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Abstract
The industry sector accounts for a high share of the final energy consumption, with industries in EU-28
accounting for a quarter of the final energy demand. Studies also show that 45 % of the industrial heat
demand in EU-27 is in a temperature range that can be supplied with present day solar collectors. Despite
this large potential, solar heat faces obstacles hindering its growth in the industrial sector. The most
significant obstacle is the low insight of the industrial system designs and energy demands. Those are
crucial factors for the feasibility and dimensioning of solar heating systems. Three case studies are
therefore conducted in dairy and pharmaceutical plants in order to review the most promising integration
points for parabolic trough solar collectors in terms of annual heat demand, temperature level and
integration effort. Two case studies are performed in dairy plants and one in a pharmaceutical plant, all
located in Sweden. The analyses comprised reviewing energy mappings, process and instrumentation
diagrams of processes and boiler systems, and hourly energy demand data. Simulations have been
carried out with Polysun for the processes with hourly energy data available.
Four integration points have been determined to be high priority solar heat integration points in dairy
plants, when considering annual thermal energy demand, temperature levels and integration effort.
Those are the low pressure steam line, heating of feedwater, clean in place systems and pasteurizers.
Solar heat integration concepts have been presented for all the aforementioned heat sinks and
simulations have been conducted for the low pressure steam line and heating of feedwater. A significant
amount of excess heat is produced as a result of fluctuating heat demands and peak solar heat production
hours. Further investigation should be carried out, in order to review the potential of supplying excess
heat to other heat sinks. Despite the reviewed potential of the clean in place systems and pasteurizers,
lack of the hourly energy demand has hindered further analyses of those systems. It is therefore
recommended to conduct energy measurements before taking further measures.
Two integration points have been identified in the pharmaceutical plant, namely autoclaves and
multiple-effect distillers. Solar steam generation concepts have been presented for both processes. The
autoclaves are provided with 4,5 𝑏𝑎𝑟 steam intermittently, as they work with batches and can have onduty and off-duty intervals ranging from 3-30 𝑚𝑖𝑛𝑢𝑡𝑒𝑠. The multiple-effect distillers are provided
with 7 𝑏𝑎𝑟 steam, which is of rather high pressure for the solar collectors model on which the
simulations are based. The heat demand of the distillers is more or less constant.
It was generally easier to acquire data for the integration points at the supply level. For instance, all heat
sinks at the supply level had energy demand data available, contrary to the process level. This inclines
additional focus on integration to the supply level, if the extent of the feasibility study is to be kept to a
minimum.

I

Acknowledgments
I would like to begin by showing my gratitude towards my supervisor at the workplace, Jonatan
Mossegård and the CEO, Joakim Byström, whom gave me the support throughout the thesis and
entrusted me with this exciting and challenging project. I would also like to thank my supervisor at the
University, Anders Åstrand, who I could turn to when faced with tough choices in how to proceed with
my project. I also owe a thank you to Bastian Schmitt, who gave me permission to use large parts of his
work in my report.
This project could not have been realised without the invaluable information and help received from the
industries that partook in this study, and their plant personnel that were available when need be. For
that, I want to express my gratitude. I would also like to thank Robert Eklund for being available when
I so much required someone to discuss with and Mohsen Soleimani-Mohseni for taking his time during
the vacation time to help me with paperwork.
My sincere gratefulness goes to Gunnar Lennermo, who helped me with P&IDs of solar heating systems
and Ilyes Ben Hassine for providing me with valuable information as well.
Finally, I would like to thank my colleagues at work, who always supported me and motivated me when
I needed it.

II

Nomenclature and Abbreviations
Hydronic system – A system in which water or another liquid is used as a heat transfer medium.
STE – Solar thermal energy
EU-27/EU-28 – The 27/28 countries that constitute the European Union.
HEX – Heat exchanger
PI – Process integration
P&ID – Process and instrumentation diagram
CHP – Combined heat and power
FWH – Feedwater heater
CIP – Clean in place
ME – Multiple-effect (referring to multiple-effect distillers)
VC – Vapour compression (referring to vapour compression distillers)
PW – Purified water (water with certain requirements on conductivity levels, total organic carbon, and
endotoxin levels, among other things).
WFI – Water for injection (water with higher purity requirements than purified water)
Å1 – Main steam line (supply level) in Case A and Case B.
Å2 – 10 𝑏𝑎𝑟 steam line after pressure reduction station in Case B.
Å3 – 3 𝑏𝑎𝑟 steam line after pressure reduction station in Case B.
Å11 – 4 𝑏𝑎𝑟 steam line after pressure reduction station in Case A.
MSEK – Million Swedish kronas
TEUR – Thousand euros

