like gas turbines
and high speed ship engines, while centrifugal compressors are often used in auto-
motive engines and in natural gas pipelines. The advantage of the axial compressor
is a more compact design and high efficiency, while the centrifugal compressor is
cheaper and can manage relatively higher pressure ratios per stage of compression
(Madsboell et al., 2015). The centrifugal compressor is the most natural choice for
heat pump applications, mostly due to the investment costs.

The main task for compressors is to increase the working fluids pressure. A cen-
trifugal turbo compressor causes that to happen when the working fluid is entering
the compressor axially, and its kinetic energy increases by the compressors rotating
impeller. After leaving the impeller, the fluid passes through a diffuser, where the
high speed flow is slowed down which leads to a pressure increase before it exits the
compressor in radial direction. This pressure increase is dependent on the impeller
peripheral speed, the fluid properties, the flow field geometry, the degree to which
the compressor flow field have been optimal designed and the operation conditions
of the compressor (Sarevski and Sarevski, 2014). An illustration of a typical cen-
trifugal compressor design can be found in figure 4.3.

It is said that the most serious limitation of a turbo compressor is the lack of
flexibility, in the sense that it cannot operate at a constant speed over a wide range
of conditions. Moreover, screw compressors allow higher compression ratios and
typically higher COP in CVC systems (Berntsson and Franck, 1997, p. 5-6). The
result of this is that turbo compressors are for most applications just competitive at
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Typical centrifugal compressor.

Figure 4.3: Typical centrifugal compressor design (Roy and Pradeep, n.d.)

very high capacities or in special cases where competing compressor types are not
sufficient.

4.3.2 Centrifugal compressors in water based heat pumps

The centrifugal turbo compressor is often used in MVR systems and large CVC
systems. The usage of turbo compressors in such systems can be explained by the
use of water vapor as refrigerant, and its extremely low density compared to other
refrigerants, which results in high volumetric flow rates. The pressure ratio in turbo
compressors used in MVR systems is normally around 2, while the isentropic ef-
ficiencies varies from 0.7 to 0.8 (Berntsson and Franck, 1997, p. 26). The turbo
compressor can produce higher pressure ratios with use of advance materials and
multiple stages, like the customized turbo compressor offered by the Danish com-
pany DryingMate (n.d.), which can manage a temperature lift of 50 kelvin.

The newest commercial centrifugal compressors are able to handle extreme volumet-
ric flow rates, but have a rather restricted temperature lift per stage. The Chinese
enterprise Turbovap (n.d.) have compressors available with a maximal temperature
increase of 20 kelvin per stage and can maximal manage 100 ton water per hour.
The low temperature increase for each stage is a result of waters properties, and
especially its high critical pressure, which makes it highly superheated after each
compressor stage (Bertinat, 1988). The consequence of this is that the pressure ratio
must be as high as possible, but is limited by waters low molecular mass, forcing an
extreme impeller peripheral velocity. The material restricts this velocity to maximal




4 4.8 Compressor 28

500 to 600 m/s (Sarevski and Sarevski, 2012a).

Normal commercial centrifugal compressors have problems with the rotational speed
requirements in applications with usage of water as working fluid. A novel compres-
sor with a special planetary gear from an automobile supercharger is newly devel-
oped, giving the centrifugal compressor a rotational speed range from 100 000 to
300 000 rpm. The cost of manufacturing a traditional gear for centrifugal compres-
sors to operate more than 50 000 rpm is huge. The planetary gear can therefore be
an extremely cost efficient component in turbo compressor used with water vapour
(Madsboell et al., 2015). This is a promising development of the technology, consid-
ering that the research paper from Lachner et al. (2007) concluded that heat pump
systems using water as refrigerant needed a breakthrough in compressor technology
due to the high compressor costs.

This development is now patented and commercialized by the Danish company
Rotrex A /S, which delivers relatively cheap turbochargers. Their largest turbocharg-
ers can handle a rotational speed of 90 000 rpm, whereas the smaller ones handles
rotational speeds up to 220 000 rpm, and are used in the automobile industry
(RotrexA/S, n.d.). However, a cooperation project between Rotrex A/S and an-
other Danish company, Weel & Sandvig, investigates the possibility for utilization
of such compressor technology for water based heat pumps at temperatures between
70 and 150 °C. The concept is to connect compressors together both in parallel
and series in the heat pump system, such that flexibility in volumetric capacity and
temperature lift are achieved (Weel et al., 2012).

An advantageous attribute with centrifugal compressors in industrial heat pumps,
is the possibility for usage without oil lubrication. Among several possibilities are
magnetic bearings and dry gas seal bearings the most common technology in oil free
compressors (Stahley, 2005). This technology leads to not only less maintenance
costs, but will also in heat pump applications lead to no losses due to oil contamina-
tion on heat transfer surfaces. Moreover, avoidance of oil circulation in heat pumps
is especially vital in applications where products are vulnerable for small leakages in
heat exchangers, such as in the food industry. The planetary gear used in the novel
compressors from Rotrex A /S is however in need of oil lubrication, but non of this oil
is in contact with the working fluid. Although no leakage of oil to the compressed
water vapour were detected when this compressor technology were demonstrated
(Weel et al., 2012), are there no assurances of this over a long period of time, and
can therefore be problematic in applications with fragile products.

For centrifugal compressor using water as refrigerant is multi-stage compression of-
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ten required due to high pressure ratio and high volumetric flow rate (Lachner et al.,
2007). To split the compression in stages means in this case simply to connect two
or more separate compressors. The COP of a two-stage R718 centrifgual compressor
system with an intercooler-economizer between the stages is proven to be constant
at around 9 % higher than a single stage for different temperature lifts (Sarevski
and Sarevski, 2012b). For systems that requires lifts more than 45 kelvin is a three-
stage compression process needed, whereas the maximum three-stage temperature
lift is approximately 75 kelvin (Madsboell et al., 2015). The compressor stages are
usually limited to three, and as illustrated in figure 4.4 by the trends for flashed
intercooled and indirect intercooled compressors, the increase in COP by expand-
ing the system from 3 to 4 stages is usually not high enough to be financial advisable.
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Figure 4.4: COP for different number of stages for a variety of intercooling methods
(Lachner et al., 2007).

In figure 4.4 are different methods to cool the superheated water steam between
compression stages mentioned. The most efficient methods are flash intercooling,
which is a method of direct intercooling, and indirect intercooling. These two meth-
ods are illustrated in figure 4.5. Flash intercooling is done by cooling the working
fluid in a flash tank, also called pressure vessel, between the compression stages,
whereas indirect intercooling is done by cooling the working fluid with an external
fluid in a heat exchanger. Flash intercooling and indirect intercooling have, as figure
4.4 shows, approximately the same efficiency, but flash intercooling is considered a
cheaper option and is therefore preferred in most cases. However, it is not possi-
ble to implement flash intercooling for all applications, and indirect intercooling is
rather applied in such cases (LeonardoEnergy, 2007).
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Figure 4.5: Different intercooling methods.
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5 Case study: UHT Plant in Tine Aalesund

Tine Aalesund is a dairy factory in Norway, which operates several heat treatment
plants including four UHT plants and several pasteurization plants. The pasteuriza-
tion plants are extremely energy efficient, with around 90% regeneration, but this is
not the case for the UHT plants. One of these UHT plants is a model called Ther-
men, which is emphasised in this case study. A flowchart and additional information
of the plant is attached in appendix A, and a simple illustration can be found in
figure 5.1.
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Figure 5.1: Simple flowchart of Thermen.

Thermen is a typical UHT plant with direct heating, in addition to external pre-
heating and cooling of products. The plant runs at a variety of operating conditions
dependent on the product specifications. The reason for this is that some products
have higher viscosity than others, which means that these viscous products leave the
system at high temperatures to secure the correct flow rate. Hence, these products
only requires a small amount of cooling after the UHT treatment. On the other
hand are less viscous products in need of a large amount of cooling after the UHT
treatment. Moreover, these less viscous products have a larger customer demand,
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and are produced more frequently than the viscous products. For this reason is only
the production of whole milk, which is one of these less viscous products, further
analysed in this thesis. Whole milk contains 88.7 % water, 3.5 % fat, 4.5 % carbo-
hydrates and 3.3 % protein.

6240 kg/hour of products enter the system in P.1 at 4 °C and are pumped to the
first heat exchanger for preheating, named HX1. However, this heat exchanger is
not utilized for products with high cooling demand. The outlet temperature at P.2
is therefore still 4 °C. The products are then entering a second heat exchanger for
preheating, HX2, and are heated to 75°C in P.3. The products are now pumped to
the direct heating system consisting of an injector, a holding tube and a vacuum
tank. 784 kg/hour water steam at 6 bar is injected into the products. The products
are almost instantly heated to 143°C in P.4 while the water steam is condensing.
The products are kept at a temperature of 143 °C and a pressure of 4.5 bar for
7-9 seconds in the holding tube, before it is expanded in the vacuum tank at 0.7
bar. The expansion leads to evaporation of exactly 784 kg/hour of water steam, and
an almost instantly cooling of the products to 76°C in P.5. The water evaporating
temperature at 0.7 bar is 90°C, which means that some additional cooling must be
done in the vacuum tank. There is no information available of the vacuum tank
content, and the additional cooling is therefore assumed as free cooling.

The products are then entering the homogenizer, and exit at approximately the
same temperature. The rest of the product cooling is done with two heat exchang-
ers. The first heat exchanger for cooling, named HX3, cools the products down
to 23 °C in P.6. For later calculations is this temperature corrected to 24.8 °C to
withstand a criteria of 5 kelvin temperature difference in heat exchangers. The sec-
ond heat exchanger for cooling, named HX4, cools the products down to the final
temperature of 8 °C before exiting the plant.

The four different heat exchangers for product heating before direct heating (HX1
and HX2) and cooling after direct heating (HX3 and HX4) are all using water as
heating or cooling fluid. HX1, which is not utilized, is available to use parts of the
condensate from the exhausted water vapour exiting the vacuum tower as heating
fluid. This is shown in figure 5.1 by point W.1.3 and W.1.4. HX2 for preheating
and HX3 for cooling are connected within the same water circuit, which means that
these two heat exchangers are dependent on each other. However, the mass flow
rate in HX2 is greater than in HX3. The water circuit is made for flexible opera-
tion, but this analysis assumes constant operation, such that 893 kg/hour water is
drained in W.2.3 before entering HX3, whereas the same amount is added in D.4.
6790 kg/hour water is cooled in HX2 from 81.1 °C in W.2.1 to 19.8 °C in W.2.2.
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5897 kg/hour of water enters HX3 at 19.8 °C in W.2.4 and is heated to 70.7 °C
in W.2.5. To achieve the required mass flow rate and temperatures in HX2, is an
additional heat exchanger H Xpy connected to the circuit, which acquires energy
from steam production. Water is here heated from 70.7 °C in W.2.6 to 81.1 °C in
W.2.1. Because HX3 is not sufficient for the whole cooling demand of the products,
is ice water utilized in HX4. 6548 kg/hour of ice water enters HX4 at 2 °C in IW.1
and leaves at 17 °C in IW.2.

The factory utilizes two gas boilers of 8 and 4 tons and one electricity boiler of
3 tons to produce water vapour at 10 bar. The gas boilers have an efficiency of 86%),
while the electric boiler has an efficiency of 92%. This steam is expanded to 6 bar
and utilized both for the injector and for preheating of the products in the UHT
plants. For Thermen is this steam utilization shown in figure 5.1 before the injector
in W.1.1 and before heat exchanger H Xpy in D.1. The ice water production in the
factory is done in a 80 000 liter tank, which is cooled by the evaporator of an ammo-
nia refrigeration system. The water temperature entering the tank is dependent on
the outdoor temperature, while the water exiting the tank is between 1°C and 2°C.
Due to the varying temperature entering the tank is it sufficient for calculations to
apply an approximate average yearly temperature of 6 °C. The temperatures, Tp
and Ty, and mass flow rates, mp and myy, of all known process streams are listed
in table 5.1.

5.1 System 1: Existing Plant

The temperatures AT, mass flow rate m, specific heat capacity C'p and heat loads @
of the process streams that are included in the energy analysis are listed in table 5.2.
The streams are divided into cold streams (K) and hot streams (H). The streams
included are:

e K1, which contains the preheating of the product stream from point P.1 to
P.3.

e K2, which contains the direct heating of the product stream from point P.3 to
P.4.

e K3, which contains the water side of heat exchanger HX3 from point W.2.4 to
W.2.5.

e K4, which contains the water side of heat exchanger H X py from point W.2.6
to W.2.1

e H1, which contains the cooling of the product stream from point P.5 to P.7.
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Table 5.1: Mass flow rates and temperatures at specific points in Thermen.

Products ‘ mp [kg/h] ‘ Tp [°C] ‘ ‘ Water ‘ iy [kg/h] ‘ Tw [°C] ‘

P.1 6240 4.0 W.1.1 784.4 159.0®
P.2 6240 4.0 W.1.2 784.4 76.0
P.3 6240 75.0 W.1.3 0 -
P4 7024.4 143.0 W.1.4 0 -
P.5 6240 76.0 W.1.5 784.4 76.0
P.6 6240 24.8(1) W.1.6 784.4 33.3
P.7 6240 8.0 W.2.1| 6789.6 81.1)
W.2.2 | 6789.6 19.8(3)
W.2.3 892.8 19.8()
W.2.4 | 5896.8 19.8()
W.2.5 | 5896.8 70.73)
W.2.6 | 6789.6 70.73)
IW.1 6548.4 2.0
IW.2 6548.4 17.0

1) This temperature is corrected from 25°C to 24.8°C to withstand a criteria of

minimum 5 kelvin between fluids in heat exchangers. ) Only the pressure of this

stream is known, and saturated vapour is assumed to obtain this temperature. )

These temperatures are collected from when the actual plant was running.

e H2, which contains the exhausted condensate utilized for hot tap water pro-

duction from point W.1.5 to W.1.6.

e H3, which contains the water side of heat exchanger HX2 from point W.2.1 to

W.2.2.

It can be observed that both K1 and K2, and K3 and K4 actually are the same
streams. However, these are divided into separate process streams to make calcu-
lations possible. K1 and K2 are divided because the direct heating is forced in the

system and cannot be replaced by heat exchanger integration due to product qual-

ity reasons. K3 and K4 are divided because the mass flow rate of the streams are

different.

The water vapour utilized in the direct heating DH and in H Xpy are categorized as
hot utilities, while the ice water stream in HX4 and the tap water stream in H Xy,

are categorized as cold utilities. Regarding the cold utilities is it important to no-

tice that power is needed to produce the ice water stream, whereas hot tap water is

produced in H X7y, and is therefore counted as useful surplus heat from the system.
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Table 5.2: Hot and cold process streams for system 1.

Hot/Cold AT [°C] 1 [kg/h] Cp [kI/kg*K] Q [kW]

K1 4 — 75 6240 3.936 484.36
K2 75 — 143 6240 3.983 469.47
K3 19.8 = 70.7  5896.8 4.186 349.02
K4 70.7 — 81.1  6789.6 4.194 82.25
H1 8 < 76 6240 -3.933 -463.49
H2 33.3 « 76 784.4 -4.186 -38.94
H3 19.8 <~ 81.1  6789.6 -4.190 -484.36

From the information in table 5.2 can a grid diagram of the existing HEN system be
drawn, as done in figure 5.2. The temperatures of all streams are placed on each side
of the respective stream or between heat exchangers, while the energy transferred in
each heat exchanger is located next to the respective heat exchanger. The heat ca-
pacity flow rate C'y/; of each stream is placed on the right hand side in the diagram.

4c = Hsz/ = 75C Ciq = 6,822 kwiK
484,35 k]
75C KDH\ » 143C Ciz = 6,304 kwiK
N 469,47 kw
19.8C = HX3 > 70,7C Cyea = 6,857 kwlK
348,08 kw
70,7C —s- g11c Cia = 7,909 kwiK
82,25 kw
24 8C
8C HX4 HX3 s 76C Chy =-5,816 kwiK
114,51 kw
333c a—@, 76C Chyz =- 0,912 kwiK

38,94 kw
19.8C =

@1 81,1 Cpa = 7,901 kwiK

Figure 5.2: Grid diagram of the heat exchanger network in system 1.

Figure 5.2 shows that the existing plant uses 6 heat exchangers in the current oper-
ation, but has 7 heat exchangers available if HX1 is accounted for. This operation
requires 530.54 kW of hot utilities, in the form of DH and H Xppy, and 147.56 kW
in cold utilities, in the form of HX4 and H Xry,. This however does not reflect the
heat and power consumption required by the UHT plant. The reason for this is the
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different attributes of the utilities. DH and H X py utilizes steam from boilers with
efficiencies lower than unity, and the heat and power consumption will be distinctly
higher than what is transferred in the heat exchange processes. HX4 utilizes ice wa-
ter, which is produced by an energy efficient ammonia refrigeration system, and the
power demand will be distinctly lower than what is transferred in the heat exchange
process. Only the heat transferred in H Xpy is approximately identical to what is
accounted for in the energy balance for the whole system.

5.2 System 2: Existing Plant with Modifications

From figure 5.1 can it be observed that there must occur a water vapour stream in
the vacuum tank, which condenses trough the tank at 90°C and cools down to 76°C
before it exits and is utilized afterwards for hot tap water production (stream H2 in
system 1). In this system is it assumed that the water vapour stream can be utilized
in a condensation process, which is called stream H4. It is also assumed that the
latent heat from cooling of this stream from 90°C to 33.3°C can be utilized, which
is this system is called H2. Thus, this is the same stream as H2 from system 1, only
with greater temperature range. Whether it is possible to utilize the condensation
process without affecting the product processing is uncertain, but the option is nev-
ertheless interesting from an energy efficiency perspective. The water vapour, which
occurs in the vacuum tank, is the same amount of water as the amount injected into
the product in the direct heating process. The result of this is that stream H2 and
the new condensing stream H4 are dependent on the hot utility in form of direct
heating on stream K2, which means that this utility is forced in this system. The
streams in this system and system 1 are otherwise identical. Table 5.3 includes the
temperatures AT, mass flow rate 1, specific heat capacity Cp and heat load @) of
the included process streams in this system.

Table 5.3: Hot and cold process streams for system 2.

Hot/Cold AT [°C] 1 [kg/h] Cp [kI/kg*K] Q [kW]

K1 4 — 75 6240 3.936 484.36
K2 75 — 143 6240 3.983 469.47
K3 19.8 = 70.7  5896.8 4.186 349.02
K4 70.7 — 81.1  6789.6 4.194 82.25
H1 8 <76 6240 -3.933 -463.49
H2 33.3 < 90 784.4 -4.186 -01.71
H3 19.8 <~ 81.1  6789.6 -4.190 -484.36

H4 90 + 90 784.4 - -497.44
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From table 5.3 can an unfinished grid diagram of system 2 be drawn, as shown
in figure 5.3. A finished diagram of HEN as the one in figure 5.2 cannot be done
with this system yet, since no calculations are done. However, the forced hot util-
ity, DH, has to be operating in order to create stream H2 and H4, which can be
included in the diagram. The temperatures of all streams are placed on each side of
the respective stream, while the energy transferred in each heat exchanger is located
next to the respective heat exchanger. The heat capacity flow rate Cy/k; of each
stream is placed on the right hand side in the diagram.

4C = 75C Cyeq = 6,822 kwlK
75C '® » 143C Cyez = 6,904 kwiK
469,47 kw

19,8C 70,7C Cyca = 6,857 kwlK
M0IC———————— %31 1C Cica = 7,909 kiv/K
8C 76C Cyyq = -5,816 kw/K
333C 90C Cpz =-0,012 kwik
19,8C 811C Cyya = -7,901 kwiK

90C —————————— 0 Cpg = - kwik

Figure 5.3: Simple illustration of the unfinished grid diagram of system 2.

5.3 System 3: Existing Plant with Modifications

In this system are the condensing stream H4 and the latent heat of H2 utilized, as
for the previous system. However, a clear difference between this system and sys-
tem 2 occurs because the entire water circuit W.2 from figure 5.1 is removed. This
means that stream K3, K4 and H3 are not included in this stream. This is done to
test the potential of doing preheating and cooling of products otherwise. The W.2
circuit is not practically removed, but rather operates as utilities. The argument
for doing this is that the circuits heat demand is large, and reducing this heat load
by integrating heat exchangers between other streams could mean massive energy
savings. Whether these heat exchanger integrations are possible is still questionable,
since product quality needs to be secured and space needs to be available, but the
option is still interesting from an energy efficiency perspective. The process streams
in this system are otherwise identical to system 2, and listed in table 5.4.
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Table 5.4: Hot and cold process streams for system 3.

Hot/Cold AT [°C] 1 [kg/h] Cp [kJ/kg*K] Q [kW]

K1 4 — 75 6240 3.936 484.36
K2 75 — 143 6240 3.983 469.47
H1 8« 76 6240 -3.933 -463.49
H2 33.3 <+ 90 784.4 -4.186 -51.71
H4 90 <~ 90 784.4 - -497.44

Since H4 and H2 from system 2 are also included in this system, is the forced direct
heating DH also included in this system. From this information and table 5.4 can
the unfinished grid diagram be drawn, as illustrated in figure 5.4. The temperatures
of each stream is placed on each side of the stream, while the energy transferred in
each heat exchanger is located next to the respective heat exchanger. The heat ca-
pacity flow rate C'y/; of each stream is placed on the right hand side in the diagram.

4C 75C Cier = 6,622 kwiK

75C rf/l;l—r\ 143C

469,47 kw

Ciep = 6,904 kwiK

aC - 76C Cyy =-6,816 kwiK

33,3C e a0c Cpz =-0,912 kwiK

90C S 90C Cha = - kwiK

Figure 5.4: Simple illustration of the unfinished grid diagram of system 3.

5.4 System 4: System 2 with Heat Pump Implementation

System 4 is identical to system 2, but with one new modification. The point of this
system is to look at the potential for utilization of the new condensing stream H4
from system 2 in a heat pump, such that the heat in this stream can be recycled on
a higher temperature level. In the previous systems is it clear that most of the heat
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consumption is realised through steam production for the direct heating process.
If this heat rather could be delivered by a heat pump with high net power factor,
could this save a huge amount of energy.

The chosen heat pump solution for this application uses the steam from the vacuum
tank directly as working fluid and compresses it up to 6 bar, which is the same
pressure level as the steam utilized in the existing system for direct heating. The
steam from the compression process is then utilized in the direct heating process in-
stead of steam produced in steam boilers. The heat pump must therefore be able to
cover the entire heat demand required in the direct heating process. The heat pump
will continuously recycle water from the vacuum tank, and release it in the injector,
which makes this heat pump a closed system. Because no investments in evaporator
or condenser are required, and no heat exchanger losses will occur, is this solution
considered the cheapest and most suitable option for this specific application.

To be able to implement this heat pump, there are some challenges that must be
solved. There is absolutely no literature studies on heat pumps for this specific ap-
plication, and its potential is therefore uncertain. There are several reasons for this.
Firstly, the product quality must be maintained with this solution, which means
that the water vapour must be sterile. To accomplish this must the heat pump be
equipped with a filter system, oil free compressors and possibly more such equip-
ment to secure no contamination of the products. This problem could be avoided by
using a CVC solution. However, another challenge with the heat pump is the high
required temperature lift of 70 kelvin, which would be even higher for a CVC sys-
tem due to extra heat exchanger losses. Even a temperature lift of 70 kelvin creates
difficulties for the chosen system, because the water vapour exiting the compression
process is highly superheated. This forces a multistage compression process with
intercooling between the stages to avoid extreme temperatures. Turbo compressors
are commonly utilized in such arrangements with water as working fluid, and can be
developed with oil-free bearings. A multistage turbo compressor solution is there-
fore chosen for the compression process in the heat pump.

Another requirement is the pinch point temperature. For the heat pump imple-
mentation to be rational, it must be placed around the pinch, since this would be a
process-to-process heat pump. This means that the pinch point must be located at
a temperature level above the condensation temperature of stream H4 at 90°C for
the heat pump implementation to be advisable. The pinch, which here is spoken
about, is the pinch point from a pinch analysis on system 2. This is because such a
pinch analysis is done on the system with the original streams without any impact
from the heat pump. To create a heat exchanger network for this system must a
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new pinch analysis be done with the heat pump system implemented.

The portfolio of streams for the new pinch analysis, which includes the heat pump
implementation, are almost identical to the stream portfolio of system 2 in table 5.3.
However, since the heat pump is a closed system, the stream H2 must be removed
because no water liquid from the vacuum tower can be utilized in the heat exchanger
network. Otherwise is the stream H4 named HP in this system, and changed ac-
cording to how the heat pump approximately must function in this system. The
mass flow rate of stream HP mpygp is unknown, but must be lower than the mass
flow rate of stream H4, since superheat from the heat pump compression is utilized
in the direct heating. The superheat temperature out of last compression step is
unknown as well. The streams are shown in table 5.5.

Table 5.5: Hot and cold process streams for system 4.

Hot/Cold AT [°C] 1 [kg/h] Cp [kI/kg*K] Q [kW]

K1 4 — 75 6240 3.936 484.36
K2 75 — 143 6240 3.983 469.47
K3 19.8 = 70.7  5896.8 4.186 349.02
K4 70.7 — 81.1  6789.6 4.194 82.25
H1 8« 76 6240 -3.933 -463.49
H3 19.8 <~ 81.1  6789.6 -4.190 -484.36
HP 143 « 7 >784.4 - -469.47

Since the heat pump is implemented with stream HP as its heat source and stream
K2 as its heat sink, this connection is forced in this system. All other streams are
free, and this is shown in figure 5.5. The temperatures of all streams are placed
on each side the respective stream or between heat exchangers, while the energy
transferred in each heat exchanger is located next to the respective heat exchanger.
Since the heat pump performance needs to be simulated, the power consumption of
the heat pump (HP in figure 5.5) is unknown. The heat capacity flow rate Cy/x;
of each stream is placed on the right hand side in the diagram.

The heat pump itself, is a MVR system with 3-stage compression, and can be
observed in figure 5.6. The steam exiting the vacuum tank (1) is heated 5 kelvin to
avoid liquid compression, before it enters the first compressor step (2) and exits it
at the first intermediate pressure level (3). Since the stream exits the first compres-
sion step highly superheated is a heat exchanger placed between first and second
compressor step for intercooling purposes. Here will the gas be cooled down to 5
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Figure 5.5: Simple illustration of the unfinished grid diagram of system 4.

kelvin above the dew point line (4) before it enters the second compression step.
The stream reaches the second intermediate pressure level at the compressor exit
(5) and enters the second intercooling heat exchanger highly superheated. It is also
in this heat exchanger cooled down to 5 kelvin above the dew point line (6) before
it enters the third compression step and is compressed up to the top pressure level
(7). The steam is at this point superheated while it enters the injector and is then
mixed with products while it cools down and condenses in the direct heating process.
The mixed products and water liquid stays in the holding tube for approximately 8
seconds before it expands in the vacuum tank, and the water evaporates and can be
utilized again in the heat pump.

The compressor steps are organized such that the first compressor step is three
turbo compressors in parallel, the second step is two turbo compressors in parallel,
whereas the third step is one single turbo compressor. Such an arrangement is typi-
cal for multistage compression with turbo compressors in water based systems with
large heat capacity. The reason for this is the density difference of the water vapour
entering the different compressor steps. In the first compressor step is low pressure
steam entering, which implies a low density. This gives a large volumetric flow rate,
and more turbo compressors in parallel are therefore required. The entering stream
in compressor step 2 has a higher pressure, which gives a lower volumetric flow rate,
and requires therefore only two parallel turbo compressors. The entering stream in
the third compressor step has an even higher pressure, which gives an even lower
volumetric flow rate, and only one turbo compressor is required.
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Figure 5.6: Illustration of the heat pump solution for the UHT plant.

Regarding the intercooling between the compression steps would usage of interme-
diate pressure vessels have been the ideal option, as the literature claims. However,
this is not possible in this heat pump system. The reason for this is that the stream
after the third compression step is utilized in the direct heating, such that there is
no stream being expanded as there would in a normal heat pump system. Indirect
heat exchangers are therefore conducting the intercooling. A water circuit is made
to do the cooling in the heat exchangers. As the water is heated on the water circuit
side of the intercooling heat exchangers, this circuit can also possibly be utilized in
a heat exchanger for preheating of the vapour entering the first compressor step to
avoid liquid compression.

5.5 System 5: System 3 with Heat Pump Implementation

System 5 is identical to system 3, but with one new modification. The point of
this system is to look at the potential for utilization of the condensing stream H4
from system 3 in a heat pump, such that the heat in this stream can be recycled
on a higher temperature level. The heat pump implementation in this system is
identical to how it is done in system 4, which means that the same requirements are
associated with this system. These requirements can be summarized as:

e The water must be sterile when it leaves the heat pump. A filter system, oil
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free compressors and possibly more such equipments are required.

e High temperature lift is required by the heat pump. A multistage turbo com-
pressor solution with intercooling between the stages is chosen to cope with
this.

e The heat source stream H4 must be located under the pinch.

Regarding the latter requirement is the pinch, which here is spoken about, the pinch
point from a pinch analysis on system 3. This is because this pinch analysis is done
on the system with the original streams without any impact from the heat pump.
To create a heat exchanger network for this system must another pinch analysis be
done with the heat pump system implemented.

The portfolio of streams for this pinch analysis is almost identical to the streams
in table 5.4 from system 3. However, since the heat pump is a closed system, the
stream H2 must be removed because no water liquid from the vacuum tank can be
utilized in the heat exchanger network. Otherwise is stream H4 named HP in this
system, and changed according to how the heat pump approximately must function
in this system. The mass flow rate of stream HP is unknown, but must be lower
than the mass flow rate of stream H4, since superheat from the heat pump compres-
sion can be utilized in the direct heating. The superheat temperature out of last
compression step is unknown as well. The streams are shown in table 5.6.

Table 5.6: Hot and cold process streams for system 5.

Hot/Cold AT [°C] i [kg/h] Cp [kJ/kg*K] Q [KW]

K1 4 — 75 6240 3.936 484.36
K2 75 — 143 6240 3.983 469.47
H1 8 <+ 76 6240 -3.933 -463.49
HP 143 7 >784.4 - -469.47

Since the heat pump is implemented with HP as its heat source and K2 as its heat
sink, this connection is forced in this system. All other streams are free, and this
is shown in figure 5.7. The temperatures of each stream is placed on each side of
the stream heat exchangers, while the heat transferred in each heat exchanger is
located next to the respective heat exchanger. Since the heat pump performance
needs to be simulated, the power consumption of the heat pump (HP in figure 5.7)
is unknown. The heat capacity flow rate Cy/x ; of each stream is placed on the right
hand side in the diagram.
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Figure 5.7: Simple illustration of the unfinished grid diagram of system 5.

The heat pump itself is in this system identical to the heat pump from system
4, since it serves the same purpose and the same heat demand is required. Figure
5.6 from chapter 5.4 yields therefore also to this heat pump solution.
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6 Simulation Models

In order to compare the system performances are pinch analysis carried out. Through
these analysis are minimal required hot and cold utilities, in addition to potential
heat exchanger networks identified. Different limitations in possibilities for heat
exchanging between streams are taken into account, such that new systems with
modifications can be created. By creating these systems are the actual hot and cold
utilities for each system identified, and the heat/power consumption and usable sur-
plus heat are simulated. For systems with a heat pump solution is a heat pump
model carried out. Calculation of the five systems are computed in Engineering
Equation Solver (EES). These codes are attached in Appendix C.

6.1 Pinch Analysis Model

The following assumptions were made to achieve the thermodynamic parameters
from the pinch analysis:

No heat loss to the surroundings.

e No pressure loss in pipes.

All specific heat capacities C'p of process streams are assumed as average be-
tween the inlet and outlet states of the respective stream.

All heat exchangers are countercurrent and have a thermal efficiency of 100%.
e A minimum temperature difference AT,,;, of 5 kelvin is used for all systems.

Table 6.1 lists the input and output variables of the pinch analysis model.

Table 6.1: Inputs and outputs of the pinch analysis.

Inputs Outputs

Number of streams Temperatures of pinch point

Mass flow rates Minimum hot utilities

Inlet and outlet temperatures Minimum cold utilities

Specific heat capacities Possible heat integrations of streams
Minimum temperature difference | MER system

Additional criterion ”Common sense” HEN system
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6.1.1 Thermodynamic state properties

Each liquid streams specific heat load is calculated by temperature T' [°C] of two
points and the average specific heat capacity Cp [kJ/kg*K] of the stream between
the two points. The Cp values are for milk calculated by the knowledge of the mass
fraction of fat ysq, protein Yp,otein, carbohydrates yearps, Water yyqeer and the Cp
values of these substances at specific temperatures. The calculation of Cp,,;;x can
be found in equation 6.1.

Cpmilk: = Yfat * Cpfat + Yprotein * Cpprotein + Ycarbs * Cpcarbs + Yuwater * prater (61)

The Cp of all the substances except from water are calculated with equations 6.2,
6.3 and 6.4, which are retrieved from Choi and Okos (1986). Cpyater is retrieved
from either a thermodynamic table for saturated water liquid (EngineeringToolbox,

n.d.) or from a thermodynamic table of water at atmospheric pressure (ThermEx-
cel, 2003).

COprar = 1.9842 4+ 1.4733 % 1072 % T — 4.8008 * 1075 % T2 (6.2)
CPprotein = 2.0082 4 1.2089 * 1073 T — 1.3129 x 1076  T? (6.3)
CPearvs = 1.5488 + 1.9625 % 107 % T — 5.9399 1076 x T2 (6.4)

For evaporating or condensing water streams are each point calculated by know-
ing the value of two thermodynamic properties. These properties can be pressure
P [bar], temperature T' [°C]|, enthalpy h [kJ/kg*K] or vapour quality x [-]. The
unknown properties are retrieved by the thermophysical property functions in EES.

6.1.2 Temperature interval method

To retrieve the pinch point temperature and the minimum hot and cold utilities are
the temperature interval method utilized. The input and output of the method are
listed in table 6.2.

The first aspect of this method is to locate the hot and cold streams in the sys-
tem and their mass flow rate m, specific heat capacity C'p and temperature range 7.
This is done by taking the existing plant and look deeper at the specific processes.
In this analysis are all process streams, which are essential for heating or cooling
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Table 6.2: Inputs and outputs of the temperature interval method.

Inputs Outputs

Number of streams Pinch point temperature
Mass flow rates Minimum hot utilities
Inlet and outlet temperatures Minimum cold utilities

Specific heat capacities

Minimum temperature difference

processes, included. These are in the specific plant relatively easy identified. How-
ever, there are some streams, which can be characterized as both process streams
and utilities. Here are simple logic taken into account. Whether these streams are
characterized as process streams or utilities will nevertheless not influence the to-
tal energy balance. Each streams Cp are retrieved as mentioned in chapter 5.1.1.
Each streams T are identified from either product specifications in Appendix A,
measured when the plant was running or retrieved from employees at the factory.
Each streams m are identified either from product specifications in Appendix A or
calculated by an energy balance in heat exchangers.

With the knowledge of the specific stream inlet and outlet temperatures and the
minimum temperature difference AT,,;, allowed in the heat exchangers, can tem-
perature intervals be made. The inlet and outlet temperature of each stream are
corrected by AT,,;, to avoid too low temperature difference in heat exchangers. This
process are different for hot and cold streams, and the corrections can be found in
equation 6.5 and 6.6. Here is To/g™ the pinch corrected temperature, while T¢) g
is the real temperature. The first temperature interval will be located between the
highest corrected inlet or outlet temperature in the system and the second high-
est corrected inlet or outlet temperature in the system. The intervals will follow
this trend down to the last temperature interval, which will be located between the
second lowest corrected inlet or outlet temperature in the system and the lowest
corrected inlet or outlet temperature.

T =To+— (6.5)
A,-ern,in
Tjy = T — = (6.6)

The next step of the temperature interval method is to locate the sum of heat
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capacity flow rate of each temperature interval Cf s,. The heat capacity flow rate
of the specific stream C' is the product of the stream mass flow rate 1 and the
specific heat capacity Cp, as illustrated in equation 6.7. On a side note is it impor-
tant to know that the heat capacity flow rate is written with positive sign for cold
streams and with negative sign for hot streams. If the heat capacity flow rate of
each stream is known and the knowledge of which streams that are located in the
different temperature intervals is obtained, can the sum of heat capacity flow rate
in each temperature interval be calculated from equation 6.8. Here is I a specific
interval, N represents the number of cold streams in interval I, M represents the
number of hot streams in interval I, ¢ represents the specific cold streams that occur
in interval I, j represents the specific hot streams that occur in interval I, while R
represents the amount of intervals.

C=Cpxm (6.7)
N M

Cl,sum = Z Ci,C + Z Cj,H7 I = 1,2,3R (68)
i=1 j=1

With the information of the heat capacity flow in each interval in addition to the cor-
rected temperatures, which defines the different intervals, can the surplus or deficit
of heat in each interval (); be calculated. This is the product of the heat capacity
flow C7 sum and the temperature difference in the specific interval, as illustrated in
equation 6.9. From the surplus or deficit of heat in each interval, is it possible to
calculate the cumulative surplus or deficit of energy flow from the first interval to
interval I AQ;, which is shown in equation 6.10. AQ; is equal () in the first inter-
val.

QI = OI,sum * (Tl*,inlet - TI*,outlet)J I = 17273R (69)
AQr = AQr-1 + Qy, I =123..R (6.10)

The pinch point can be observed from the values of AQ). The specific interval I
with the greatest value of AQ) defines the pinch point. This pinch temperature
Tinen 18 then the lowest temperature of interval I. Since the temperatures of the
cold and hot streams are corrected by AT,,;, must the temperatures be corrected
back. This means that the the pinch point temperature of cold streams is defined
by equation 6.11. and the pinch point temperature of hot streams is defined by
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equation 6.12.

* AT'mm
Tpinch,C = Lpinch — 9 (611)

2

Tpineh.tt = Tpinen + (6.12)

Not only the pinch is defined from the AQ) with the highest value. Since this in
fact must be the point of the system which the highest deficit of heat occurs, is this
value defining the minimum hot utilities Q) gnin required in the system. This value
combined with the surplus or deficit of energy flow in each interval ); can be uti-
lized to identify the minimum cold utilities required by the system. A new variable
AQ)7 is made to identify this value. This variable starts at AQj equal the minimum
hot utilities Q) gmin, as shown in equation 6.13 and the calculation is further done
similar to the calculations of AQ;. The calculation of the rest of AQ7 is illustrated
in equation 6.14. The AQ7, in the last interval defines the minimum cold utilities
QCmin, as illustrated in equation 6.15. Moreover, the AQ* at the pinch temperature

Linen 1s always zero.

AQp = Qamin (6.13)
AQ7 = AQ7_, — Qr, I=123..R (6.14)
AQr = Qcmin (6.15)

The results from the temperature interval method can be used to create the hot
and cold composite curves. The composite curves are simply a plot of the tempera-
ture of hot and cold streams dependent on the heat load Qg c. As the temperature
interval method, is these curves also made by creating temperature intervals. How-
ever, the methods differ because these curves are divided into hot and cold curves
and the temperatures are not corrected by AT},;,. By setting Qo ¢ equal to Qcmin at
the lowest cold stream temperature and Qo z equal to zero on the lowest hot stream
temperature, can the intervals of the composite curves be created by equation 6.16
for cold streams and equation 6.17 for hot streams. Here is G the amount of tem-
perature intervals for the cold streams and F the amount of temperature intervals
for the hot streams. After creating these curves is it evident that the pinch point is
located where the curves are closest to each other. This distance is exactly AT,
kelvin. @ gmin is also located in the plot, and is the horizontal distance between
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where the cold curve ends and the hot curve ends.

N
Qro=Qrc+ () Cic)* (Tre—Timie), [=123.G (6.16)
i—1
M
Qru =Qr-1,m + (Z Cim)*(Tru —Tr1m), I'=123.F (6.17)

i=1
6.1.3 Heat exchanger network design

With the knowledge of where the pinch point is located, is it possible to create HEN
systems. The inputs and outputs of such a design is listed in table 6.3.

Table 6.3: Inputs and outputs of heat exchanger design process.

Inputs Outputs

Minimum temperature difference AT,,;, | MER system

Temperatures of pinch point ”Common sense” HEN system
Minimum hot utilities

Minimum cold utilities

Possible heat integration of stream

Additional criterion

There is no blueprint of HEN design appearances. However, to obtain a system
of maximum energy recovery or minimum energy requirement (MER), there are
guidelines to follow. First of all, the design of the systems must be divided at the
pinch point into two regions that are designed separately. The heat exchange connec-
tions must first be designed close to the pinch and then gradually design connections
further away from the pinch point. If this is not done, there will be no assurance
that the streams are brought to the pinch point by the maximum amount of internal
heat exchange. For heat exchanger connections between one cold stream with C¢
and one hot stream with C'y, which leads the streams to or from the pinch point,
can there be difficulties with the criteria of AT,,;,. If the constraint in equation
6.18 below the pinch or equation 6.19 above the pinch is not held within a heat
exchanger, will the criteria of AT,,;, always be broken. However, in this analysis
are connections, which break these constraints, made if C'y ~ C¢, because the tem-
perature difference in the specific heat exchanger AT ~ AT,,;p-

Cu > Ce (6.18)
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Cu < Ce (6.19)

By following the guidelines above can a MER system be created. However, a MER
system is rarely the most sustainable design, and additional criterion in table 6.3
are therefore included. The MER system is in this analysis not considered the best
design when:

e The MER system utilizes several heat exchangers that only recovers a small
amount of heat. In such cases are other designs considered more suitable
because of the investment costs.

e Parts of the forced hot utility for direct heating is located below the pinch.
A MER system will always replace this part with heat exchanger integration.
This is not allowed in the analysis, and other designs are rather considered

e Water streams, which only are included in the system for product heating or
cooling purposes, are utilized in the MER system for other purposes. This is
considered as an irrational design, and other designs are rather considered.