III

P&ID Symbols
Symbol

Explanation
Parabolic trough collector
Kettle reboiler
Plate HEX
Expansion vessel
Temperature indicator controller
Pressure indicator controller
Pyranometer
Flowrate indicator controller
Drain
Mixing valve

or

Safety valve
Pressure relief valve
Pump

or

Condensate trap
Control valve
Manual shut-off valve
Shut-off valve
Check valve
Solenoid valve
Deaerator
Filter
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1. Introduction
The growing awareness of the fossil fuels detrimental environmental effects has for decades pointed
towards the necessity to bring forth alternate, non-exhaustible energy sources that can reduce the 𝐶𝑂2
emissions. However, due to the technological adaption to fossil fuels that has occurred since the
industrial revolution, this shift has surely proven to be the defining challenge of our time. It is widely
believed that several different energy sources are required in order to meet the contemporary energy
demand. A prominent candidate is solar thermal energy (STE), which relies on the conversion of the
energy from incident solar irradiance to a heat transfer fluid. Contemporary solar thermal systems can
be classified into three categories; flat plate collectors, evacuated tube collectors and concentrating solar
collectors. The operating temperature of flat plate collectors and evacuated tube collectors does not
usually exceed 80°𝐶 and 120°𝐶 respectively. Concentrating solar collectors vary substantially in
operating temperature, with parabolic trough collectors typically operating in the region of 60-200°𝐶,
while Fresnel collectors can reach temperatures of 400°𝐶.
The industry sector represents a high share of the final energy demand, where for example in EU-28, a
quarter of the final energy demand can be linked to it. The energy consumption within the industry
sector can in turn be classified into three categories; low temperature demand, medium temperature
demand, and high temperature demand. The latter category accounts for 55 % of the energy demand in
the EU-27 industries and represents processes that are out of reach for present-day STE technology. The
remainder however still represents a significant energy demand that can be delivered with STE [1]. Solar
energy is presently used widely for heat and power production. A comparative study on the world energy
consumption released by the International Energy Agency (IEA) shows that solar array installations will
supply around 45 % of the world energy demand in 2050 [2]. CSIRO Energy Technology reviewed the
industrial energy usage in Australia and identified potential sites for utilization of solar thermal energy.
The sites were categorized by location, industry type, and characteristic process temperature. The study
estimated a potential of 5,62 𝐸𝐽 by 2050 [3]. The German industry accounts for 27 % of the country’s
final energy consumption, which in turn comprise 74 % thermal energy. Due to it being a promising
application area for STE a review was conducted, in which the industrial heat consumption was analysed
in order to thereby discover the most promising industry sectors. According to that study, the most
promising industry sectors were the chemicals, food and beverages, motor vehicles, paper, fabricated
metal, machinery and equipment, rubber and plastic, electrical equipment, textiles, printing and wood
[4]. Cyprus has a small isolated energy system, almost completely dependent on imported fuels to meet
its energy demand. This has sparked investigations surrounding the integration of various types of solar
collectors for industrial heat generation. The systems are analysed both thermally and economically with
the simulation software tools TRNSYS and TMY, in order to find out the systems viability in the
aforementioned aspects. It was concluded that larger demands resulted in higher fuel savings and greater
life cycle savings of the installation, thus indicating that high energy demand industries are more
favourable for solar heat integration [5, 6].
The Solar Heating and Cooling Programme (SHC) is one of the first programmes of the International
Energy Agency (IEA), with the main purpose of promoting the use of STE for various applications.
Task 33 investigates the potential use of STE to provide heat for industrial applications. Several nations
have taken part in this project by providing detailed information of the various industries heat demand
along with the temperature levels of the different processes [7]. As a part of the more recent research
project, task 49, the SHIP-database (Solar Heat for Industrial Processes) was created. The database
contains a worldwide overview on existing solar thermal plants, which provide various industry sectors
with thermal energy. Within the scope of the same task, a series of reports were delivered as well. One
report presents various issues of, and depict approaches to solve, the integration of STE into industrial
processes. A reduction in energy output in the range of 10 − 40 %, with payback not exceeding three
years could be achieved with Pinch analysis, even without technology changes. Literature suggests that
1

PI (process integration) opportunities should be done prior to the consideration of STE integration. This
is primarily because PI measures have effects on heat demand, and could for instance lower a process
temperature, thus enabling STE integration. Another important reason is that the possible use of excess
heat from a high grade heat sink would make STE integration to low grade heat sinks redundant [1].
Figure 1 presents industrial processes that are common in each industry sector, along with their typical
temperature ranges.