When some of the above incidents occur is rather a ”common sense” HEN system
chosen. These systems utilizes more external utilities than the MER system, and
will usually obtain higher operation costs. However, they will serve the purpose of
obtaining the required product quality and they will usually require less total costs
than a MER system.

6.2 Heat pump Model

The heat pump can be modelled like most other closed vapour compression heat
pumps. The difference is that no heat exchanger losses will occur from a condenser
or an evaporator since evaporation and condensing are done directly. Water is
otherwise used as refrigerant. The following assumptions were made to achieve the
thermodynamic parameters in the heat pump model:

e No heat loss to the surroundings.
e No pressure loss in heat exchangers.
e All heat exchangers are countercurrent and have a thermal efficiency of 100%.

e Compressor isentropic efficiency is assumed a variable depending only on pres-
sure ratio.
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e Simple calculations of pressure losses in compressor steps in the system are
taken into account.

Table 6.4 lists the input and output variables of the heat pump model.

Table 6.4: Inputs and outputs of the heat pump model.

Inputs Outputs

Evaporation temperature | Intermediate pressure levels
Condensing temperature | Mass flow rate

Refrigerant Thermodynamic state properties
Heat load Compressor power consumption

6.2.1 Thermodynamic state properties

All different states in the system require two thermodynamic properties and the
refrigerant to be known to calculate the other state properties. The different ther-
modynamic properties evaluated in the model are pressure P [kPa], temperature T
[°C], enthalpy h [kJ/kg*K], density p [kg/m?], and the vapour quality x [-]. The
unknown properties are retrieved by the thermophysical property functions in EES.

6.2.2 Compressor

The performance of the turbo compressor steps i calculated from the available con-
stant isentropic efficiency compressor component in the component library in EES.
The input and output variables of this component can be obtained from table 6.5.

Table 6.5: Inputs and outputs of the compressor model.

Inputs Outputs

Refrigerant Outlet specific enthalpy
Inlet specific enthalpy | Power consumption
Inlet pressure
Outlet pressure
Mass flow rate
Isentropic efficiency
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The high and low pressure levels, respectively the pressure in the vacuum tank
and the pressure level of water entering the injector, are known. With this knowl-
edge can the two intermediate pressure levels be calculated through equation 6.20.
This means that all these pressure levels can be utilized as input variables in the
compressor model.

Pintermediate =V Phigh * Plow (620)

All compressor steps are modelled with some pressure loss. Because the dimensions
of the heat pump are not known, is this loss calculation simplified. Each compressor
step is modelled with a pressure loss equal to one kelvin temperature loss in the
two phase region with constant enthalpy. This is done in both the compressor suc-
tion pipe and discharge pipe. This calculation is done with equation 6.21, 6.22 and
6.23. Tiorri0ss 1S the temperature used for correcting the pressure level, T),.,, is the
temperature after loss calculations, h.euq i the constant specific enthalpy, x is the
vapour quality, whereas P,, and P,.,, are respectively the pressure before and after
loss calculations

Tcorr,loss = f(l’ = ]-7 P = Pold) -1 (621)
Pnew - f(!)ﬁ' = 17 T = Tcorr,loss) (622)
Tnew = f(P = Pnewa h = hactual) (623)

By the knowledge of the high, low and intermediate pressure levels, in addition
to the pressure losses in the system, can the pressure ratios 7w in each compressor
step be calculated. With this information can an isentropic efficiency 7;; be roughly
estimated. This is done with the performance graph of existing equipment from
the company Rotrex, which can be illustrated in figure 6.1. The graph includes two
different set of curves, where 7;; represents number next to ascending curves and the
descending curves are speed lines. The mass flow rate and speed lines in this figure
are only valid for water vapour at a pressure of 0.5 bar and a temperature of 82
°C. However, it is assumed that the compressors for this application are customized,
such that the operation of all compressors are optimized for their respective pressure
ratio. This means that n;s is assumed independent of mass flow rate. The speed
lines are not included in the analysis.
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Figure 6.1: Performance graph of the turbocharger model Rotrex C38-91/92 (Weel
et al., 2012).

With the compressor performances known, is the outlet specific enthalpy hinj iniet
of the last compressor step known. Because the heat load of the direct heating
process Qgemana and the specific enthalpy of the water after direct heating hjn; outiet
are known as well, can the mass flow rate of the heat pump rmpyp be calculated by
applying equation 6.24.

Qdemand (624)

mup =
hinj,inlet - hinj,outlet

6.2.3 Heat exchangers

Both direct heat exchange and indirect heat exchange are included in the heat pump
model, and can be modelled with equation 6.25, where i represent the two heat ex-
changing fluids. Direct heat exchange occurs in both the injector and the vacuum
tank, whereas indirect heat exchange occurs in the heat pump preheating and in-
tercooling processes. The purpose of the indirect heat exchangers are to either cool
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or heat the water vapour to a state of 5 kelvin superheat before the compression
processes. This must be done by external heating or cooling. The model assumes in
this case that cooling of the working fluid can be done with free cooling, such that
no external utilities are accounted for in these processes. It also assumes that the
fluid used for free cooling is heated sufficiently such that it also can be utilized for
preheating of working fluid before the first compression step.

2 2
E mi,mlet * hi,inlet - E mi,outlet * hi,outlet =0 (625)

i=1 =1

6.3 Heat and Power Consumption Model

There are three different utilities included in the analysis. These are:
e Steam production
e Ice water production
e Hot tap water production

The power consumption of pumps, sensor systems and other such required equip-
ment is thereby not included. Steam and ice water are produced from respectively
steam boilers and an ammonia refrigeration system, whereas hot tap water produc-
tion acquires surplus heat from the UHT-plant. Since heat and power input in the
UHT-plant are defined with positive sign, are steam production and ice water pro-
duction positive, while hot water production is negative in this perspective.

The steam production is carried out by two gas boilers and one electric boiler.
The gas boiler has an efficiency 7., and the electric boiler has an efficiency 744s. The
heat/power consumption of these two boilers over a year, Y, and Y, is known,
such that an overall efficiency of the steam production 7geqm can be calculated,
which is done with equation 6.26.

Yvel * el + ngas * Ngas

steam — 6.26
st Yvel + Ytqas ( )

For the calculation of the combined heat and power consumption for steam pro-
duction is there done a simplification, by assuming that the heat released in the
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direct heating process and in heat exchanger HXpy, Qpy and Qpy is approxi-
mately the same as the amount of heat absorbed by the steam in the boilers. When
Nstearm 1S taken into account, is the calculation of the heat/power consumption by
the steam boilers Fy.q,n represented in equation 6.27.

Esteam — M (6.27)

nsteam

To be able to calculate the power consumption for the ice water production is knowl-
edge of the ice water mass flow rate rivyy in the UHT plant a necessity. This is done
by using the energy balance in heat exchanger HX4 from figure 5.1 with equation
6.28. 1, is the mass flow rate of the products, Cp, and Cpry are the specific heat
capacity of respectively the products and the ice water, T}, jnier and T, ousier are the
inlet and outlet temperature of the products in HX4, while Trw inier and Trw outiet
are the inlet and outlet temperatures of the ice water in HX4.

mIW _ mp * Cpp * (Tp,inlet - Tp,outlet) (6 28)
Cprw * (TIVV,outZet - TIW,mlet)

When this is known can the heat transferred to the evaporator in the ammonia
refrigeration system from the amount of ice water used in the UHT plant be calcu-
lated. Additional information for this calculation are the inlet temperature 17w pinet
and the outlet temperature Tryw pouer Of the ice water in the ammonia evaporator.
The heat transfer to the ammonia evaporator Qummonia.vap 15 then calculated by
equation 6.29.

Qammonia,evap = 77'/LIW * CpIW * (TIWP,inlet - TIWP,outlet) (629)

There is no information of the performance of the ammonia refrigeration system
for ice water production. However, the condensing and evaporation temperatures
Teona and T¢,q, are known, such that the CO P40 can be calculated. This is done
in equation 6.30. Normally is the COP of such refrigeration systems approximately
half the value of the COP,,n0t, and this simplification is done to be able to calculate
the power consumption of the ice water production Fry. Equation 6.31 is utilized
to calculate this value.
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T
COP.ornot = i 6.30
' Tcondens - Tevap ( )
EIW Qammoniaevap (631)

T 05%COPy

The hot tap water production is done in a heat exchanger, where surplus heat
from the UHT plant is utilized to heat tap water. The heat exchanger is modelled
as earlier with 100 % thermal efficiency and with countercurrent flows. The heat
absorbed by hot tap water By is calculated by equation 6.32. Here is 1igypius the
mass flow rate of the surplus stream from the UHT plant, which in all systems are
equal for condensing and liquid surplus streams. Cpgyrpius 18 the specific heat capac-
ity of a liquid surplus stream, Tyyrpius,iniet a0 Tsyrpius,outier are the temperatures of
the liquid stream at the inlet and outlet of H Xy, whereas hy jnier and hy oyuer are
respectively the specific enthalpy of saturated gas and liquid for condensing streams.

ETW - msurplus * [Cpsurplus * (Tsurplus,inlet - Tsurplus,outlet) + (hg,inlet - hl,outlet)] (632)
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7 Results and Discussion

7.1 Energy Analysis of System 1

Table 7.1 represents the heat transfer of the hot and cold utilities Qs and Qco4,
and the heat and power consumption of the utility production E,, in the existing
plant. With heat and power consumption for steam production to direct heating and
preheating, power consumption for ice water production to HX4 and heat recycled
by hot water production, will the energy balance give a net heat and power deficit
Euyitity,sum of 607.51 kW for the existing system.

Table 7.1: Heat flow in utilities and heat /power flow in utility production in existing
plant

Utihty ‘ Qhot [kW] ‘ Qcold [kW] ‘ Eutility [kW] ‘

DH 469.47 _ 541.74
HX py 82.25 _ 94.91

HX4 ; -114.51 9.34
HX 7w _ -38.94 -38.94

Sum 551.72 -153.45 607.51

A pinch analysis is utilized to identify a minimum hot utility @ gy, of 536.36 kW, a
minimum cold utility Qcmn of 138.08 kW, and a pinch point temperature 77, of
73.5 °C for system 1. The streams from table 5.2 are used and a AT,,;, of 5 kelvin
is applied. Figure 7.1 illustrates the hot and cold composite curves of system 1,
whereas the results from the temperature interval method are attached in appendix
B.1.

From the composite curves in figure 7.1 is a MER system created, which only uti-
lizes Qgmin and Qcmin as external utilities. The MER system is illustrated in figure
7.2. This system would indeed require less external utility than the existing sys-
tem, but it would unfortunately not be logical to do so. The whole function of the
system is to heat and cool the product stream. In this system is the whole water
circuit including stream K3, K4 and H3, which function in the existing system is
to support the products by preheating in HX2 and cooling in HX3, only supporting
the products with a fraction of its potential. These streams are mostly utilized to
transfer heat between each other, which makes this water circuit wasted. Moreover,
all capital costs of the new heat exchangers H X1 and HX,.,2, which are two
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Figure 7.1: The hot and cold composite curves in system 1.

unnecessary heat exchangers, make this system insufficient. The preheating and
cooling of products are mostly done by regeneration in H X,,.,3. This system proves
thereby that regeneration in the UHT plant can potentially cover just below 50 %
of the heat demand, and that the water circuit consisting of stream K3, K4 and H3
is inefficient with these operating conditions.
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Figure 7.2: An example of a MER network of system 1.

The MER system in figure 7.2 is as mentioned above a poor exploitation of the
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available streams in this system. The existing system on the other hand, exploits
the streams as they originally were made to. The heat exchanger network in figure
5.2 is elegantly designed. However, there is one change that can make the system
operate more energy efficient than the existing one without any additional capital
costs. Due to the criteria of a minimum temperature difference in the heat exchang-
ers of 5 kelvin, is it unnecessary to heat stream K4 to 81.1°C when 80°C is sufficient,
because the stream H3 can start the preheating of K1 at 80°C. The heating of K4
in heat exchanger HXppy is done by water steam produced by the steam boilers.
Because the boilers have an efficiency below unity, is integration of process streams
more energy efficient. By lowering the start temperature of H3 means that this
stream cannot do the whole preheating of stream K1. This can be solved by utiliza-
tion of stream H2 in the already existing heat exchanger HX1, which is not in use
in the existing system. Less energy is then available for hot tap water production
in H X1y, but net energy savings will be achieved. The new HEN system of system
1 is shown in figure 7.3. The heat exchanger H X, is just a theoretical heat ex-
changer, which is not real, but just included in the system to show that the change
is possible with the existing streams.
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Figure 7.3: An optimal new HEN system for system 1.

Table 7.2 illustrates the heat and power required in the production of each utility
and the net heat and power deficit of the three system options. As observed in the
table is the MER system the most energy efficient system, but the small amount
of energy savings are not convincing enough to defend the expensive and irrational
new heat exchangers. The new HEN system is also more energy efficient than the
existing one, with a net heat and power deficit E ity sum 0f 605.66 kW. Since the
usable surplus heat of 38.95 kW is identical to the existing system, is these savings
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a result of less combined heat and power consumption. This is nevertheless not
dramatic, since no real investments is required by this system. This is only the most
effective operation of the existing plant under these specific product qualifications.
The table shows an extremely low difference in Eytisity sum 0f 1.38 kW between the
new HEN system and the existing one.

Table 7.2: Heat/power required in utility production in the existing plant, a MER
system for system 1 and a new HEN system for system 1.

System | Epy (kW] | Epy kW] | Epw kW] | Erw (kW] | Sum [kW] |
Existing system | 541.74 94.91 9.34 -38.95 607.04
MER system 541.74 77.11 8.11 -38.95 588.01
HEN system 541.74 84.87 9.34 -30.29 605.66

7.2 Energy Analysis of System 2

A pinch analysis is utilized to identify a minimum hot utility @ g, of 400.44 kW,
a minimum cold utility Qcmin of 512.38 kW, and a pinch point temperature 77 .,
of 87.5 for system 2. The streams from table 5.3 are used and a AT,,;, of 5 kelvin
is applied. Figure 7.4 illustrates the hot and cold composite curves of system 2,

whereas the results from the temperature interval method are attached in appendix
B.2.

From the composite curves in figure 7.4 is a MER system created, which only utilizes
QHmin and Qcmin as external utilities. An example of a MER system is illustrated
in 7.5. This system would indeed be the most energy efficient option of HEN for
this system, but it is unfortunately not possible to carry it out. The reason for this
is that the direct heating is forced in the system firstly to maintain the product
quality, but it is also forced since the streams H2 and H4 are products of the steam
production for direct heating purposes. A MER system would always break this
criteria since the direct heating starts at a temperature lower than the pinch point
temperature, which means that parts of the hot utility DH always are located below
the pinch point.

The HEN system for system 2 is absolutely bound to the direct heating, which
implies 469.47 kW of external hot utility in the system. 69.04 kW of this hot utility
is required under the pinch, which means that this amount of heat is also added to
the cold external utilities. However, this additional cold utility can be utilized in
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Figure 7.4: The hot and cold composite curves in system 2.

4c

a0c

346,15 kw

90C

484,36 k]
75C H¥ ez
60,04 kw
18.8C — 70,7C
348,98 kw
?0.?0—5-@9—- 81,1C
82,25 kil
248C
8C Hx4 Hix3 T6C
114,57 kw

33,3C - @

N 5171 kw
19,8C - \\'—',K_/ 81,1C

H¥ ez

Pinch

85c

g0c

90c

1430

400,43 kw

Ciey = 6,822 kwiK

Ciez = 6,904 kwiK

Ciea = 6,357 kwiK

Ciea = 7,909 kwiK

Cpyr = -6,816 kwiK

Cip =-0,912 kwiK

Cpa = 7,901 kwiK

Cyps = - kWK

Figure 7.5: An example of a MER network of system 2.

hot tap water production, such that it is not completely lost. The HEN network of

system 2 is illustrated in figure 7.6.

As figure 7.6 shows, there is no external hot utility for stream K4. However, the

water circuit consisting of K3, K4 and H3 still requires some additional mass flow

input. To avoid additional steam production for this purpose can this external mass
flow input come from the condensing stream H4, such that this stream practically

replaces steam from the steam boilers in H Xpy. This heat exchanger is in figure
7.6 called HX,,.,1. Table 7.3 lists the heat transfer of the hot and cold utilities Qo
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Figure 7.6: An optimal HEN system of system 2.

and Qcoq, and the heat and power consumption of the utility production E,4, in
the new HEN system. This system has a combined heat and power consumption
of 551.08 kW and a usable surplus heat of 466.90 kW, making the net heat and
power deficit E ity sum only 84.18 kW. The large amount of surplus heat shows the
potential of utilizing the exiting water vapour stream from the vacuum tank (stream
H4). However, most of this potential are not required within the system, and must
be utilized for purposes such as hot tap water production, space heating or similar
demands in the factory. Whether the entire surplus heat potential can be utilized
or not, is not known.

Table 7.3: Heat flow in utilities and heat/power flow in utility production in system

2.

Utility | Qnot kW] | Qeota [kW] | Eusitiey kW] |

DH 469.47 - 041.74
HXpy 0 - 0

HX4 - -114.51 9.34
HXrw - -466.90 -466.90

Sum 469.47 -081.41 84.18
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7.3 Energy Analysis of System 3

A pinch analysis is utilized to identify a minimum hot utility @ g, of 400.44 kW, a
minimum cold utility Qcmin of 459.29 kW, and a pinch point temperature 77, ., of

pinc
87.5 °C in system 3. The streams from figure 5.4 are used and a AT,,;, of 5 kelvin
is applied. Figure 7.7 illustrates the hot and cold composite curves of system 3,
whereas the results from the temperature interval method are attached in appendix
B.3.
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Figure 7.7: The hot and cold composite curves in system 3.

From the composite curves in figure 7.7 is a MER system created, which only utilizes
QHmin and Qcmin as external utility. An example of a MER system is illustrated
in figure 7.8. This system would indeed be the most energy efficient option of HEN
for this system, but it is unfortunately not possible to carry it out. The reason for
this is that the direct heating is forced in the system firstly to maintain the product
quality, but it is also forced since the streams H2 and H4 are products of the steam
production to direct heating purposes. A MER system would always break this
criteria since the direct heating starts at a temperature lower than the pinch point
temperature, which means that parts of the hot utility DH always is located below
the pinch point.
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Figure 7.8: An example of a MER network of system 3.

The HEN system for system 3 is absolutely bound to the direct heating, which
implies 469.47 kW of external hot utility in the system. 69.04 kW of this hot utility
is required under the pinch, which means that this amount is also added to the cold
external utilities. However, this additional cold utility can be utilized in hot tap

water production, such that it is not completely lost. The HEN network of system
3 is illustrated in figure 7.9.
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Figure 7.9: An optimal HEN network of system 3.

As figure 7.9 shows, most of the preheating and cooling is done by regeneration
in the new heat exchanger H X, 1, which would be able to perform 457.07 kW of
regeneration. The potential of this application is already proven in the MER system
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from system 1, but when it did no make sense to apply it there, this system would be
much more effective. By removing the water circuit consisting of stream K3, K4 and
H3, regeneration emerges as a better solution for preheating and cooling of products.

Because of the temperature ranges of stream K1 and H1 is it obvious that the
whole preheating and cooling cannot be done by regeneration. Surplus heat from
the condensing stream H4 is utilized to bring stream K1 up to its final temperature
of 75 °C in HX1, whereas ice water must bring stream H1 down to its final tem-
perature of 8°C in HX4. To meet the criteria of cooling, the heat exchanger HX4
will only be needed for 6.82 kW of ice water to cool stream H1 from 9°C to 8°C.
The electric power required to produce this amount of ice water is close to negligible
in the energy balance for the whole system. The use of heat exchanger HX4 could
also be avoided either by letting the product stream leave the system at 9°C, or
by setting the minimum temperature difference AT,,;, to 4 kelvin. However, the
established boundaries counts for all systems to be able to compare their respective
performance, and for this reason are the options above not considered further.

Except from bringing stream K1 up to its final temperature in HX1, can the con-
densing stream H4 and the latent heat of H2 only be utilized as usable system
surplus heat. With this surplus heat of 521.86 kW and a combined heat and power
consumption of 541.90, is the net heat and power deficit Ey ity sum in this system
only 24.04 kW, which is shown in table 7.4. This table lists the heat transfer of the
hot and cold utilities Q. and Q..q, and the heat and power consumption of the
utility production Fyir,. The large amount of surplus heat shows the potential of
utilizing the exiting water vapour stream from the vacuum tank (stream H4). How-
ever, most of this potential are not required within the system, and must be utilized
for purposes such as hot tap water production, space heating or similar demands in
the factory. Whether the entire surplus heat potential can be utilized or not, is not
known.

Table 7.4: Heat flow in utilities and heat /power flow in utility production in system
3.

Utihty ‘ Qhot [kW] ‘ Qcold [kW] ‘ Eutility [kW] ‘

DH 469.47 - 041.74
HXpy 0 - 0

HX4 - -6.82 4.16
HXpw - -521.86 -521.86

Sum 469.47 -528.68 24.04
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7.4 Energy Analysis of System 4

The pinch analysis on system 2 shows that the condensing stream H4 from the vac-
uum tank is located under the system pinch temperature, which can be observed
either in figure 7.5 or 7.6. This criteria for implementing a heat pump will there-
fore stand. Additionally is the heat source, stream H4, a condensing stream with a
large potential heat output, and the composite curves from figure 7.4 are therefore
certainly open. With this information is a heat pump installed to serve the direct
heating process. Before the performance of the heat pump can be calculated, is an
isentropic efficiency n;s of 0.73 for all three compressor steps roughly estimated. The
estimation process is illustrated in figure 7.10. The pressure ratios 7 are respectively
2.181, 2.163 and 2.145 for compressor step 1, 2 and 3, and varies because of the loss
calculation utilized in the heat pump model. However, because the variation is so
small, is a common 7 of 2.16 utilized for the 7, estimation.
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Figure 7.10: Rough estimation of the isentropic efficiency in the compressors by
using existing equipment.

A refrigerant mass flow rate myp of 721.44 kg/h is calculated from a direct heat-
ing heat demand Qpgy of 469.47 kW, a superheated temperature Ty, of 244.42 °C
out of the last compressor step, a condensation temperature T,,,q of 158 °C and
a subcooling temperature Ty,;, of 143 °C. With m, m and n;; known, is an overall
compressor Power Weompr sum Of 122.70 kW achieved. This gives a COP of 3.826. A
summary of important values from the heat pump is listed in table 7.5. T}, and T,
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represent respectively the suction and discharge temperatures of each compressor

step.

Table 7.5: Heat pump performance.

Compressor | myp T Tin, Towr | Weompr | Qo | COP
[kg/h] °Cl | PCl | kW] | [kW]
Step 1 721.44 | 2.181 | 95.00 | 197.16 | 39.57 - -
Step 2 721.44 | 2.163 | 114.82 | 219.47 | 40.88 - -
Step 3 721.44 | 2.145 | 137.29 | 244.42 | 42.25 - -
Sum - - - - 122.70 | 469.47 | 3.826

After the heat pump implementation is a new pinch analysis done to identify a min-
imum hot utility @ g, of 66.87 kW, a minimum cold utility Qcmin of 99.14 kW,
and two pinch point temperatures T, ,, of 73.5 °C and 73.2 °C. The streams from
table 5.5 are used and a AT,,;, of 5 kelvin is applied. Figure 7.11 illustrates the hot
and cold composite curves of system 4, whereas the results from the temperature
interval method are attached in appendix B.4.
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Figure 7.11: The hot and cold composite curves in system 4.




7 7.4 Energy Analysis of System 4 70

From the composite curves in figure 7.11 is a MER system created, which only
utilizes Qgmin and Qcmin as external utilities. An example of a MER system is
illustrated in figure 7.12. This system would indeed require the minimum amount
of utilites, but it would unfortunately not be logical to do so. The whole function of
the system is to heat and cool the product stream. In this system is the whole water
circuit including stream K3, K4 and H3, which function in the existing system is
to support the products by preheating in HX2 and cooling in HX3, only supporting
the products with a fraction of its potential. These streams are mostly utilized to
transfer heat between each other, which makes this water circuit wasted. Moreover,
the capital costs of the new heat exchanger H X,.,2, which is an unnecessary heat
exchanger, makes this system insufficient. The preheating and cooling of products
are mostly done by regeneration in H X, .
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Figure 7.12: An example of a MER network of system 4.

A new HEN system which utilizes the streams more elegantly is made, and can
be observed in figure 7.13. Here is stream K3 and stream H3 utilized for preheat-
ing and cooling of products, which they are made for originally. This gives a small
amount of extra hot utility consumption in H X pg, but avoids investments of several
new heat exchangers. The only difference between this HEN system and the existing
one, is the direct heating process with use of the heat pump and the removal of hot
tap water production in H X7y .

Table 7.3 lists the heat transfer of the hot and cold utilities Qno,; and @Q.oq, and
the heat and power consumption of the utility production E,;,,. With a power
consumption of 122.70 kW, are the energy savings associated with utilizing a heat
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Figure 7.13: An optimal HEN network of system 4.

pump in the direct heating process 419.04 kW. The heat pump utilizes the whole
stream HP, and because of the heat pump is the stream H2 from the previous sys-
tems unavailable for utilization in this system, which means that no surplus heat
is available. Otherwise is the combined heat and power consumption 226.25 kW,
which again gives a net heat and power deficit Eyiity,sum of 226.25 kW in this system.

Table 7.6: Heat flow in utilities and heat/power flow in utility production in system
4.

Utility | Qnot (kW] | Qeota (kW] | Eugitiey (kW] |

DH 469.47 - 122.70
HXpy 82.25 - 94.91

HX4 - -114.51 9.34
HX 7w - 0 0

Sum 551.72 -114.51 226.95

7.5 Energy Analysis of System 5

The pinch analysis on system 3 shows that the condensing stream H4 from the vac-
uum tank is located under the system pinch temperature, which can be observed in
figure 7.8 or 7.9. This criteria for implementing a heat pump will therefore stand.
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Additionally is the heat source, stream H4, a condensing stream with a large po-
tential heat output, and the composite curves from figure 7.4 are therefore certainly
open. With this knowledge is a three stage heat pump made to serve the direct
heating process. Since the heat pump in this system serves the same purpose as
the one in system 4, in addition to be of equal design, will a n;, of 0.73, a myp of
721.44 kg/h, a Weompr sum 0f 122.70 kW, a Qpy of 469.47 kW and a COP of 3.826
also yield in this system. A summary of important values associated with the heat
pump can be found in table 7.5 from section 7.4.

After the heat pump implementation is a new pinch analysis done to identify a
minimum hot utility @ g, of 27.65 kW, a minimum cold utility of Qcmin of 6.82
kW and a new pinch temperature T3, of 6.5 °C. The streams from figure 5.7 are
used and a AT,,;, of 5 kelvin is applied. Figure 7.14 illustrates the hot and cold
composite curves of system 5, whereas the results from the temperature interval
method are attached in appendix B.5.

[C]
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S 100
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0 100 200 300 400 500 600 700 800 900 1000 (kKW
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Figure 7.14: The hot and cold composite curves in system 5.

From the composite curves in figure 7.14 is a MER system created, which only
utilizes Qgmin and Qcmin as external utilities. An example of a MER system is
illustrated in figure 7.12. Since this system only includes four process streams and
the direct heating is done by the heat pump, are the options for heat integration
limited to integration between stream K1 and H1. A ”common sense” HEN system
will regenerate the exact same amount of heat as the MER system in H X, of
457.07 kW, which make these two systems identical. This regeneration is extremely
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effective under this operation, and close to 50 % of the total heat demand is achieved
due to this implementation. The only external utilities are steam to fulfil the last
part of preheating in heat exchanger H X2 of 27.29 kW, in addition to a small
amount of ice water cooling for the last part of the cooling of products in HX4 of
6.82 kW.

Pinch1

4ac 71c @ 750 Cies = 6,822 kwik

27,29 kw
75 DT/ = 1430 Cz = 6,904 kwiK

469 47 kw
sc ac 76C Ciut = -5,816 kK
6,82 kw
244 4C
1430 DH 90C  Cup=-kwik
12270 kw

Figure 7.15: An optimal HEN system of system 5.

Table 7.7 lists the heat transfer of the hot and cold utilities Qno, and @Q.oq, and
the heat and power consumption of the utility production E;,,. With a power
consumption of 122.70 kW, are the energy savings associated with utilizing a heat
pump in the direct heating process 419.04 kW. The heat pump utilizes the whole
stream HP, and because of the heat pump is stream H2 from the previous systems
unavailable in this system, which means that no surplus heat is available. Otherwise
is the combined heat and power consumption 158.35 kW, which again gives a net
heat and power deficit Eyiiity sum 0f 158.35 kW.
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Table 7.7: Heat flow in utilities and heat/power flow in utility production in system

D.

Utility ‘ Qhot kW] ‘ Qeota kW] ‘ Buitiry kW] ‘

DH 469.47 - 122.70
HXpy | 27.29 ] 31.49
HX4 - -6.82 4.16

HXrw - 0 0
Sum 496.76 -6.82 158.35

7.6 Discussion and Comparison of all Systems

The most important results from the simulations are listed in table 7.8. These
results include the heat and power consumption Epy, Epy and Epy for utility
production, the surplus heat Ery and the net heat and power deficit Eyiiity sum
for all systems. Only the new HEN systems, which were created on common sense
terms, are included in the table. Hence, the MER systems, which included irrational
heat exchanger networks, are not further analysed.

Table 7.8: Heat and power consumption, surplus heat and net heat and power deficit
in all systems.

System | Epy (kW] | Epgr (kW] | Erw kW] | Brw kW] | Eutitity,sum [KW] |
Existing system 541.74 94.91 9.34 -38.95 607.04
HEN system 1 | 541.74 84.87 9.34 -30.29 605.66
HEN system 2 | 541.74 0 9.34 -466.90 84.18
HEN system 3 | 541.74 0 4.16 -521.86 24.04
HEN system 4 | 122.70 94.91 9.34 0 226.95
HEN system 5 | 122.70 31.49 4.16 0 158.35

From these results in addition to the heat exchanger networks from each system,
can advantages and disadvantages of each system be identified. To analyse these
advantages and disadvantages are several factors vital. These factors are:

e Combined heat and power consumption for utility production in the system.
e Usable surplus heat in the system.

e Net heat and power deficit in the system.
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e Sustainability of system modifications.
e System flexibility.
e Potential capital costs of new equipment.

The combined heat and power consumption in all systems is mainly affected by two
factors; how the direct heating is done and how the preheating is done. Regarding
the direct heating, is this done by steam boilers in system 1, 2 and 3, and by a heat
pump in system 4 and 5. The heat pump implementation in system 4 and 5 saves
419.04 kW compared to steam generation for the same purpose, making system 4
and 5 superior in this perspective. This is because the steam generation is done orig-
inally by inefficient steam boilers, whereas the heat pump COP is 3.826. Regarding
the preheating, is this mainly done either by the water stream H3 in system 1, 2
and 4, or by regeneration in system 3 and 5. The regeneration saves around 60 kW
compared to utilization of stream H3 for the same purpose, making system 3 and 5
superior in this perspective. This is because regeneration is associated with lower
heat exchanger losses. Otherwise is the power consumption from ice water produc-
tion in all systems only a small portion of the total heat and power consumption,
due to an energy efficient refrigeration system.

The surplus heat in each system is utilized only by stream H2 or H4 in the heat
exchanger called H Xpy,. This heat exchanger is originally used for hot tap water
production, but is in system 2 and 3 used as a collective term for surplus heat at
a sufficient temperature level for hot tap water production, space heating or other
such demands. Because system 2 and 3 utilize the full potential of stream H2 and
H4, are these two systems superior in this perspective with respectively 466.90 kW
and 521.86 kW of surplus heat. Because the existing system and HEN system 1 are
not modified such that the condensing stream from the vacuum tank (stream H4)
is utilized, are these two systems associated with only a fraction of the surplus heat
of system 2 and 3. Due to the included heat pump solution, which denies access to
surplus heat from stream H2 and H4, is no system surplus heat available in system
4 and 5.

Of the systems with modifications are system 2 and 3 associated with the low-
est net heat and power deficit of respectively 84.18 kW and 24.04 kW compared to
system 4 and 5 with a net heat and power deficit of 226.95 kW and 158.35 kW. The
main reason for this is that the surplus heat in system 2 and 3 is greater than the
net recycled heat from the heat pump system. Otherwise are system 3 and 5 using
regeneration as preheating and cooling of products, which explains why system 3
has a better performance than system 2 and system 5 has a better performance
than system 4. The existing system and HEN system 1 have a distinctly higher net
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heat and power deficit than the systems with modifications, which proves that all
modifications potentially are associated with large energy savings.

The question of sustainable modifications are relevant for all new HEN solutions,
except from HEN system 1. The main challenge for all new modifications, is the
exploitation of the occurring water vapour in the vacuum tank. Whether or not an
utilization of this stream affects the direct heating process is not known, and must
be further investigated. System 2 and 3 are both dependent on the possibility of
exploiting the system surplus heat. First of all must there be enough energy de-
mand present in the factory. Secondly must there be possible to implement the new
required equipments for utilization of this surplus heat. The surplus heat is most
relevant for hot tap water production in the factory, because the demand is approx-
imately constant over the year, and the production of hot tap water can be done in
intervals. This is relevant due to the semi-continuous operation of the UHT-plant.
However, this creates a challenge for utilization of the surplus heat for space heating
purposes or similar demands, which requires more continuous operation. If this is
the case cannot the whole surplus heat be exploited, and parts of the stream must
rather be drained.

For system 4 and 5 must the heat pump be able to release sterile water into the
injector. Whether this can be done without contamination are dependent on the
compressor technology and a filter system. The compressors should be oil-free, which
should not be a problem with turbo compressors. However, because of the proper-
ties of water will normal turbo compressors have difficulties with the high required
rotational speed for the temperature lift in the heat pump. To obtain this rotational
speed with normal turbo compressor technology, are the compressor capital costs
large. To avoid such capital costs, are turbo compressors with a planetary gear
desired. These compressors are however only delivered with oil lubrication. On the
other hand, since turbo compressors can be produced without oil lubrication, are
there possibilities for development of oil-free compressors with a planetary gear in
the close future.

This analysis has only focused on the operation of the products which have the
highest cooling demands. The new HEN systems for system 3 and 5 utilizes re-
generation in stead of the existing water circuit for this purpose. The performance
of these two systems will for treatment of products with lower cooling demands be
worse than this analysis concludes with, because less regeneration is possible with
such operating conditions. On the other hand will the remaining systems, which
include the water circuit from the existing system, experience approximately no
change in performance when the operating conditions are changed. The water cir-
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cuit is created for flexibility of the UHT-plant operation, which means that if the
plant operation continues as it does today will system 1, 2 and 4 have a flexibility
advantage.

The capital cost of each system is a vital factor when factories invest in new equip-
ment. System 4 and 5 are most likely associated with the highest capital costs,
due to the heat pump installation. The capital costs of system 2 and 3 are highly
dependent on how much of the surplus heat that can be utilized. A great amount of
capital costs are required if the whole potential is to be exploited. How high these
costs are compared to other systems are dependent on which purpose this surplus
heat shall serve, and therefore impossible to estimate. Otherwise are the existing
system and the new HEN system 1 associated with no capital costs.
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8

8.1

Conclusion and Suggestion for Further Work

Conclusion

The main results of the energy analysis are:

8.2

The existing system has a net heat and power deficit of 607.44 kW. HEN
system 1, an optimized version of the existing without any modifications, ob-
tained a net heat and power deficit of 605.66 kW. Moreover, the combined
heat and power consumption in both these systems exceeds 630 kW

System 2 and 3 obtain the lowest net heat and power deficit of respectively
84.18 kW and 24.04 kW when the full surplus heat potential of a vapour
water stream exiting the vacuum tank is exploited. However, the possibilities
for utilizing the full surplus heat potential is questionable.

The same water vapour steam can be utilized in a high temperature heat
pump to carry out the full direct heating process in the UHT plant. In system
4 and 5 is this done, which gave a net heat and power deficit of 226.95 kW for
system 4 and 158.35 kW for system 5. Moreover, 419.04 kW of energy savings
for direct heating purposes is achieved by heat pump implementation.

System 3 and 5 benefit in an energy efficiency perspective from the substitution
of a water circuit from the existing system with regeneration for the purpose
of preheating and cooling of products. However, by this modification are these
systems less flexible and more vulnerable for change of UHT-plant operating
conditions.

In system 2, 3, 4 and 5 is it assumed that a water vapour stream from the
vacuum tower in the UHT plant can be exploited. Whether this modification
is possible or not is unknown, but the result from this thesis shows that an
utilization of this stream can result in large energy savings.

Suggestion for Further Work

Based on the knowledge from this report, the following is suggested to be investigated

in future work:

Perform an energy analysis on the UHT plant with varying operating condi-
tions.

Investigate how the new systems proposed in this thesis will perform with
varying operating conditions.
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e Investigate which processes that occur in the vacuum tank, and if the steam
from this tank can be utilized without affecting product quality.

e Development of oil-free water based turbo compressor with a planetary gear
for this application.

e Perform a more accurate novel pinch analysis on the UHT plant, which could
take into account more limitations associated with UHT plants, such as semi-
continuous operation and water consumption.
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A Appendix - Information about the UHT plant

This information is locked for confidentiality reasons. If authorized, it can be re-
trieved at the Department of Energy and Process Engineering at NTNU.