Figure 1: Various industrial processes commonly found in the respective sectors along with their typical
temperature ranges [8].

Despite the significant amount of research conducted in order to find a systematic procedure for the
integration of STE into industrial processes, many fundamental aspects in the field remain ambiguous.
This is largely due to the low insight of the industrial system designs and energy demand profiles, both
crucial factors for the feasibility and dimensioning of solar heating systems. The contemporary
procedure for solar heat integration in industries requires extensive feasibility assessment studies to
identify suitable integration points. These time-consuming and costly studies have resulted in lower
payback times for the installations, or even prevented them altogether. It is therefore of interest to
pinpoint high priority integration points that are commonly found in industrial sectors, determine a
systematic integration concept for those and find a simple collector field dimensioning method.

2

1.1. Purpose and Goals
The purpose of this study is to systematize the integration of solar heat in industrial processes, by
analysing the industrial systems and pin pointing processes that can be found in all, or the majority, of
the respective industry sector. Moreover, the deviation between the utilized systems in each industry are
to be studied, in order to determine the required flexibility of the solar heating system.
The goals of this study are divided in three segments:
1) Review the contemporary state of solar heating applications in industrial processes. This is first
and foremost done by reviewing conducted studies within the field, but also by visiting and
analysing existing solar heat installations.
2) Conduct in-depth analyses on a number of industrial plants. The analyses comprise three substeps, starting with studying energy mappings, in order to locate processes with thermal energy
demands, temperatures and pressures, which are suitable for solar heat integration. The P&ID
of the located processes are thereafter reviewed, in order to determine suitable integration
points, as well as present each specific integration concept with a P&ID.
3) Simulations will be conducted for each specific system with energy data available, in order to
determine solar fractions and annual yield, as well as determine the optimal solar collector area
for each integration.

1.2. Limitations
The research has been limited to three industrial plants, two of which are dairy plants and one being a
pharmaceutical plant. Electricity and cooling demand has been disregarded, as well as heat sinks
requiring heat transfer media with temperature and pressure levels exceeding 200°𝐶 and 10 𝑏𝑎𝑟.
Simulations have only been conducted for cases with hour-based data of the energy demand available.
Simulations have only been conducted with the parabolic trough collector model T160, manufactured
by Absolicon Solar Collector AB.

3

2. Theory
Industrial systems vary substantially from one another both at the supply level and at the process level.
In order to analyse such systems, it is necessary to review key components and how those affect a
potential integration of a STE system. Figure 2 explains symbols used in the integration concepts that
will be presented throughout this report.

Figure 2: Important symbols, used in integration concepts [9].

2.1. Fuel and Heat Transfer Medium
It is argued that the fuel being used and the heat transfer medium primarily influence the design of the
heat supply systems in industries. When comparing various fuels, the design of the boiler will vary,
assuming significantly larger sizes when solid fuels are being used. Moreover, the start-up and shutdown
time as well as the power variability of the heating power supply is much longer for solid fuel boilers,
when compared to boilers for liquid and gas fuels. The employment of heat storages in solid fuel systems
are therefore often incentivized in order to meet the supply to demand variations in the system. Another
important system design aspect is based on the choice of the heat transfer medium, with steam and
pressurized hot water being the most commonly used in industries. Those heat transfer media opt for the
use of either boilers or cogeneration systems. A system utilizing a steam boiler is more complex than a
hot water system, because the steam-condensate cycle requires more care and handling steps (water
treatment, condensate recovery and degasification). Despite the steam systems high complexity, they
are more commonly used, due to the steams high energy density and heat transfer rate, as well as the
ability to ensure heat transfer at a constant temperature by condensation. Water systems require large
distribution pipe diameters and pressurization when operating temperatures rise above 100°𝐶.
Alternative heat transfer media are thermal oil and silicon oil, which can be operated at lower pressures
than water, due to their high evaporation temperatures (≈ 300°𝐶). Those media are however more
expensive and has lower specific heat capacities. Lastly, air is also a viable heat transfer medium.
However, due to its low specific heat capacity, it is often confined and heated locally prior to the specific
process requiring hot air, for example drying [9].