A Appendiz - Information about the UHT plant

88




B Appendiz - Temperature interval method results

89

B Appendix - Temperature interval method re-

sults

B.1 Results of temperature interval method - System 1

|1 T*CT| G kWK | Qi kW] | AQ; kW] | AQ;* [kW]

10

145.5

83.6

78.6

77.5

73.5

73.2

30.8

22.3

17.3

6.5

2.5

536.36 (Qmmin)

6.904 427.37 427.37 108.99

14.813 74.04 501.44 | 34.92

6.912 7.60 509.04 | 27.32

6.829 27.32 536.36 0 (PINCH)
-0.899 -0.27 536.09 | 0.27

-1.952 -82.74 453.34 | 83.01

-1,039 -8.83 444.51 91.85

-7.896 -39.48 405.03 131.33

0.005 0.06 405.09 131.27

-6.816 -6.82 398.27 138.08 (Qcmin)
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B.2 Results of temperature interval method - System 2

i TEPCT| G kWK | Qi kW] | AQ: kW] | AQi* kW] |

400.44 (Q tmin)
145.5
1 6.904 400.44 400.44 | 0 (PINCH)
87.5
2 : 497.44 | -97.00 | 497.44
87.5
3 5.992 23.37 73.63 | 474.07
83.6
4 13.901 69.50 412 | 404.57
78.6
5 6.000 6.60 247 | 397.97
77.5
6 5.917 23.67 26.14 | 374.30
73.5
7 -0.899 0.27 25.87 | 374.57
73.2
8 -1.952 -82.74 _56.87 | 457.31
30.8
9 -1.031 -8.83 65.70 | 466.15
22.3
10 ~7.896 3948 | -105.18 | 505.63
17.3
11 0.005 0.06 -105.12 | 505.57
6.5
12 -6.816 6.82 -111.94 | 512.38 (Qcmin)
5.5
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B.3 Results of temperature interval method - System 3

| TFPC)] G WK | Qi (kW] | AQi kW] | AQ* kW] |

—e

400.44 (Q rmin)
145.5
1 6.904 400.44 | 400.44 | 0 (PINCH)
87.5
2 - 497.44 | -97.00 | 497.44
87.5
3 5.992 59.92 -37.08 | 437.52
7.5
4 5.910 23.64 1344 | 413.88
73.5
5 -0.907 3872 | -52.16 | 452.60
30.8
6 0.005 0.13 52.02 | 452.47
6.5
7 -6.816 -6.82 58.84 | 459.29 (Qcmmin)
5.5
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B.4 Results of temperature interval method - System 4

i | T*[C) [ G kW/K] | Qi kW] | AQ: [kW] | AQ* kW] |

66.87 (QHmin)
246.9
1 : 469.49 | -469.49 | 536.36
145.5
2 6.904 427.37 4212 | 108.99
83.6
3 14.813 74.07 31.95 | 34.92
78.6
4 6.912 7.60 39.55 | 27.32
77.5
5 6.829 27.32 66.87 | 0 (PINCH)
73.5
6 0.013 0 66.87 | 0 (PINCH)
73.2
7 -1.039 -52.90 13.97 | 52.90
22.3
8 _7.896 -39.48 2551 | 92.38
17.3
9 0.005 0.06 2545 | 92.32
6.5
10 -6.816 -6.82 -32.26 | 99.14 (Qcrmin)
5.5
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B.5 Results of temperature interval method - System 5

L[ THPC] G WK | Qi W] | AQs kW] | AQ:* [kW] |

27.65 (Qmimin)
246.9
1 . 469.49 | -469.49 | 497.14
145.5
2 6.904 469.49 0 27.65
775
3 6.822 27.29 2729 | 0.37
73.5
4 0.005 0.37 27.65 | 0 (PINCH)
6.5
5 -6.816 -6.82 20.84 | 6.82 (Qcumin)
5.5
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"COMPLETE SCRIPT OF ALL PROGRAMMING IN MASTER THESIS"

"MODEL OF SPECIFIC HEAT CAPACITY CALCULATIONS OF MILK FOR FURTHER USE"

"MILE. CONSTISTS MOSTLY OF WATER, FAT, PROTEIN AND CARBOHYDRATES. OMLY THESE COMPOUNDS ARE
INCLUDED"

"THE OQPERATION OF THE SYSTEM WHEN WHOLE MILK IS PRODUCED IS USED IN ALL CALCULATIONS. THIS
IMFLIES THESE MASS FRACTIONS™

»_fat = 0,035 "Mass fraction of fat in whole milk™

¥_protein = 0,033 "Mass fraction of protein in whole milk™

¥_carbs = 0,045 "Mass fraction of carbohydrates in whole milk"

#_water = 1 - (x_fat+x_protein+x_carbs) "Approx mass fraction of water in whole milk"

"Cp_fat=1.9842 + {1,4733M1000)*T - (4.5008/1000000)*T*2"

"Cp_protein = 2,0082 + (1,2089/1000)*T - (1,3129/000000)*T*2"

"Cp_carbs = 1,5488 + {1,9625/1000)*T - (5,939%/1000000*T"2"

"Cp_water = table for specific heat capacity at either atmospheric pressure or saturated states are used”

"Specific heat capacity of milk at 4*C"

Cp_fatdC = 1,95342 + (1,47331000)*T_exp1 - (4,8008M1000000)"(T_exp1)"2 "Specific heat capacity of fat at 4*C"
Cp_proteindC = 20082 + (1,2089/10000*T_exp1 - (1,3129/1000000*(T_exp1)*2 "Specific heat capacity of protein at 4C"
Cp_carbsd4C =1 5488 + {1,9625/1000*T_exp1 - (5,9398/1000000*(T_exp1)*2 "Specific heat capacity of carbohydrates
at4C"

Cp_waterdC = 4 205 "From table at atmospheric pressure”

Cp_milkdC = x_fat*Cp_fatdC + x_protein*Cp_proteindC + x_carbs*Cp_carbs4C + x_water*Cp_waterdC "Specific heat
capacity of milk at 4C"

"Specific heat capacity of milk at 75*C"

Cp_fat7aC = 1,9542 + (1,4733M000)*T_exp3 - (4,5005/1000000)*(T _exp3)"2 "Specific heat capacity of fat at 75*C”
Cp_protein75C = 2 0082 + (1,20891000)*T_exp3 - (1,3129/1000000)*{T_exp3)"2 "Specific heat capacity of protein at
75C"

Cp_carbs73C = 1,5485 + (1,9625/1000)*T_exp3 - (5,9399/1000000)%T_exp3)"2 "Specific heat capacity of carbehydrates
at 75C"

Cp_water75C = 4,193 "From table at atmospheric pressurs”™

Cp_milk75C = x_fat*Cp_fat75C + x_protein*Cp_protein73C + x_carbs*Cp_carbs7SC + x_water*Cp_water73C "Specific
heat capacity of milk at 75C"

"Specific heat capacity of milk at 143*C"

Cp_fat143C = 1,9842 + (1, 4733/1000)*T_exp4 - (4, 8008/1000000)"(T_expd)*2 "Specific heat capacity of fat at 143*C"
Cp_protein143C = 2,0082 + (1,2089/1000)*T_esxp4 - (1,3128M1000000)*(T_exp4)"2 "Specific heat capacity of protein at
143C"

Cp_carbs143C =1 5488 + (1, 9625/1000)*T _exp4 - (5,9398/1000000*(T_expd "2 "Specific heat capacity of
carbohydrates at 143C"

Cp_water143C =4 285 "Saturated liguid water at a temperstufe of 142, 5C and pressure of approx 4 bar"

Cp_milk143C = x_fat*Cp_fat143C + x_protein*Cp_protein143C + x_carbs*Cp_carbs143C + x_water'Cp_water143C "
Specific heat capacity of milk at 143C~

"Specific heat capacity of milk at T6*C"

Cp_fatveC = 1,9842 + (1,4733/1000*T _exp3 - (4,5008/1000000)*(T_exp53)"2 "Specific heat capacity of fat at T6*C”
Cp_protein76C = 2 0082 + {1,2088M000)*T_exp5 - (1,3129/1000000)"T_exp5)*2 "Specific heat capacity of protein at
Tec”

Cp_carbs7EC = 1,5488 + {1,9625M1000)*T_expS - (5,9399/1000000*{T_exp5}*2 "Specific heat capacity of carbohydrates
at TEC"

Cp_waterTEC = 4 194 "From table at atmospheric pressura”™

Cp_milk78C = x_fat*Cp_fat76C + x_protein*Cp_protein76C + x_carbs*Cp_carbsT8C + x_water*Cp_water76C "Specific
heat capacity of milk at 76C"

"Specific heat capacity of milk at 8C"

Cp_fat8C = 1,9842 + (1,4733M1000)"T _exp7 - (4, 50081000000 (T _exp7 "2 "Specific heat capacity of fat at 3°C"
Cp_proteinBC = 2 D082 + (1,2089M000)*T_expT - (1,2129/1000000)%T_exp7 "2 "Specific heat capacity of protein at 8C"
Cp_carbs8C = 1,5488 + (1,9625M000)*T_exp7 - (5,9399/1000000)*(T_exp7 "2 "Specific heat capacity of carbohydrates
at 8C"

Cp_waterBC = 4 196 "From table at atmospheric pressure”

Cp_milkBC = »x_fat*Cp_fatdC + x_protein*Cp_protein8C + »x_carbs*Cp_carbs8C + x_water*Cp_waterdC "Specific heat
capacity of milk at 8C"
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Cp_preheat = (Cp_milk4C+Cp_milk7SC W2 " Average specific heat capacity of the prehjgating process of products”™
Cp_DH = {Cp_milk75C+Cp_milk143Cy2 "Average specific heat capacity of the direct heating process of products”
Cp_coaling = (Cp_milk76C+Cp_milk8C /2 "Average specific heat capacity of the cooling process of products”

"MODEL OF THE PRODUCT FLOW IN THE EXISTING UHT PLANT™
R$ ="R718" "Water as refrigerant for the use of water calculations later”
"state of incomming products”

mi_dotp = (6240/3600) [kg's] "Massflow of dairy products in the uht-plant. The density is approx the same as for water”
T_exp1 =4 [C] "Temperature of products entering the system”

"State after HX1, which is not utilizad"
T_exp2=T_expi
Q_exHxX1=0

"State after HX2, thus after preheating”
T_expd =75 [C]
Q_exHX2 = m_dotp*Cp_preheat*(T_exp3-T_sxp2)

"State after injection, thus in holding tube”
T _expd =143 [C]
Q_exDH = m_dotp*Cp_DH*T_sxpd-T_exp3)

"State after vacuum tower”
T_expS =76 [C]
Q_exVT = m_dotp*Cp_DH*T_exp5-T_sxp4) "The vacuum tower cooling does not count in the energy balance”

"State after HX3, thus first part of cooling through heat exchangers™
T_expf =24 5[C]
Q_exHX3 = m_dotp*Cp_cooling*{T_exp8-T_sxp3)

"State after Hx4, thus the end product”
T_expl =8 [C]
Q_exHx4 = m_dotp*Cp_cooling*{T_sxp6-T_sxpT)

"MODELL OF THE ENERGY USE IN EXISTING PLANT"

"Calculation of efficiency for steam production”

E_890V = 1360119 [kwh] "Electricity used per year of §20% cable”

E_el = 1380119*0,7 [kwh] "Approx. yearly use of electricity for the boiler which run on electricity”
E_gas = TG6ETD6 [kwh] "Yearly energy use of gas for the gas boilers"

share_el = E_el/{E_el+E_gas) "Share of steam production done by the boiler which run on electricity.”
share_gas = E_gas/(E_el+E_gas) "Share of steam production done by the gas boilers”™

eta_el = 0,92 "Efficiency of electricity boiler”
eta_gas = 0,586 "Efficiency of gas boilers"

eta_steam = share_el*eta_el + share_gas*eta_gas "Efficiency of the total steam production”™
"Energy use for steam production to direct heating”

P_exDH = 600 [kPa] "The water steam for direct heating is at & bar”
#_exDHin = 1 [-] "Assuming saturated vapour at the start of direct heating”
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T_exDHout = 143 [C] "Assuming saturated liguid at the end of direct heating”

h_exDHin = enthalpy(R$;P=P_exDH;x=x_exDHin) "Enthalpy of water steam entering direct heating”

h_sxDHout = enthalpy(RS:P=P_exDH;T=T_exDHout} "Enthalpy of water steam after direct heating”

m_dots = Q_exDH/(h_exDHin - h_sxDHout) "Mass flow rate of steam needed for direct heating”

E_ex[1] = Q_exDHieta_steam "Simple calculation of energy needed to steam production of steam going to direct heating”

"Calculation of the heat transfer in HX_PH"
T_exHX3in = 19,8 [C] "Temperature of the water entering HX3"
Cp_water20C = 4 152 "Approx specific heat capacity of 19,8C water liquid at atmospheric pressure, collected from table”

T_exHx3out = 70,7 [C] "Temperature of the water exiting Hx3"
Cp_water71C = 4 190 "Approx specific heat capacity of 70,7C water liquid at atmospheric pressure, collected from table”

T_exHX2in = 81,1 [C] "Temperature of the water entering HX2"
Cp_waterB1C = 4 197 "Approx specific heat capacity of 81, 1C water liquid at atmospheric pressure, collected from table”

T_exHX2out = 19, 8 [C] "Temperature of the water exiting HX2"
T_exHXPHin = T_sxHX3out "Temperature of the water entering HX_PH"
T_exHx¥PHout = T_exHX2in "Temperature of the water exiting Hx_PH"

Cp_HX3 = (Cp_water20C + Cp_water71C )2 "Average specific heat capacity of the water in heat exchanger HxX23"
m_dotHX3*Cp_HX3*T_exHX3in-T_exHX3out) = Q_exHX3 "Mass flow rate calculation of the water stream flowing
through Hx3"

Cp_HX2 = (Cp_water20C + Cp_water81C )2 "Average specific heat capacity of the water in heat exchanger Hx2"
mi_dotHX2*Cp_HX2%T_exHX2in-T_sxHX2out) = Q_exHX2 "Mass flow rate calcultation of the water stream flowing
through Hx2"

Cp_HXPH = (Cp_water71C + Cp_waterB1C)/2 "Average specific heat capacity of the water in heat exchanger Hx_PH"
Q_exHXPH = m_dotHX2*Cp_HXPH*T_exHXPHout-T_sxHXPHin) "Assuming that the heat exchanger warms up the
mass flow rate of HX2 from 70,7 to 81,1C"

"Energy use for steam production to preheating”

E_ex[2] = Q_exH*PH/eta_steam "Assuming normal heat exchanger. Simple calculation of energy needed to steam
production of the steam going through HX_TW"

"Calculation of energy use in ice water production by ammonia heat pump”®

T_IW1 =2 [C] "Temperature of ice water entering Hx4 - collected from product information of whole milk 13%"
Cp_water2C = 4 210 "Specific heat capacity of liquid water at 2C at atmospheric pressure”

T_IW2 =17 [C] "Temperature of ice water exiting Hx4 - collected from product infermaticn of whole milk 13%"
Cp_water17C = 4 184 "Specific heat capacity of liquid water at 17C at atmospheric pressurs”

Cp_IW = {Cp_water2C + Cp_water17C)/2 "Average specific heat capacity of the water side in HX4"
mi_dotfW*Cp_IW*T_IW2-T_IW1) = Q_exHx4 "Calculation of mass flow rate of ice water going to Hx4"

T_IWP1 =6 [C] "Average yearly temperature of the water entering the ice water tank”™
Cp_water6C = 4 200 "Specific heat capacity of liquid water at 6C at atmospheric pressure”

T_IWP2 =13 [C] "Temperature of ice water after ammonia evaporator - Collected from a photo from the factory 26.02."
Cp_water1C =4 213 "Specific heat capacity of liquid water at 1C at atmospheric pressure”

Cp_IWP = (Cp_water1C + Cp_water8C N2 "Average specific heat capacity of the ice water tank™
Q_IWP = m_dotiW*Cp_IWP*T_IWP1-T_IWP2) "Cooling required to produce ice water for the existing uht plant”

T_Hammenia = 21,9 [C] "Upper temperature in the ammonia refrigeration system - Collected from a photo from the
factory 26.02. STILL MOT SURE ABOUT THIS OME, SHOULD ASK"

T_Lammegnia = -12 [C] "Lowe temperatur in the ammonia refrigeraion system - Collected from a photo from the factory
28.02"

Carnot_ammonia = (T_Lammonia+273,15)((T_Hammonia+273,15)-(T_Lammonia+273,15)) "Camot efficiency of the
ammonia refrigeration systemt”

"Energy use for ice water production to HxX4"

E_ex[3] = Q_IWFR{{0 5*Carnot_ammonia) "Simple calculation of the energy used in the ammonia heat pump for ice water
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production”
"Energy use for hot tap water production in HX_TW"

T_HXTWA1 =78 [C] "Temperature of water entering the hot water heat exchanger HX_TW - collected from a photo from
the factory 26 02, This value is actually 75.4C, but iz sat to 76C for simplicity™
"Cp_water76C is already calculated”

T_HXTW?2 = 33,3 [C] "Temperature of water exiting the hot water heat exchangear HX_TW - collected from a photo from
the factory 26 .02. This value is actually 32.7C, but iz sat to 33, 3C for simplicity”
Cp_water33C = 4 178 "Specific heat capacity of liquid water at 33C at atmospheric pressure”

Cp_HXTW = (Cp_water76C + Cp_water33Cy2 "Average specific heat capacity of the water in Hx¥_TW"
Q_HXTW =m_dots*Cp_HxTW*(T_HXTW2-T_HXTW 1)} "Energy for hot tap water production in HX_TW"
E_ex[4] = Q_HXTW "Assuming no lesses in heat exchanger”

"MODELL OF ALL STREAMS USED IN THE SYSTEMS FOR PINCH AMALYSIS"
DeltaT_min = 5 [C] "Using deltaT_min equal 5 kelvin for all pinch method calculations”
"Cold streams”

k1
T_K1in =4 [C] "Temperature of stream K1 entering the systems"

T_Kiout = 75 [C] "Temperature of stream K1 exiting the systems”

T_K1linp = T_K1in + DeltaT_min/2 "Pinch corrected temperature for stream K1 entering the system”
T_Kiloutp = T_K1out + DeltaT_min/2 "Pinch corrected temperature for stream K1 exiting the system”
C_K1 = m_dotp*Cp_preheat "Heat capacity flow rate of K1"

ngom
T_K2in = 75 [C] "Temperature of stream K2 entering the systems”

T_K2out = 143 [C] "Temperature of stream K2 exiting the systems"

T_K2inp = T_K2in + DeltaT_min/2 "Pinch corrected temperature for stream K2 entering the system”
T_K2outp = T_KZout + DeltaT_min/2 "Pinch corrected temperature for stream K2 exiting the systam”
C_K2 =m_dotp*Cp_DH"Heat capacity flow rate of K2"

"egm
T_K3in = 19,8 [C] "Temperature of stream K3 entering the systems”

T_K3out = 70,7 [C] "Temperature of stream K3 exiting the systems"

T_K3inp = T_K3in + DeltaT_min/2 "Pinch correctad temperature for stream K3 entering the system”
T_K3outp = T_K3out + DeltaT_min/2 "Pinch corrected temperature for stream K3 exiting the systam”
C_K3 =m_dotHX3*Cp_HX3 "Heat capacity flow rate of K3"

"K4 - this stream is necessary to make stream H3"

T_K4in = 70,7 [C] "Temperature of stream K4 entering the systems”

T_Kdout = 31 1 [C] "Temperature of stream K4 exiting the systemsa"

T_Kdinp = T_K4in + DeltaT_min/2 "Pinch correctad temperature for stream K4 entering the system”
T_Kdoutp = T_K4dout + DeltaT_min/2 "Pinch corrected temperature for stream K4 exiting the system
C_K4 = m_dotHX2*Cp_HXPH "Heat capacity flow rate of K4"

"Hot streams™

e
T_H1in = 76 [C] "Temperature of stream H1 entering the systems”

T_H1out = 8 [C] "Temperature of stream H1 exiting the systems”

T_H1inp = T_H1in - DeltaT_min/2 "Finch corrected temperature for stream H1 entenng the system”
T_Hloutp = T_H1lout - DeltaT_min/2 "Pinch corrected temperature for stream H1 exiting the system™
C_H1 = m_dotp*Cp_cooling "Heat capacity flow rate of H1"

"H2 in existing system”™
T_H2A1in = 76 [C] "Temperature of stream H2 alternative 1 entering the systems"”
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T_H2A1out = 333 [C] "Temperature of stream H2 alternative 1 exiting the systems”

T_H2A1Inp = T_H2A1in - DeltaT_min/2 "Pinch corrected temperature for stream H2 alternative 1 entering the system®
T_H2Aloutp = T_H2A1out - DeltaT_min/2 "Pinch corrected temperature for stream H2 alternative 1 exiting the system”
C_H2 = m_dots*Cp_HATW "Heat capacity flow rate of H2"

"H2 in alternative systems"

T_H2AZin = 90 [C] "Temperature of stream H2 alternative 2 entering the systems”

T_H2AZout = 33 3 [C] "Temperature of stream H2 alternative 2 exiting the systems”

T_H2AZinp = T_H2AZin - DeltaT_min/2 "Pinch corrected temperature for stream H2 alternative 2 entering the system”™
T_H2AZoutp = T_H2AZout - DeltaT_min/2 "Pinch corrected temperature for stream H2 alternative 2 exiting the system
"Heat capacity flow is assumed the same for both alternatives for simplicity™

nHan
T_H3in = 81,1 [C] "Temperature of stream H3 entering the systems”

T_H3out = 18 8 [C] "Temperature of stream H3 exiting the systems”

T_H3inp = T_H3in - DeltaT_min/2 "Finch corrected temperature for stream H3 entenng the system™
T_H3outp = T_H3out - DeltaT_min/2 "Pinch corrected temperature for stream H3 exiting the system”™
C_H3 = m_dotHX2*Cp_HX2 "Heat capacity flow of H3"

g
T_H4 = 80 [C] "Temperature of H4, which is constant”

T_H4p = T_H4 - DeltaT_min/2 "Pinch corrected temperature for stream H4™
¥_Hdin =1 [-] "Quality of H4 entering the systams"

¥_Hd4out = 0 [] "Quality of H4 exiting the systems”

h_H4in = Enthalpy(R%;x=x_H4in,T=T_H4) "Enthalpy of H4 entering the systems"
h_H4out = Enthalpy(R3:x=x_H4out;T=T_H4) "Enthalpy of H4 exiting the systems”
Q_H4 = -m_dotz*(h_Hd4in-h_H4out)

"HP - The stream which will be equal the steam produced from the heat pump in system 4 and 5"

T_HPin = T_HP[12] "Temperature of the stream after last compression step in heat pump. Mot sure at all if the heat pump
can use its superheat in direct heating”

T_HPinp = T_HPin + DeltaT_min/2 "The minimum temperature difference in heat exchangers does not apply for direct
heating in injector. The superheated temperature out of the last compression step in the heat pump is therefore corrected
as a cold stream "

T_HPout = T_HP[13] "Temperature after condensing the stream geing out of heat pump"”

T_HPoutp = T_HPout + DeltaT_min/2 "The minimum temperature difference in heat exchangers does not apply for direct
heating in injector. The comected outlet heat pump temperature is therefore the same as the pinch corrected temperature
in stream K2."

P_HP = P_HP[13] "Pressure of the condensing stream”™

¥_HPout = 0 [-] "The stream is saturated liguid after condensing”

h_HFin = Enthalpy(R$; T=T_HPin;P=FP_HP) "Enthalpy of HP stream entering the system”

h_HPaout = Enthalpy(RE;x=x_HPout,T=T_HPout) "Enthalpy of HP stream exiting the system"

m_dotHP = m_dotHP[13] "Mass flow rate of stream HP"

Q_HP = W_dotHP[1] "Energy which could be utilized from latent heat and condensation of HP"

"MODELL OF PINCH METHOD FOR THE SYSTEM 1"
S1[1]=0
"Temperature interval method of system 1"

T_intS1[1] = T_K2outp "Upper temperature”

T_int51[2] = T_K4outp "First interval iz between 145 5C og 83 6C"
T_intS1[3] = T_H3inp "Second interval is between 83,6C og 738,6C"
T_intS1[4] = T_K1outp "Third interval is between 78,6C og 77,5C"
T_int51[5] = T_H1inp "Fourth interval is between 77 5C og 73,5C"
T_int51[8] = T_K4inp "Fifth interval is between 73,5C and 73 2C"
T_intS1[7] = T_H2A1outp "Sixth interval is between 73,2C og 30,8C"
T_int51[8] = T_K3inp "Seventh intarval iz between 30,8C og 22 3C"
T_int51[9] = T_H3outp "Eighth interval is between 22 3C og 17,3C"
T_imtS1[10] = T_Klinp "Minth interval is between 17 3C og 6,5C"
T_int51[11] = T_H1outp "Tenth interval is between 6,5C og 5,5C"

C_intS1[2] = C_K2 "Sum of heat capacity flow rate in first interval”
C_int51[3] = C_K2+C_K4 "Sum of heat capacity flow rate in second interval”
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C_int51[4] = C_K2+C_K4-C_H3 "Sum of heat capacity flow rate in third interval”

C_imtS1[5] = C_K1+C_K4-C_H3 "Sum of heat capacity flow rate in fourth interval”

C_int51[6] = C_K1+C_K4-C_H1-C_H2-C_H3 "Sum of heat capacity flow rate in fifth interval™
C_int31[7] = C_K1+C_K3-C_H1-C_H2-C_H3 "Sum of heat capacity flow rate in sixth interval”
C_intS1[8] = C_K1+C_K3-C_H1-C_H3 "Sum of heat capacity flow rate in seventh interval”
C_int51[9] = C_K1-C_H1-C_H3 "Sum of heat capacity flow rate in eight interval™

C_imtS1[10] = C_K1-C_H1 "Sum of heat capacity flow rate in ninth interval”

C_imtS1[11] = -C_H1 "Sum of heat capacity flow rate in tenth interval”

Q_int51[2] = C_intS1[2J4T_intS1[1]-T_int51[2]) "Surplus of heat/coocling in firsth interval”
Q_intS1[3] = C_intS1[3["T_intS1[2]-T_intS1[3]) "Surplus of heat/cecling in second interval”
Q_int51[4] = C_intS1[41(T_intS1[3]-T_int51[4]) "Surplus of heat/cocling in third interval™
Q_int51[5] = C_intS1[5]{T_intS1[4]-T_int51[5]) "Surplus of heat/cooling in fourth interval™
Q_intS1[6] = C_intS1[8]"(T_intS1[3]-T_intS1[8]) "Surplus of heat/cecling in fifth interval”
Q_intS1[7] = C_intS1[TTT_intS1[8]-T_intS1[7]) "Surplus of heat/cecling in sixth interval”
Q_int51[8] = C_intS1[8]*(T_intS1[7]-T_int51[8]) "Surplus of heat/cooling in seventh interval®
Q_intS1[9] = C_intS1[9]"(T_intS1[8]-T_intS1[9]) "Surplus of heat/cecling in eighth interval”
Q_intS1[10] = C_intS1[10]*(T_intS1[9]-T_intS1[10]} "Surplus of heat/'cooling in ninth interval”
Q_int51[11] = C_intS1[11]%(T_intS1[10]-T_intS1[11]) "Surplus of heat'cooling in tenth interval”

deltaQ_intS1[2] = C_intS1[2] "Sum of Surplus of heat/cooling in intervall 1"
deltal_intS1[3] = deltat_int51[2]+Q_intS1[3] "Sum of Surplus of heat/cooling in intervall 1 and 2"
deltaQ_intS1[4] = deltal_intS51[3]+Q_intS1[4] "Sum of Surplus of heat/cocling in intervall 1, 2 and 37

deltaQ_intS1[3] = deltat_int51[4]+Q_intS1[5] "Sum of Surplus of heat/cooling in intervall 1, 2, 3 and 4"

deltal_intS1[6] = deltal_int51[53]+Q_intS1[6] "Sum of Surplus of heat/cooling in intervall 1, 2, 3, 4 and 5"

deltaQ_intS1[7] = deltat_intS1[6]+3_int5S1[7] "Sum of Surplus of heat/coocling in intervall 1, 2, 3, 4, S and &7
delta_intS1[8] = deltal_intS1[7]+3_int51[8] "Sum of Surplus of heat/cocling in intervall 1,2, 3,4, 5, 6 and 7"
deltal_intS1[9] = deltat_int51[8]+Q_int51[9] "Sum of Surplus of heat/cooling in intervall 1, 2, 3, 4, 5,6, 7 and 87
deltaQ_intS1[10] = deftaQ_intS 1[9]+C_int31[10] "Sum of Surplus of heat/cooling in intervall 1, 2, 3,4, 5,6, 7, 8 and 9"
deltaQ_intS1[11] = deftaQ_intS1[10]+Q_intS1[11] "Sum of surplus of heat/cooling in interval 1, 2,3, 4,5, 6, 7, 8, 9 and 10"

"deltali_star is used to make the grand composite curve plot™
deltald_starS1[1] = deltaQ_int51[5]
deltal_star51[2] = deltal_star51[1]-Q_int51[2]
deltal_star51[3] = deltal_star51[2]-Q_int51[3]
deltal_starS1[4] = deltall_starS1[3]-Q_intS1[4]
deltal_star51[5] = deltal_star51[4]-Q_int51[5]
deltal_starS1[6] = deltal_star51[5]-Q_int51[5]
deltatd_starS1[7] = deltal_starS1[6]-Q_intS1[7]
deltal_star51[8] = deltal_star51[7]-Q_int51[5]
deltal_star51[9] = deltal_star51[5]-Q_int51[9]
deltatd_starS1[10] = deltaQ_starS 1[9]-Q_intS1[10]
deltal_starS1[11] = deltaQ_star51[10]-Q_intS1[11]

"Composite curves for system 1, made from the knowledge of the temperature interval method results”

"Cold stream temperatures”
T_CCS1[1]=T_K1in
T_CCS1[2] = T_K3in
T_CC51[3] = T_K3out
T_CCS1[4] = T_K2in
T_CCS1[5] = T_K4out
T_CCS51[6] = T_K2out

"Hot stream temperatures”
T_CCS51[7] = T_H1out
T_CCS1[8] = T_H3out
T_CCS1[9] = T_H2A1out
T_CCS1[10] = T_H1in
T_CCS1[11] = T_H3in

"Energy points for the cold composite curve”

Q_CCS1[1] = deltaQ_starS1[11]

Q_CCS1[2] = C_K1MT_CCS1[2]-T_CCS1[1]) + Q_CCS1[1]
Q_CCS1[3] = (C_K1+C_K3)"T_CCS1[3]}-T_CCS1[2]) + @_CC51[2]
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O_CCS1[4] = (C_K1+C_K4j"(T_CCS1[4]-T_CCS1[3]) + @_CCS1[3]
Q_CCS1[5] = (C_K2+C_K4J"(T_CCS1[E-T_CCS1[4]) + Q_CCS1[4]
O_CCs1[E] = C_K24T_CCS1[ELT_CCS1[5]) + ©_CCS1[5]

"Energy points for the hot composite curve”

Q_CCS1[=0

Q_CCS1[8] = C_H1%(T_CCS2[B]-T_CCS2[T]) + @ CCS2[7]

Q_CCS1[9] = (C_H1+C_H3™T_CCS2[9]-T_CCS2[8]) + Q_CCS2[8]
Q_CCS1[10] = (C_H1+C_H3+C_H2y(T_CCS2[10}-T_CCS52[9]) + Q_CCS52[9]
Q_CCS1[11] = C_H3*T_CCS2[11}-T_CCS2[10]) + Q_CCS2[10]

"MODELL OF THE PRODUCT FLOW IM MER S¥STEM FROM THE PINCH METHOD OM SYSTEM 17
"state of incomming products”
T_1MERS1 = 4 [C] "Temperature of products entering the system”

"State after HX_newl"
T_2MERS1 =71 [C] "Value collected from figure &.1 in latex”
Q_MERS1H*new3 = m_dotp*Cp_preheat*(T_2MERS1-T_1MERS1)

"State after Hx2, thus after preheating”
T_3MERS1 =75][C]
Q_MERS1HX2 = m_dotp*Cp_preheat*(T_3MERS1-T_2MERS1)

"State after injection, thus in holding tube”
T_4MERS1 =143 [C]
Q_MERS1DH = m_dotp*Cp_DH*(T_4MERS1-T_3MERS1)

"State after vacuum tower”

T_SMERS1 =76 [C]

Q_MERS1VT = m_dotp*Cp_DH*T_SMERS1-T_4MERS1} "The vacuum tower cocling does not count in the energy
balance™

"State after Hx_new3"
T_6MERS1 = & [C] "Value collected from figure 6.1 in latex”
Q_MERS1H¥_new32 = m_dotp*Cp_cocling*(T_6MERS1-T_SMERS1)

"State after Hx4, thus the end product”
T_7MERS1 =8 [C]
Q_MERS1H*4 = m_dotp*Cp_cooling*(T_EMERS1-T_TMERS1)

"MODELL OF THE EMERGY USE IN THE MER SYSTEM FROM THE PINCH METHOD ON SYSTEM 1"

Q_MERS1HXnew1 = C_H3*(31,53-T_H3out) "lce water needed to cool down the rest of stream H3, where 31,5 is the
temperature that is going in to the new heat exchanger”

m_dotMERS1IW*Cp_IW*T_IW1-T_IW2) = Q_MERS1HX4 + Q_MERS1HXnew1 "Calculation of mass flow rate of ice
water. Assuming the inlet and cutiet temperature of ice water in the system are the same as existing system”
Q_MERS1IWP = m_dotMERS1IW*Cp_IWP*T_IWP2-T_IWP1) "Energy reguired to preduce the ice water”

Q_MERSATW = -C_H2*{T_H2A1in-T_H2A1out) "Hot tap water production in HX_TW in this system™

Q_MERS1PH = C_K4*%T_K4out-72 65) "The energy needead to get the water circuit back to 81,1*C by steam in the PH
heat exchanger, where 72 65C is the temperature the heating starts.”

E_MERS1[1] = Q_MERS51DH/sta_steam "Met energy required for steam production to the direct heating”
E_MERS51[2] = Q_MERS1PH/eta_steam "Met energy required for steam production to the preheating og products”
E_MERS1[3] = Q_MERS1IWPN0,5*Camot_ammenia) "Met energy required for ice water preduction to cooling of products”
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E_MERS1[4] = Q_MERS1TW "Net energy released to hot tap water production”

"MCODELL OF THE PRODUCT FLOW IN HEN SYSTEM FROM THE FINCH METHOD OM SYSTEM 17

"DOMNT THINK | MEED TO MAKE THIS, BUT RATHER JUST WRITE THAT THE EXISTING SYSTEM COULD EARN
SOME BY CHANGING THE QUTLET TEMPERATURE OF PH T(Q &0 RATHER THAM 81,1, BUT IT 15 ALSO OK TO DO
THIS TO HAVE SOM SECURITY"

"state of incomming products”
T_1THEMS1 = 4 [C] "Temperature of products entering the system”

"State after HX1, which is not utilizad"
T_2HEMS1 = 5,27 [C] "Value collected from figure 6.2 in latex"
Q_HENS1HX1 = m_dotp*Cp_preheat*(T_2HENS1-T_1HENS1)

"State after HX2, thus after preheating”
T_3HEMNS1=T75[C]
Q_HENS1HX2 = m_dotp*Cp_preheat*(T_3HENS1-T_2HENS1)

"State after injection, thus in holding tube”
T_4HEMNS1 = 143 [C]
Q_HENS1DH = m_dotp*Cp_DH*T_4HENS1-T_3HENS1)

"State after vacuum tower”

T_SHEMNS1 =76 [C]

Q_HENS1IYT = m_dotp*Cp_DH*(T_SHEMNS1-T_4HEMNS1) "The vacuum tower cooling does not count in the energy
balance”

"State after Hx3, thus first part of cooling through heat exchangers”
T_6HEMS1 = 24 8 [C] ™Value collected from figure 6.2 in latex"
Q_HENS1HX3 = m_dotp*Cp_cooling*(T_SHENS1-T_SHENS1)

"State after Hx¥4, thus the end product”
T_THEMS1 = 8 [C]
Q_HENS1HX*4 = m_dotp*Cp_cooling*{T_8HEMNS1-T_THENS1)

"MODELL OF THE ENERGY USE IN & HEM SYSTEM FROM THE FINCH METHCOD ON SYSTEM 1"

"MODELL OF THE ENERGY USE IN & MER SYSTEM FROM THE FINCH METHOD OMN SYSTEM 17

m_dotHEMS1IW*Cp_IW*(T_IW1-T_IW2) = Q_HENS1H*4 "Calculation of mass flow rate of ice water. Assuming the inlet
and outlet temperature of ice water in the system are the same as existing system”®
Q_HENS1IWP = m_dotHENS1IW*Cp_IWP*{T_IWP2-T_IWP1) "Energy required to produce the ice water"

Q_HENS1PH = C_K4*80-T_K4in) "Reducing the upper temperature in the water circuit from 51, 1C to 50C"

Q_HENSTHATW = Q_HXTW+Q_HEMS1HX1 "The energy fransfer in HX_TW in this HEN system is the same as for the
existing system"

E_HEMS1[1] = Q_HENS1DH/eta_steam "Met energy reguired for steam preduction to the direct heating”

E_HENS51[2] = Q_HENS1PH/sta_steam "Met energy required for steam production to the preheating og products”
E_HENS1[3] = Q_HENS1IWP/{0 5*Carnot_ammonia) "Net energy required for ice water production to cooling of products”
E_HEMS51[4] = Q_HENS1HXTW "Met energy used in hot tap water preduction for this system”
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"MODELL OF PINCH METHOD FOR SYSTEM 2"
52[1] = 0 "Made just to separate the different systems in the amay”
"Temperature interval method of system 2"

T_intS2[1] = T_K2outp "Upper system temperatura”™

T_intS2[2] = T_H4p "First interval is between 1455 og 87 5C"
T_intS2[3] = T_H4p "H4 condenses"

T_intS2[4] = T_K4outp "Second interval is between 87,5 og 83 8C"
T_intS2[5] = T_H3inp "Third interval is betwsen 83,6 og 78,6C"
T_intS2[6] = T_K2inp "Fourth interval is between 73,6 0og 77 ,5C"
T_intS2[7] = T_Hlinp "Fifth interval is between 77,5 og 73,5C"
T_intS2[8] = T_K4dinp "Sixth interval iz betwesn 73 5 and 73 2C"
T_intS2[9] = T_H2AZ2outp "Sixth interval is between 73,2 og 30,8C"
T_intS2[10] = T_K3inp "Seventh interval is between 30,8 og 22 3C"
T_intS2[11] = T_H3outp "Eighth interval is between 22,3 0og 17,3C"
T_intS2[12] = T_K1inp "Minth interval is between 17,3 0g 6,5C"
T_intS2[13] = T_H1outp "Tenth interval is between 6,5 og 5,5C"

C_int52[2] = C_K2 "Sum of heat capacity flow rate in interval 1.7

C_intS2[3] = 0 "Sum of heat capacity flow rate while condensing”

C_int52[4] = C_K2 - C_H2 "Sum of heat capacity flow rate in interval 27

C_imtS2[5] = C_K2 + C_K4 - C_H2 "Sum of heat capacity flow rate in interval 3"

C_intS2[8] = C_K2 + C_K4 - C_H2 - C_H3 "Sum of heat capacity flow rate in interval 4"
C_intS2[7] = C_K1 + C_K4 - C_H2 - C_H3 "Sum of heat capacity flow rate in interval 5"
C_inmt52[8] = C_K1 + C_K4 - C_H1 - C_H2 - C_H3 "Sum of heat capacity flow rate in interval 67
C_imtS2[9] = C_K1 + C_K3 - C_H1 - C_H2 - C_H3 "Sum of heat capacity flow rate in interval 7"
C_imtS2[10] = C_K1 + C_K3 - C_H1 - C_H3 "Sum of heat capacity flow rate in interval 87
C_imtS2[11] = C_K1 - C_H1 - C_H3 "Sum of heat capacity flow rate in interval 9"

C_imtS2[12] = C_K1 - C_H1 "Sum of heat capacity flow rate in interval 10"

C_intS2[13] = -C_H1

Q_intS2[2] = C_intS2[2*{T_intS2[1]-T_intS2[2]} "Surplus of heat/cooling in interval 17
Q_int52[3] = Q_H4 "Surplus of heat while H4 condenses”

Q_intS2[4] = C_intS2[41*(T_intS2[3]-T_intS2[4]) "Surplus of heat/cooling in interval 27
Q_intS2[5] = C_intS2[5P*{T_intS2[4]-T_intS2[5]} "Surplus of heat/cooling in interval 37
Q_int52[6] = C_intS2[6]*(T_intS2[5]-T_intS2[6]} "Surplus of heat/cooling in interval 47
Q_intS2[7] = C_ntS2[7T(T_intS2[8]-T_intS2[7]) "Surplus of heat/cooling in interval 7
Q_intS2[8] = C_intS2[8*(T_intS2[7]-T_intS2[B]} "Surplus of heat/cooling in interval 67
Q_intS2[9] = C_intS2[91*(T_intS2[8]-T_intS2[9]} "Surplus of heat/cooling in interval 7
Q_intS2[10] = C_intS2[10]%T_intS2[9]-T_int532[10]) "Surplus of heat/ceoling in interval 87
Q_intS2[11] = C_intS2[11]"T_intS2[10]-T_intS2[11]) "Surplus of heat'cooling in interval 8"
Q_intS2[12] = C_intS2[12]"(T_int52[11]-T_intS2[12]) "Surplus of heat'cooling in interval 10"
Q_intS2[13] = C_intS2[13]"(T_intS2[12]-T_intS2[13]) "Surplus of heat'cooling in interval 11"

DeltaQ_int52[2] = Q_int52[2] "Surplus of heat'cooling in interval 1"

Deltal_intS2[3] = DeltaQ_intS2[2]+Q_intS2[3] "Surplus of heat/cooling in interval 1 + condense”

Deltal_intS2[4] = Deltal_intS2[3]+Q_intS2[4] "Surplus of heat'cooling in interval 1 and 2 + condense”
Deltal_int52[5] = Deltal_int52[4]+Q_int52[5] "Surplus of heat'cooling in interval 1, 2 and 3 + condense™
Deltal_intS2[8] = DeltaQ_intS2[3]+Q_intS2[8] "Surplus of heat/cooling in interval 1, 2, 3 and 4 + condense”
Deltal_intS2[7] = DeltaQ_intS2[6]+Q_intS2[7] "Surplus of heat/coaling in interval 1, 2, 3, 4 and 5 + condense”
Deltal_int52[8] = DeltaQ_intS2[7]+Q_intS2[8] "Surplus of heat'cooling in interval 1, 2, 3, 4, 5 and 6 + condense”
Deltal_intS2[9] = Deltal_intS2[8]+Q_intS2[9] "Surplus of heat'cooling in interval 1, 2, 3, 4, 5, 6 and 7 + condense”
Deltal_intS2[10] = Deltall_ntS2[9]+Q_intS2[10] "Surplus of heat/cocling in interval 1,2, 3,4, 5, 8, 7 and 8 + condense”
Deltal_int52[11] = DeltaQ_intS2[10]+Q_int52[11] "Surplus of heat/cooling in interval 1,2, 3,4, 5 6, 7. 8 and 9 +
condense”

Deltal_intS2[12] = DeltaQ_intS2[11]+Q_int52[12] "Surplus of heat/cooling in interval 1, 2, 3, 4,5 6,7, 8 9and 10 +
condense”