2.2. Boiler Systems
Industrial boiler systems can be classified in three categories; hot water production, steam production,
and combined heat and power (CHP). Steam systems, see Figure 3, are most frequently used in industries
with a relatively low temperature requirement, like for instance the food and beverage industry and the
pharmaceutical industry among others. Generally, those industries require low pressure steam at ≈
2-7 𝑏𝑎𝑟 and hot water for the majority of their processes. There are however processes requiring high
pressure steam at ≈ 7-30 𝑏𝑎𝑟 as well, like for instance multiple-effect evaporators. Industries with such
processes would be forced to produce high pressure steam at the supply level in order to meet said
4

process demand and reduce the pressure of the remaining steam in order to meet the demand at lower
pressure levels as well [11]. This is of great significance for solar heat integration, with the first case of
low pressure steam production enabling the integration of solar collectors at the supply level, while the
case of high pressure steam would render this option unviable. Moreover, saturated steam at 3-7 𝑏𝑎𝑟
translates to 145-165°𝐶, while saturated steam at 30 𝑏𝑎𝑟 has a temperature of 235°𝐶. Although both
temperatures are within the temperature range of concentrating solar collectors, the first is favourable,
as the solar collector efficiency decreases with increasing operating temperatures.

Figure 3: Schematic depiction of an industrial boiler system for steam production.

A significant amount of the thermal energy demand in the food and beverage industry is comprised of
hot water. Therefore, some larger plants employ hydronic systems, in order to cover the hot water
demand, in addition to the steam boiler(s). This is due to their superior efficiency and comparatively
safe operation. Some industry sectors utilize CHP systems, see Figure 4. This is for instance common
in the pulp and paper industry, where by-products such as black liquor is used as fuel, thus decreasing
the energy cost. The pressure and temperature levels in CHP systems are very high, when compared to
steam and hydronic systems. This is due to the fact that superheated steam is required for the operation
of the turbine [10, 11].

5

Figure 4: Schematic depiction of an industrial boiler CHP system.

Whether the steam boiler system is used solely to meet the heat demand or for CHP, the steam exiting
the boiler is of higher pressure than what is required at the heat sinks. This is in order to optimise the
system response, steam quality and minimise the investment cost of the piping system, as smaller piping
is required for steam with higher pressure. The steam supplied to the heat sinks should be expanded to
the lowest pressure possible that can enable sufficient heat transfer to the heat sink but still enable
sufficient condensate removal from it.
Steam that is expanded in pressure reduction stations can have two states, depending on the enthalpy
before and after the expansion and the dryness fraction of the steam entering the pressure reduction
station. Assuming an adiabatic process in the pressure reduction station, then
(1)

ℎ𝐻𝑃 𝑠𝑡𝑒𝑎𝑚 = ℎ𝐿𝑃 𝑠𝑡𝑒𝑎𝑚
𝑘𝐽

must hold true, where ℎ𝐻𝑃 𝑠𝑡𝑒𝑎𝑚 [𝑘𝑔] is the specific enthalpy of the high pressure steam
𝑘𝐽

and ℎ𝐿𝑃 𝑠𝑡𝑒𝑎𝑚 [ ] is the specific enthalpy of the low pressure steam. If
𝑘𝑔
ℎ𝐿𝑃 𝑠𝑡𝑒𝑎𝑚 > ℎ𝑣,𝐿𝑃 ,

(2)

hold true, where ℎ𝑣,𝐿𝑃 is the specific enthalpy of saturated steam at the low pressure level, the expanded
steam is in a superheated state. If on the other hand
ℎ𝐿𝑃 𝑠𝑡𝑒𝑎𝑚 = ℎ𝑣,𝐿𝑃 ,

(3)

the expanded steam is in a perfectly saturated state. A perfectly saturated state is rarely achieved, due to
water entrainment with the exiting steam [12]. It can therefore be useful to rewrite the enthalpy as
ℎ = 𝑥 ∙ ℎ𝑓𝑔 + ℎ𝑙 ,

(4)

where ℎ is the enthalpy of the steam at its current state, 𝑥 is the dryness fraction, ℎ𝑓𝑔 is the enthalpy of
vaporisation and ℎ𝑙 is the enthalpy of the saturated liquid. Eq. (4) can be rewritten in terms of the dryness
fraction
𝑥=

ℎ−ℎ𝑙
,
ℎ𝑓𝑔

(5)
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in order to determine whether the steam is in a saturated or superheated state. Perfectly saturated steam
has 𝑥 = 1.
The preferred state of the steam is saturated when used in heating applications. The exception in which
superheated steam is preferred is power generation, where moisture could harm the turbine blades.
However, for heating application it is less efficient than saturated steam, due to the comparably low
overall heat transfer coefficient. This in turn is caused by the insulating behaviour that all gases possess,
superheated steam alike. The superheated steam in contact with the heating surface will first transfer its
sensible heat with a heat transfer coefficient of 50-100 𝑊/𝑚2 ∙ 𝐾, before transferring its latent heat
amid condensation, with a heat transfer coefficient of 1200 𝑊/𝑚2 ∙ 𝐾. As the superheated steam
releases its sensible heat, a temperature gradient is induced. This temperature gradient is unwanted, due
to the fact that the heat transfer rate will further decrease. This is avoided when using saturated steam,
as the heat transfer occurs at a constant temperature, with the steam condensing immediately as latent
heat is transferred to the surface [13].

2.2.1. Condensate Tank
The condensate tank is an integral part of the heat recovery in steam systems. The condensate typically
contains 10-30 % of the energy, as sensible heat, that was originally in the steam before condensing.
Condensate recovery not only reduces the required output energy from the boiler, in addition to reducing
the amount of chemicals required for the treatment of make-up water [10, 11]. Condensate tanks can be
omitted in some smaller systems.

2.2.2. Feedwater Tank
The feedwater tank performs three roles in the boiler system, namely:
-

-

deaeration of the water prior to the boiler, in order to avoid oxidation corrosion in the boiler,
heat the water prior to the boiler, thus increasing the overall system efficiency as well as reduce
the risk of thermal shock when cold water come in contact with hot surfaces of the boiler wall
and its tubes, and
provide the boiler with a reliable water reservoir, thus protecting the boiler during water supply
interruptions.

Depending on the size of the plant, the above stated roles can be managed in one or several units, open
and closed feedwater heaters (FWHs). Closed FWHs are specialized shell and tube HEXs. They are
more common in larger plants, where expanded steam leaving the turbines is used to preheat the
feedwater. The number of FWHs depend on the size of the plant, with utility and large industrial plants
often having five to seven stages of FWHs.
The deaeration of the feedwater is performed either mechanically or chemically. Chemical deaeration
involves the addition of oxygen scavengers such as hydrazine or sodium sulphite that react with the
oxygen and form compounds that are harmless to the system components. Mechanical deaeration is
performed in an open FWH, also called deaerator, see Figure 5. Mechanical deaeration works on two
principles, the first being Henry’s law, which states that the amount of gas dissolved in a liquid is directly
proportional to the pressure of the that gas above the liquid surface. The second principle is the oxygen
solubility in water, which is inversely proportional to the temperature. The oxygen concentration in the
water can in other words be decreased by increasing the temperature. To summarize, incoming water is
heated in the deaerator with steam bringing it to saturation temperature while oxygen is simultaneously
vented from the deaerator. This will ultimately reduce the oxygen content in the feedwater to the desired
level, usually being 7 𝜇𝑔/𝐿. The incoming steam is extracted either directly from the steam drum or as
expanded steam from the turbine. The deaerator operates at the same pressure as the incoming steam,
which makes the steam supply self-regulating [10, 11].
7

Figure 5: Spray-tray type deaerator uses trays to increase the surface area of the water with the incoming steam,
thereby increasing the heat transfer rate [11].

2.2.3. Economizer
One of the products from fuel combustion in boilers is flue gas. The temperature of the flue gas leaving
the boiler vary widely from 100-350°𝐶 depending on boiler efficiency, fuel type and its water content.
A significant amount of the heat can be recovered with the utilization of an economizer. The economizer
is a HEX, where heat is transferred from the flue gas to the feedwater prior to the steam drum. There is
however a lower temperature boundary that the flue gas should not fall below. This is due to the presence
of sulphur in the fuel, which is converted to sulphur dioxide (𝑆𝑂2 ) and sulphur trioxide (𝑆𝑂3 ) during
combustion. The 𝑆𝑂3 will in turn react with water to form harmful sulfuric acid (𝐻2 𝑆𝑂4 ). This is
avoided by maintaining a temperature level higher than the dew point of the flue gas, which in turn
depend on the partial pressure of the water and the 𝑆𝑂3 [11].