Deltal_intS2[13] = DeltaQ_intS2[12]+Q_intS2[13] "Surplus of heat/cooling in interval 1, 2, 3, 4,5 6, 7.8, 9,10, 11 +
condense”
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"deltal_star is used to make the grand composite curve plot”
Deltal_starS2[1] = Deltal_intS2[2]
DeltaQ_starS2[2] = Deltal_star52[1] - Q_int52[2]
DeltaQ_starS2[3] = Deltal_star52[2] - Q_int52[3]
Deltal_starS2[4] = DeltaQ_starS2[3] - Q_intS2[4]
DeltaQ_starS2[5] = Deltal_star52[4] - Q_int52[5]
DeltaQ_starS2[6] = Deltal_star52[5] - Q_int52[5]
Deltal_starS2[7] = DeltaQ_starS2[8] - Q_intS2[7]
DeltaQ_starS2[8] = Deltal_star52[7] - Q_int52[8]
DeltaQ_starS2[9] = Deltal_star52[5] - Q_int52[9]
Deltal_starS2[10] = DeltaCl_starS2[9] - Q_intS2[10]
DeltaQ_starS2[11] = DeltaQ_starS2[10] - Q_intS2[11]
DeltaQ_starS2[12] = DeltaQ_starS2[11] - Q_int52[12]
Deltal_starS2[13] = Deltal_starS2[12] - Q_intS2[13]

"Composite curves for system 2, made from the knowledge of the temperature interval method results®

"Cold stream temperatures”
T_CCS2[1] =T_K1in
T_CCS2[2] = T_K3in
T_CCS2[3] = T_K3out
T_CCS2[4] = T_K2in
T_CCS2[5] = T_K4out
T_CCS2[E] = T_K2out

"Hot stream temperatures”
T_CCS2[7]=T_H1out
T_CCS2[8] = T_H3out
T_CCS2[9] = T_H2AZout
T_CCS2[10] = T_H1in
T_CCS2[11] = T_H3in
T_CCS2[12] = T_H2AZin
T_CCS2[13] =T_H4

"Energy points for the cold composite curve”

Q_CCS2[1] = DeltaQ_starS2[13]

Q_CCS2[2] = C_KAT_CCS2[2}-T_CCS2[1]) + Q_CCS2[1]
Q_CCS2[3] = (C_K1+C_K3MT_CCS2[3}-T_CCS2[2]) + Q_CCS2[2]
Q_CCS2[4] = (C_K1+C_K4)(T_CCS2[4]-T_CCS2[3]) + @_CCS52[3]
Q_CCS2[5] = (C_K2+C_K4pT_CCS2[5}-T_CCS2[4]) + Q_CCS2M4]
Q_CCS2[6] = C_K2%(T_CCS2[6}-T_CCS2[5]) + Q_CCS2[5]

"Energy points for the hot composite curve”

Q_CCs2[M1=0

Q_CCS2[8] = C_H1%(T_CCS2[B]-T_CCS2[T]) + @ CCS2[7]

Q_CCS2[E] = (C_H1+C_H3)"(T_CCS2[9]-T_CCS2[8]) + Q_CCS2[8]
Q_CCS2[10] = (C_H1+C_H3+C_H2)"(T_CCS2[10]-T_CC52[9]) + Q_CCS52[9]
Q_CCS2[11] = (C_H3+C_H2)T_CCS52[11]-T_CCS2[10]) + Q_CCS2[10]
Q_CCS2[12] = C_H2*(T_CCS2[12}T_CCS2[11]) + Q_CCS2[11]
Q_CCS2[13] =-Q_H4 + Q_CCS2[12]

"MODELL OF THE PRODUCT FLOW IN HEN SYSTEM FROM THE PINCH METHOD ON SYSTEM 27
"state of incomming products”

T_1HENS2 = 4 [C] "Temperature of products entering the system”

"State after HX1, which is not ufilized"

T_2HENS2 = 4 [C] "Value collected from figure 6.1 in latex"
Q_HENS2HX1 = m_detp*Cp_preheat*(T_2HENS2-T_1HENSZ)
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"State after HX2, thus after preheating”
T_3HEMNS2 =T75[C]
Q_HENS2HX2 = m_dotp*Cp_preheat*(T_3HENS2-T_ZHENS2)

"State after injection, thus in holding tube”
T_4HEMS2 = 143 [C]
Q_HENS2DH = m_dotp*Cp_DH*[T_4HENS2-T_3HENS2)

"State after vacuum tower”

T_SHENSZ2 =76 [C]

Q_HENS2VYT = m_dotp*Cp_DH*(T_SHEMNS2-T_4HEMNS2) "The vacuum tower cooling does not count in the energy
halance”

"State after HX3, thus first part of cooling through heat exchangers™
T_BHEMSZ2 = 24 § [C] "Value collected from figure 6.1 in latex"
Q_HENS2HX3 = m_dotp*Cp_cooling*(T_SHENS2-T_SHENS2)

"State after Hx4, thus the end product”
T_THEMSZ2 = 8 [C]
Q_HENS2HX4 = m_dotp*Cp_cooling*(T_SHENS2-T_THENS2)

"MODELL OF THE ENERGY USE IN & HEM SYSTEM FROM THE FINCH METHCOD ON SYSTEM 2"

"The ensrgy utilized for refill of mass flow rate between K3 and H3 is dependent on where this refill comes from. If it
comes from H4, this would be less than from steam production, since this iz done with an efficizncy lower than 1"
"MODELLING THE REFILL AS STEAM PRODUCTION. THIS 1S SO MUCH EASIER, SINCE THE OTHER SOLUTION
AFFECTS THE MASS FLOW RATE OF H2 AND THEREBY CHANGING THE WHOLE SYSTEM"

m_dotHEMS2IW*Cp_IW*(T_IW1-T_IW2) = Q_HENS2ZH*4 "Calculation of mass flow rate of ice water. Assuming the inlet
and outlet temperature of ice water in the system are the same as existing system”
Q_HENS2IWP = m_dotHENS2IW*Cp_IWP*{T_IWP2-T_IWP1) "Energy required to produce the ice water"

E_HEMS52[1] = Q_HENS2DH/eta_steam "Met energy input in steam production for direct heating”

E_HENS52[2] = 0 "MNo steam needed to heat the water circuit"

E_HEMS52[3] = Q_HENSZIWP/(0,5* Camot_ammaonia)

E_HEMS2[4] = -{m_dots*(h_H4in-h_H4out) - C_K4*(T_K4out-T_K4in)} - C_H2*(T_H2AZin-T_H2AZ2out) "The available
heat to for instance hot tap water production is all energy from H4 except from the heat releaszed to K4 and all the energy
in H2"

"MCDEL OF THE PINCH METHOD FOR SYSTEM 3"

53[1]=0

"Temperaturintevallmetoden. Fortsatt litt usikker pa om jeg skal programmere denne slik at den endrer seg om jeg endrar
ulike verdier”

T_intS3[1] = T_K2outp "@vre temperatur™

T_intS3[2] = T_H4p "Ferste intervall igger mellom 1455 og 87, 5C"
T_int53[3] = T_H4p "Kondensaring”

T_intS3[4] = T_KZ2inp "&ndre intervall ligger mellom 87 5 og 77, 5C"
T_intS3[5] = T_H1linp "Tredje intervall ligger mellom 77,5 og 73,5C"
T_int53[6] = T_H2A2outp "Fjerde intervall ligger mellom 73,5 og 30,5C"
T_intS3[7] = T_K1inp "Femts intervall ligger mellom 30,8 og 6,5C"
T_intS3[8] = T_H1outp "Sjette intervall ligger mellom 8,5 og 5,5C7

C_intS3[2) = C_K2

C_intS3[3] =0

C_int53[4] = C_K2 - C_H2
CintS3[5] = C_K1-C_H2
C_intS3[8] = C_K1-C_H1-C_H2
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C_intS3[7] = C_K1- C_H1
CintS3[8] = - C_H1

Q_intS3[2] = C_intS3[2P(T_intS3[1}-T_intS3[2])
Q_intS3[3] = O_H4

Q_intS3[4] = C_intS34](T_intS3[3}-T_intS3[4])
Q_intS3[5] = C_intS3[S[(T_intS3[4]-T_intS3[5])
O_intS3[8] = C_intS3[EP(T_intS3[5]-T_intS3[8])
Q_intS3[7] = C_intS3[7P(T_intS3[E}-T_intS3[7])
Q_intS3[8] = C_intS3[BP(T_intS3[7]-T_intS3[8])

DeltaQ_intS3[2] = Q_int53[2]
DeltaQ_intS3[3] = DeltaQ_intS3[2+Q_intS3[3]
Deltal_intS3[4] = DeltaQ_intS3[31+Q_intS3[4]
Deltal_intS3[5] = DeltaQ_intS3[4]+Q_intS3[5]
Deltal_intS3[6] = DeltaQ_intS3[51+Q_intS3([8]
Deltal_intS3[7] = DeltaQ_intS3[E+Q_intS3[7]
Delta®_intS3[8] = DeltaQ_intS3[T+Q_intS3[8]

Delta®_starS3[1] = DeltaQ_int53[2]
Deltal_starS3[2] = DekaQ_starS3[(11-Q_intS3[2]
Deltal_starS3[3] = DeltaQ_starS3[2]-Q_intS3[3]
Deltal_starS3[4] = DekaQ_starS3[31-Q_intS3[4]
Deltal_starS3[5] = DekaQ_starS3[4]1-Q_intS3[3]
Deltal_starS3[6] = DeltaQ_starS3[5]-Q_intS3[8]
Deltal_starS3[7] = DekaQ_starS3[61-Q_intS3[7]
Deltal_starS3[8] = DekaQ_starS3[71-Q_intS3[5]

"Composite curves of system 3 from the tem perature interval method results”
"Cold stream temperature interval”

T_CCs301] = T_Kiin
T_CCS32] = T_Klout
T_CCS3[3] = T_K2out

"Hot streams temperature interval”
T_CCS3[4]=T_Hlout
T_CCS53[5] = T_H2A20ut
T_CCS3[E] =T_H1in

T_CCS3[7] = T_H2AZIn
T_CCS53[8]=T_H4

"Energy points for the cold composite curve”

Q_CCS3[1] = Deltal_star53[8]

Q_CCS3[2] = C_K1*T_CCS3[2]-T_CCS3[1]) + Q_CCS3[1]
Q_CCS3[3] = C_K2*T_CCS3[3]-T_CCS3[2]) + Q_CCS3[2]

"Energy points for the hot composite curve”

Q_CCsS3H4]=0

Q_CCS3[5] = C_H1%T_CCS3[5]-T_CCS3[4])

Q_CCS3[6] = (C_H1+C_H2)y*{T_CCS3[6]-T_CCS3[5]) + Q_CCS53[5]
Q_CCS3[7] = C_H24T_CCS3[T}-T_CCS3[E]) + @_CCS3[E]
Q_CCS3[8] = -Q_H4 + Q_CCS53[7]

"MODELL OF THE PRODUCT FLOW IN HEN SYSTEM FROM THE PINCH METHOD ON SYSTEM 37

"state of incomming products”
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T_1THEMS3 = 4 [C] "Temperature of products entering the system”

"State after Hx_new™
T_2HEMS3 = 71 [C] "Value collected from figure 6.1 in latex”
Q_HENS3HXNEW = m_dotp*Cp_preheat*(T_2HENS3-T_1HENS3)

"State after HX 1, thus after preheating”
T_3HENS3=T75[C]
Q_HENS3HX1 = m_dotp*Cp_preheat*(T_3HENS3-T_ZHENS3)

"State after injection, thus in holding tube"
T_4HEMS3 = 143 [C]
Q_HENS3DH = m_dotp*Cp_DH*T_4HENS3-T_3HENS3)

"State after vacuum tower”

T_SHEMS3 =76 [C]

Q_HENS3VT = m_dotp*Cp_DH*{T_SHENS3-T_4HENS3) "The vacuum tower cooling does not count in the energy
balance”

"State after HXnew, thus first part of cooling through heat exchangesrs”
T_6HENS3 = 8 [C] "Value collected from figure 6.1 in latex"
Q_HENS3HXNEW2 = m_dotp*Cp_cooling®(T_SHEMS3-T_SHENS3)

"State after Hx¥4, thus the end product”
T_THEMS3 = B[]
Q_HENS53HX4 = m_dotp*Cp_cooling*(T_SHENS3-T_THENS3)

"MODELL OF THE ENERGY USE IN HEN SYSTEM FROM THE PINCH METHOD OM SYSTEM 37

T_IW2new = 4 [C] "Since the ice water needs to coel the product stream from 3-=8C, the|ice water can't be heated more
than to 4C in the cooling process to obtain the minimum temperature difference in the heat exchanger”

"Cp_waterd4C is already calculated”

Cp_IWnew = (Cp_water4C + Cp_water2C)/2 "New average specific heat capacity in heat exchanger Hx4"

m_dotHEMS3IW*Cp_IWnew*{T_IW1-T_IW2Znew) = Q_HENS3HX4 "Calculation of mass flow rate of ice water. Since the
ice water needs to cool the product stream from 9-=8C, the ice water can't be heated more than to 4C in the cooling
process to obtain the minimum temperature difference in the heat exchanger”

Q_HENS3IWP = m_dotHEMS3IW*Cp_IWP*{T_IWP2-T_IWPF1) "Energy required fo produce the ice water.”

Q_HENS3TW = -{m_dots*{h_H4in-h_H4out) - C_K1*T_K1out-71)) - C_H2*(T_H2A2in-T_H2A20ut) "The energy
available to for instance hot tap water production from all energy in H4 except from the energy used to heat K1 and all
energy from H2"

E_HEMS3[1] = Q_HENS3DH/eta_steam "Energy required to produce the steam for direct heating”
E_HEMS3[2] = 0 "The water circuit is removed, hence there is no need for steam fo this purpose”
E_HENS3[3] = Q@_HENS3IWP/{0,5*Carnot_ammonia) "Energy reguired to produce the ice water"
E_HEMS3[4] = Q_HENS3TW

"HEAT PUMP MODEL FOR SYSTEM 4 AND 57
HP[1] =0

"HEAT PUMP (HX AS INTERCOOLING WITH 5K SUPERHEAT) - SINCE THERE IS NO DOWNSTREAM IN THE HEAT
PUMP IT MUST BE PROGRAMMED DIFFERENT. I'M LETTING THE FIRST ONE STAND JUST IN CASE™

"The water vapour entering the first compressor step should be a little superheated. Maybe it is possible to use a circuit for
intercooling to heat this vapour?

"Basic states”

T_HPlow = 90 [C]
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T_HPhigh = 159 [C] "Don't know if i should reduce this because of losses or if | should held it like this and compress
higher to compensate for losses?"

W_dotHP[1] = Q_exDH "Heat cutput of the heat pump system”

P_HP[4] = 142 37 [kPa] "139,98 [kPa] Calculated from the equation P_2Z = sgri(P_1*F_4)"

P_HP[8] = 289,05 [kPa] "290,32 [KPa] Calculated from the equation P_4 = sqrt(P_2*P_7). This and the latter equation is
an equation system with 2 eq and 2 unknown variables, which EES will not calculate”

"State 1 - temperature is aliready given"

#_HPcalc1=11[-]

P_HP[1] = Pressure(RE; T=T_HPlow,x=x_HPcalc1) "This should be 70 kpa"

T_HP[1] = Temperatura(R$:P=P_HP[1];x=x_HPcalc1) + 5 "5C superheated when entering first compressor”
h_HP[1] = Enthalpy(R$ . T=T_HP[1].:P=FP_HP[1]}

m_dotHP[1] = m_dotHP[13]

rho_HP[1] = Density(RE; T=T_HP[1]:P=P_HP[1]} "MNot surs if | need this"

V_dotHP[1] = m_dotHP[1)rho_HP[1]

"State 2 - state 1 with losses in suction pipe"

T_HPcalc2 = T_HPlow-1 "For calculation of the pressure in stats 2"

#_HPcalc2 = 1 [-] "For calculation of the pressure in state 2"

P_HP[2] = Pressure(R};T=T_HPcalc2;x=x_HPcalc2) "Corrected for pressure loss in suction pipe of first compressor”
h_HP[2] = h_HP[1]

T_HP[2] = Temperature(R3;P=P_HP[2];h=h_HP[2])

rho_HP[2] = Density(RE;P=P_HP[2]);h=h_HP[2]} "Mot sure if i need this"

m_dotHP[2] = m_dotHP[13]

V_dotHP[2] = m_dotHP[2)irho_HP[2]

"State 3 - after first compression step”

eta_HP = 0,73 "Realistic isentropic efficiency collected from rotrex compressor, which would be used for all compressors
in thiz system. Probably the picture with volumetric flow should be used in the thesis to argue for this isentropic efficiency™
x_HPcale3 = 1 [-] "Mot real, just used in calculation of discharge losses in first compression step”

T_HPcalc3 = Temperature(RS,P=P_HP[4];x=x_HPcalc3) + 1 "Cne kelvin pressure loss in discharge losses for
compression step 1"

P_HP[3] = Pressure(R};x=x_HPcalc3;T=T_HPcalc3) "One kelvin higher compression becauss of discharge losses”

Call CompressorZ_CL{(h_HP[2]; P_HP[2]; P_HP[3]; m_dotHP[2]; R¥; eta_HP: h_HP[3], W_dotHP[2]; eta_reallHF}

T_HP[3] = Temperatura{RE:h=h_HP[3].P=P_HP[3])

m_dotHP[3] = m_dotHP[13]

rho_HP[3] = DensityiR$;h=h_HP[3];P=P_HP[3]) "Mot sure if i need this"
V_dotHP[3] = m_dotHP[3)rho_HP[3]

"State 4"

h_HP[4] = h_HP[3] "The enthalpy is constant under pressure loszes”
T_HP[4] = Temperature|R3:P=P_HP[4];h=h_HP[4]}

m_dotHP[4] = m_dotHP[13]

rho_HP[4] = Density(RE;P=P_HP[4];T=T_HP[4]) "not surs if i nead this"
VW _dotHP[4] = m_dotHP[4)/tho_HP[4]

"State 5 - after the first intercooling. Intercooling is here done with a heat exchanger and not with direct heat exchangse.
The vapour is SK superheated out of intercooler HX"

%_HPcaleS=1[]

P_HP[5] = P_HP[4]

T_HP[3] = Temperature{RS;P=P_HP[3];x=x_HPcalc3) + 5 "5 kelvin superheated out of intercocling HX"

h_HF[5] = Enthalpy(RE;P=P_HP[3].T=T_HP[3]

m_dotHP[S] = m_dotHP[13]

rho_HP[5] = Density(R%;P=P_HP[5];T=T_HP[5]) "not sure if i nesd this"

W _dotHP[S] = m_dotHP[S)/tho_HP[5]

"State & - correcting for losses in suction pipe"

¥_HPcalcg =1[-]

T_HPcalct = Temperature{R3:x=x_HPcalct;P=P_HP[5]) - 1 "Pressure loss in suction pipe is equal 1 kelvin”

P_HP[E] = Pressure(R%;x=x_HPcalcs; T=T_HPcalct) "Corrected for pressure loss in suction pipe of comprassor step 27
h_HP[E] = h_HP[5]

T_HP[E] = Temperature{RS:P=P_HP[6];h=h_HP[E])

m_dotHP[E] = m_dotHP[13]

rho_HP[&] = Density{R$h=h_HP[E];P=F_HP[E]) "not sure if i need this"

\_dotHP[E] = m_dotHP[E)/rho_HP[E]

"State 7 - after second compression step”
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x_HPcaleT = 1 [[] "Mot real, just used in calculation of discharge losses in second compression step”

T_HPcalcT = Temperature(RS,P=P_HP[8],x=x_HPcalc7} + 1 "Cne kelvin pressure loss in discharge losses for
compression step 2"

P_HP[7] = Pressure(R¥;x=x_HPcalc7;T=T_HPcalcT) "One kelvin higher compression because of discharge losses”
Call CompressorZ_CL{(h_HP[E]; P_HP[E], P_HP[7], m_dotHP[E]; R¥; eta_HP: h_HP[T], W_dotHP[3]; eta_real2HF)

T_HP[7] = Temperatura(RE;P=P_HP[T];h=h_HP[7])

m_dotHP[7] = m_dotHP[13]

rho_HP[7] = Density(RE;P=P_HP[T];h=h_HP[7]} "not sure if i need this"
V_dotHP[T] = m_dotHP[7)irho_HP[T]

"State 8 - comrecting for pressure drop in discharge pipe of compressor step 2"
h_HP[8] = h_HP[7]

T_HP[8] = Temperature(R3;P=P_HP[2];h=h_HP[S])

m_dotHP[8] = m_dotHP[13]

rho_HP[8] = Density(R$;P=P_HP[3];h=h_HP[8]} "not sure if need this"
V_dotHP[8] = m_dotHP[&])/rho_HP[S]

"State 9 - after intercooling in HX between second and third compression step”

P_HP[9] = P_HP[&]

*_HPcalcd =11[-]

T_HP[9] = Temperatura(R$:P=P_HP[9]:x=x_HPcalc9) + 5 "Skelvin superheated out of intercooler HX"
h_HP[9] = Enthalpy(R$;F=F_HP[E].T=T_HP[3]}

m_dotHP[%] = m_dotHP[13]

rho_HP[9] = Density(R$;P=P_HP[9];T=T_HP[39]) "not sure if i need this"

V_dotHP[9] = m_dotHP[9)/rho_HP[3]

"State 10 - comection for pressure drop in suction pipe of compressor step 3"

*_HPcalc10 =1 [-]

T_HPcalc10 = Temperature(RE;P=P_HP[9];x=x_HPcalc10] - 1 "1 kvelin pressure drop in suction pipe”™
P_HP[10] = Pressure{R3$;T=T_HPcalc10;x=x_HPcalc10)

h_HP[10] = h_HF[9] "Enthalpy is constant when pressure drop occurs”

T_HP[10] = Temperature{RE;P=P_HP[10];h=h_HP[10]}

m_dotHP[10] = m_dotHP[13]

rho_HP[10] = Density(RE;P=P_HP[10];h=h_HP[10]} "not sure if i need this"

V_dotHP[10] = m_dotHP[10)rha_HP[10]

"State 11 - after third compression step”

#_HPcale11 =1 [[] "Mot real, just used in calculation of discharge losses in third compression step”

P_HP[11] = Pressure{R$;x=x_HPcalc11;T=T_HPhigh) "One kelvin higher compression because of discharge losses”
Call Compressor2_CL{(h_HP[10]; P_HP[10]; P_HP[11]; m_dotHP[10]; B3, eta_HP: h_HP[11]; W_dotHP[4]: eta_real3HPF)

T_HP[11] = Temperature(RS;P=P_HP[11];h=h_HP[11]}
m_detHP[11] = m_dotHP[13]

rha_HP[11] = Density(R$;P=P_HP[11];h=h_HP[11]) "not sure if i nead this"
V_dotHP[11] = m_dotHP[11}rhe_HP[11]

"State 12 - comection of discharge losses”

*_HPcalc12 =1 [-]

T_HPcalc12 = T_HPhigh - 1

P_HP[12] = Pressure{R$;T=T_HPcalc12;x=x_HPcalc12) "Pressure loss in in discharge is 1kelvin"
h_HP[12] = h_HP[11]

T_HP[12] = Temperature{RE;P=P_HP[12];h=h_HP[12]}

m_dotHP[12] = m_dotHP[13]

rho_HP[12] = Density(R5;P=P_HP[12]:h=h_HP[12]} "not sure if i need this"

V_dotHP[12] = m_dotHP[12)rha_HP[12]

"State 13 after condensing and subcooling in dirsct heating”
"x_HP[13]=0[]"

T_HP[13] = 143 [C] "Temperaturs of products and water after direct heating”
P_HP[13] = P_HP[12]

h_HPF[13] = Enthalpy(R3,P=P_HP[13],T=T_HP[13])

"T_HP[13] = Temperature(R$;P=P_HP[13];x=<x_HPcalc13)"

"h_HP[13] = EnthalpywR$,F=F_HP[13];x=x_HPcalc13)"

rho_HP[13] = Density(RE,P=P_HP[13];T=T_HP[13]) "not sure if i need this"
W_dotHP[13] = m_dotHP[13)rha_HP[13]

m_dotHP[13]*(h_HP[12] - h_HP[13])} = W _dotHP[1] "Calculation of the mass flow rate in the whaole system™




C Appendixz - EES Program Codes 110

File:Complete script of master thesis milk cp.EES 18.06.2018 11.44.53 Page 16
EES Ver. 8.935:#3812: Foruse only by students and faculty Dept. of Energy and Process Engingering, MTHLU, HORWAY

m_dotHPcheck = m_dotHP[13]*3600 "Check if the mass flow rate is the same as the product information say, most likely
less since superheat is included in the condensing process”

W_dotHP ='W _dotHP{2] + W_dotHP[3] + W_dotHP[4] "Compressor power of all compressors combinad”

COP_HP = W_dotHP[1}W_dotHP

"PINCH METHOD FOR SYSTEM 4"

S4[1]=0

"Temperature interval method”

"At this time | don't see the reason of calculating the specific heat capacity of the latent heat of the superheat from the
heat pump. I'm just putting everything in the kondensation”

T_intS4[1] = T_HPinp "Highest temperature is 245 89C, which is the superheated outlet temperature of the heat pump
when it is corrected as a cold stream.”

T_intS4[2] = T_K2outp "First interval iz between 245 69 and 145 5C"

T_intS4[3] = T_K4outp "Second interval is between 1455 and 83 6C"

T_intS4[4] = T_H3inp "Third interval is between 83,6 and 78,6C"

T_intS4[5] = T_K1ioutp "Fourth interval is between 75,6 and 77 5C"

T_intS4[&6] = T_H1linp "Fifth interval is between 77,5 and 73,5C"

T_intS4[7] = T_K4&inp "Sixth interval iz between 73,5 and 73 2C"

T_int54[8] = T_K3inp "Sixth interval iz betwesn 73 2 and 22 3C"

T_intS4[9] = T_H3outp "Seventh interval is between 22 3 and 17, 3C"

T_intS4[10] = T_K1inp "Eighth interval iz between 17,3 and 8,5C

T_intS4[11] = T_H1outp "Minth interval iz between 6,5 and 5 5C"

C_int54[2] = 0 "Condensation”™

C_intS4[3] = C_K2 "Sum of heat capacity flow rate in interval 1"

C_intS4[4] = C_K2 + C_K4 "Sum of heat capacity flow rate in interval 27

C_intS4[5] = C_K2 + C_K4 - C_H3 "Sum of heat capacity flow rats in interval 3"
C_intS4[6] = C_K1 + C_K4 - C_H3 "Sum of heat capacity flow rate in interval 4"
C_intS4[7] = C_K1 + C_K4 - C_H1 - C_H3 "Sum of heat capacity flow rate in interval 3"
C_int54[8] = C_K1 + C_K3 - C_H1 - C_H3 "Sum of heat capacity flow rate in interval 6"
C_int54[9] = C_K1 - C_H1 - C_H3 "Sum of heat capacity flow rate in interval 7"
C_intS4[10] = C_K1 - C_H1 "Sum of heat capacity flow rate in interval 8"

C_int54[11] = -C_H1 "Sum of heat capacity flow rate in interval 9"

Q_int54[2] = -Q_HP "Surplus heat from condensation”

Q_intS4[3] = C_ntS4[31*(T_intS4[2]-T_intS4[3]) "Surplus heat'cooling in interval 1"
Q_intS4[4] = C_intS4[4]*(T_intS4[3]-T_intS4[4]) "Surplus heat'cooling in interval 2"
Q_int54[5] = C_intS4[5]*(T_intS4[4]-T_intS4[5]} "Surplus heat'cooling in interval 3"
Q_intS4[8] = C_intS4[8]*(T_intS4[3]-T_intS4[8]) "Surplus heat'cooling in interval 4"
Q_intS4[7] = C_ntS4[7T*(T_intS4[8]-T_intS4[7]) "Surplus heat'cooling in interval 5"
Q_int54[58] = C_intS4[8]*(T_intS4[7]-T_intS4[8]} "Surplus heat'cooling in interval 68"
Q_intS4[9] = C_intS4[97*(T_intS4[8]-T_intS4[9]) "Surplus heat'cooling in interval T
Q_intS4[10] = C_intS4[10]"(T_intS4[9]-T_int54[10]) "Surplus heat/cooling in interval 8"
Q_intS4[11] = C_intS4[11]"(T_intS4[10]-T_intS4[11]) "Surplus heat/cocling in interval 8"

Deltal_intS4[2] = Q_intS4[2] "Surplus heat from cendensation”

Deltal_int54[3] = Delta_int54[2]+Q_intS4[3] "Surplus heat/cooling from condensation + interval 1"

Deltal_intS4[4] = DeltaQ_int54[3]+Q_intS4[4] "Surplus heat/cooling from condensation + interval 1 and 2"

Deltal_intS4[5] = Deltal_intS4[4]+Q_intS4[5] "Surplus heat/cooling from condensation + interval 1, 2 and 37

DeltaQ_intS4[6] = DeltaQ_int54[5]+Q_intS4[6] "Surplus heat/cooling from condensation + interval 1, 2, 3 and 4"

Deltal_intS4[7] = DeltaQ_int54[6]+Q_intS4[7] "Surplus heat/cooling from condensation + interval 1, 2, 3, 4 and 5"

Deltal_intS4[8] = Deltal_intS4[7]+Q_intS4[8] "Surplus heat/cooling from condensation + interval 1, 2, 3, 4, 5 and 87

Deltal_int54[9] = Deltal_int54[5]+Q_int54[9] "Surplus heat/cooling from condensation + interval 1,2, 3, 4, 5 6 and 7"
1,2,

Deltal_int54[10] = DeltaQ_intS4[9]+Q_int34[10] "Surplus heat/cooling from condensation + interval 1, 2, 3,4, 5 6, 7 and
g

Deltal_int54[11] = DeltaQ_intS4[10]+Q_int54[11] "Surplus heat/cooling from condensation + interval 1,2, 3,4, 5.6, 7, 8
and 9"

"Heat/cool energy values for grand composite curve of system 4
Deltal_starS4[1] = Deltal_intS4[7]
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Deltal_starS4[2] = DeltaQ_starS4[11-0_intS4[2]
DeltaQ_starS4[3] = DeltaQ_starS4[2]-0_intS4[3]
Deltal_starS4[4] = DeltaQ_starS4[31-0_intS4[4]
Deltal_starS4[5] = DeltaQ_starS4[4]-0_intS4[5]
DeltaQ_starS4[6] = DeltaQ_starS4[5)-C_intS4[6]
Deltal_starS4[7] = DeltaQ_starS4[61-0_intS4[7]
Deltal_starS4[3] = DeltaQ_starS4[T1-0_intS4[3]
DeltaQ_starS4[9] = DeltaQ_starS4[8]-0_intS4[9]
Deltal_starS4[10] = Deltad_starS4[9]1-0_intS4[10]
Deltal_starS4[11] = DeltaQ_starS4[10]-8_intS4[11]

"Composite cunves for system 4, made from the knowledge of the temperature interval method results”

"Cold stream temperatures”
T_CCS4[1]1=T_K1in
T_CCS4[2] = T_K3in
T_CCS4[3] = T_K3out
T_CCS4[4] = T_K2Zin
T_CCS4[5] = T_Kdout
T_CCS4[8] = T_K2out

"Hot stream temperatures”
T_CCS4[7]=T_H1out
T_CCS4[8] = T_H3out
T_CCS4[9] = T_H1in
T_CCS4[10] = T_H3in
T_CCS4[11] = T_HPout
T_CCS4[12] = T_HPin

"Energy points for the cold composite curve”

Q_CCS4[1] = DeltaQ_starS4[11]

Q_CCS4[2] = C_K1%(T_CCS4[2]-T_CCS4[1]) + Q_CCS54[1]
Q_CCS4[3] = (C_K1+C_K3MT_CCS4[3}-T_CCS4[2]) + Q_CCS4[2]
Q_CCS4[4] = (C_K1+C_K4)(T_CCS4[4]-T_CCS54[3]) + Q_CCS4[3]
Q_CCS4[5] = (C_K2+C_K4)(T_CCS4[5]-T_CCS54[4]) + Q_CCS4[4]
Q_CCS4[8] = C_K2*(T_CCS4[6]-T_CCS4[5]) + Q_CCS4[35]

"Energy points for the hot composite curve”

Q_CCS4[=0

Q_CCS4[8] = C_H1%(T_CCS4[B]-T_CCS4[T]) + Q@_CCS4[7]
Q_CCS4[9] = (C_H1+C_H3"(T_CCS4[9]-T_CCS54[5]) + Q_CCS54[8]
Q_CCS4[10] = C_H3*(T_CCS4[10}-T_CCS4[9]) + Q_CCS4[9]
Q_CCS4[11] = Q_CCS4[10]

Q_CCS4[12] = @_HP + Q@_CCS54[11]

"MODELL OF THE PRODUCT FLOW IN HEM SYSTEM FROM THE PINCH METHOD ON SYSTEM 47
"state of incomming products”

T_1HENS4 = 4 [C] "Temperature of products entening the system”

"State after Hx2, thus after preheating”

T_2HENS4 = T5[C]

Q_HEMNS4HX2 = m_dotp*Cp_preheat*(T_2HEMS4-T_1HENS4)

"State after injection, thus in holding tube”

T_3HENS4 = 143 [C]

Q_HEMNS4DH = m_dotp*Cp_DH*T_3HENS4-T_2HENS4)

"State after vacuum tower”
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T_4HENS4 = 76 [C]
Q_HENS4VT = m_dotp*Cp_preheat*{T_4HENS4-T_3HENS4) "The vacuum tower cooling does not count in the energy
halance™

"State after HX3, thus first part of cooling through heat exchangers”™
T_SHEMNS4 = 24 5 [C] "/alue collected from figure 6.1 in latex"
Q_HEMNS4HX3 = m_dotp*Cp_preheat*(T_4HENS4-T_SHENS4)

"State after Hx4, thus the end product”
T_BHENS4 = 8 [C]
Q_HEMNS4HX4 = m_dotp*Cp_preheat*(T_SHEMS4-T_&HENS4)

"MODELL OF THE EMERGY USE IN HEN SYSTEM FROM THE FINCH METHOD OMN SYSTEM 47

m_dotHENS4IW*Cp_IW*[T_IW1-T_IW2) = Q_HENS54HX4 "Calculation of mass flow rate of ice water. Assuming the inlet
and outlet temperature of ice water in the system are the same as existing system”™
Q_HENS4IWP = m_dotHEMS4IW*Cp_IWP*T_IWP2-T_IWP1) "Energy required to produce the ice water"

O_HEMS4HXPH = C_K4*(T_K4out-T_K4in)

E_HEMNS4[1] = Q_HENS4DHMCOP_HP "Energy required to produce the steam for direct heating by the heat pump”
E_HENS54[2] = @_HEMS4HXPH/eta_steam "Energy required to produce the steam for the water circuit”
E_HENS54[3] = @_HENS4IWP/D, 5*Carnot_ammonia) "Energy required to produce the ice water”

E_HEMNS4[4] = 0 "There iz no hot tap water production in this system”

"PINCH METHOD FOR SYSTEM 5"
ss[1]=0

"Temperature interval method of system 5"

T_inmtS5[1] = T_HPinp "Highest temperature is 245 69C which is the superhaated outlet temperature of the heat pump
when it is corrected as a cold stream.”

T_intS5[2] = T_K2outp "First interval is between 24569 and 145 5C"

T_imt55[3] = T_K1outp "Second interval is between 145 5C and 77, 5C"

T_intS5[4] = T_H1inp "Third interval is between 77,5 and 73 5C"

T_intS5[5] = T_K1inp "Feurth interval is between 73,5 and 6 5C"

T_imtS5[6] = T_H1outp "Fifth interval is between 6.5 and 5 5C"

C_intS5[2] = 0 "Heat pump interval 17

C_intS5[3] = C_K2 "Sum of heat capacity flow rate in intarval 2"
C_intS5[4] = C_K1 "Sum of heat capacity flow rate in intarval 3"
C_intS5[5] = C_K1 - C_H1 "Sum of heat capacity flow rate in interval 47
C_intS5[6] = -C_H1 "Sum of heat capacity flow rate in interval 5"

Q_intS5[2] = -Q_HP "Surplus energy from heat pump in interval 17

Q_intS5[3] = C_ntSS[3/M(T_intS5[2]-T_intS5[3]) "Surplus heat'cooling from interval 2"
Q_int55[4] = C_intSS[41*(T_intS5[3]-T_intS5[4]} "Surplus heat'cooling from interval 3"
Q_intS5[5] = C_ntSS[51*(T_intS5[4]-T_intS5[5]) "Surplus heat'cooling from interval 4"
Q_intS5[8] = C_ntSS[6*(T_intS5[3]-T_intS5[8]) "Surplus heat'cooling from interval 5"

Deltal_intS5[2] = Q_intS5[2] "Surplus heat/cocling from interval 17

DeltaQ_intS5[3] = Deltal_int55[2]+Q_intS5[3] "Surplus heat/cooling from interval 1 and 2"
Deltal_intS5[4] = Deltal_intS5[3]+Q_intS5[4] "Surplus heat/cooling from interval 1, 2 and 3"
Deltal_intS5[5] = Deltal_intS5[4]+Q_intS5[5] "Surplus heaticooling from interval 1, 2, 3 and 47
Deltal_intS5[6] = Deltal_intS5[5]+Q_intS5[6] "Surplus heat/cooling from interval 1, 2, 3, 4 and 5"

"Plots for grand composite cunse of system 3"
Deltal_starS5[1] = Deltal_intS5[5]
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Deltal_starS5[2] = DeltaQ_starS5[11-0_intS5[2]
DeltaQ_starS5[3] = DeltaQ_starS5[2]-0_intS5[3]
Deltal_starS5[4] = DeltaQ_starS5[31-0_intS5[4]
Deltal_starS5[5] = DeltaQ_starSS[4]1-0_intS5[5]
Deltal_starS5[6] = DeltaQ_starSS[5)-C_intS5[6]

"Composite curves for system 4, made from the knowledge of the temperature interval method results®

"Cold stream temperatures”
T_CCS5[1] =T_K1in
T_CCS5[2] = T_K2in
T_CCS5[3] = T_K2out

"Hot stream temperatures”
T_CCS5[4] =T_Hlout
T_CCS5[5]=T_H1in
T_CCS5[6] = T_HPout
T_CCS5[7] = T_HPin

"Energy points for the cold composite curve”

Q_CCS5[1] = Delta_starS5[E]

Q_CCS5[2] = C_K1YT_CCS3[2}-T_CCSS[1]) + Q_CCS5[1]
Q_CCS5[3] = C_K2*%(T_CCS5[2]-T_CCS5[2]) + Q_CCS55[2]

"Energy points for the hot composite curve”

Q_CCS5M4]=0

Q_CCS5[5] = C_H1*(T_CCSS[5]-T_CCS5[4]) + @_CCS5[4]
Q_CCS5[6] = @_CCS5[5]

Q_CCS5[7] = Q_HP + Q_CCS5[6]

"MODELL OF THE PRODUCT FLOW IM MER SYSTEM FROM THE PINCH METHOD OM SYSTEM 57
"state of incomming products”
T_1MERSS = 4 [C] "Temperature of products entering the system”

"State after H¥new, thus after first part of preheating”
T_2MERSS5 =71 [C]
Q_MERSSHXNEW1 = m_dotp*Cp_preheat*{T_2MERSS5-T_1MERSS)

"State after Hxnew2, thus after preheating”
T_3MERS5 =75][C]
Q_MERSSHXNEW2 = m_dotp*Cp_preheat*{T_3MERSS5-T_2MERSS)

"State after injection, thus in holding tube”
T_4MERSS5 = 143 [C]
Q_MERSSDH = m_dotp*Cp_DH*(T_4MERSS-T_3MERSS)

"State after vacuum tower”

T_SMERSS =76 [C]

Q_MERSSVT = m_dotp*Cp_DH*T_SMERSS5-T_4MERSS) "The vacuum tower cooling does not count in the energy
balance”

"State after Hxnew1, thus first part of cooling through heat exchangers”
T_6MERSS = & [C] "Value collected from figure 6.1 in latex”
Q_MERSSHX3 = m_dotp*Cp_cooling*(T_SMERSS-T_8MERSS)

"State after Hx4, thus the end product”
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T_TMERSS = 8 [C]
O_MERS5H¥4 = m_dotp*Cp_coaling*(T_SMERS5-T_TMERSS)

"MODELL OF THE EMERGY USE IN HEM SYSTEM FROM THE PINCH METHOD OMN SYSTEM 57

m_dotMERSSIW *Cp_IWnew*(T_IW 1-T_IW2new) = Q_MERSSHX4 "Calculation of mass flow rate of ice water. Assuming
the outlet of ice water cannot exceed the deftaTmin requirement of 5 kelvin temperature difference. This means that the
ice water temperature out of the system is only 4C instead of 17C"

Q_MERSSIWP = m_dotMERSSIW*Cp_IWP*T_IWP2-T_IWP1) "Energy reguired to preduce the ice water”

E_MERS5[1] = Q_MERSSDH/COP_HP "Energy required to produce the steam for direct heating by the heat pump"”
E_MERSS5[2] = Q_MERSSHXMEW 2/eta_steam "Energy required to produce the steam for the preheating in HXnew2"
E_MERS5[3] = Q_MERSSIWP/ND, 5*Carmot_ammaonia) "Energy required to produce the ice water”

E_MERSS5[4] = 0 "There is no hot tap water production in this system™