2.2.4. Steam Drum
After the feedwater has passed through the economizer, it is fed to the steam drum. The steam drum is
as the name indicates characteristic of steam systems. The incoming water should preferably be
gradually preheated to a saturated state, as this reduces irreversibilities, thus improving the
thermodynamic efficiency of the system. The steam drum, see Figure 6, rely on natural circulation (also
called thermal circulation), where the cold water descends due to its higher density relative to hot water.
The water thereafter enters the boiler tube segments. The boiler tubes are divided in two sections, the
downcomer and the riser. In order to avoid reversed thermal circulation, the downcomer is not exposed
to heat. The water is on the other hand heated in the riser, which is exposed to the flames resulting from
fuel combustion. As steam-water mixture is generated in the riser, it will return to the steam drum due
to its lower density relative to the water in the downcomer, thus accomplishing circulation. The steam
is finally naturally separated from the steam-water mixture in the steam drum with gravity steam-water
separation [10, 11].
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Figure 6: Boiler system utilizing a thermal circulation loop [11].

2.3. Heat Exchangers
Heat is usually supplied to processes by using internal or external heat exchangers (HEX), direct steam
injection, evaporators and dryers [9]. Figure 7 depicts three examples of processes that are supplied by
external HEXs.

Figure 7: Schematic depictions of processes that are heated by external HEXs. Pasteurization of yogurt with steam
heated scraped surface HEXs. Centre: Tunnel pasteurizer heated by external tube bundle. Right: Pasteurization
of fruit juice with double pipe HEX [14].

The suitability of a specific HEX will depend on the applied temperature, pressure, phase change,
available space and the specific properties of the media, such as viscosity and corrosiveness [15]. The
most common types for external applications are tubular- compact-, and extended surface HEXs [16].
Figure 8 illustrates different processes heated with internal HEXs.

9

Figure 8: Depiction of processes heated with internal HEXs. Left: HEX functioning as a heating jacket for a vessel
is heated with steam for cheese production. Centre: Heating of degreasing bath via internal tube bundle without
shell. Right: Hot water supply with internal heating coil that is heated indirectly with steam by an intermediate
hot water circuit [14].

Heating jackets are limited to pressure applications of 6 𝑏𝑎𝑟 or less and vessel sizes not
exceeding 10 𝑚3 . Heating coils are the simplest and cheapest type of HEXs. However, due to the low
flow rate outside the coil, the specific heat transfer is low, relative to other HEXs [15]. Plate and panel
coil HEXs are classified as compact HEXs. However, they are mainly utilized as internal HEXs,
functioning as internal heating elements for vessels or in baths. Operating pressures in the range of
7-18 𝑏𝑎𝑟 can be achieved. They are very cheap, due to their simple design and production process [15,
16].

2.4. Evaporators
Evaporators are typically used in industrial processes and can be classified into several types, namely
natural and forced circulation evaporators, climbing and falling film evaporators, and kettle reboilers,
illustrated in Figure 9. Those systems are mainly heated with steam, but could also be heated with
pressurized water and thermal oil [17].

Figure 9: Illustration of a shell-and-tube HEX, kettle-type reboiler. The heating media, typically steam,
pressurized water or thermal oil, is fed through the tube-side. Water is fed through the shell-side, rendering the
outer part of the tubular system entirely covered with water. The evaporated water is subsequently fed through the
upper part of the HEX, while the remaining water is recirculated [15].

The choice of evaporator is dependent on a number of factors, ranging from the desired vaporisation
rate, available space and ease of control, to the viscosity, boiling range, and heat sensitivity of the liquid.
A kettle reboiler is for instance favourable when a high vaporisation rate and ease of control is desired.
The drawbacks with the kettle reboiler is however the high cost and long residence time before
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vaporisation, which could ultimately have detrimental effects on the liquid. Falling film evaporators are
favourable in applications where sensitive liquids are processed and when low cost and compact designs
are favourable. This is countered with their low vaporisation rate and the comparatively difficult
dimensioning procedure [18].

2.5. Thermal Storage
A thermal storage system can be integrated mainly in two different ways; integration to the energy
distribution and supply system, and integration on the process level where the process media are stored.
The main objective of storages integrated to the main supply system is to maintain a constant load in the
boiler. This is, as aforementioned, of most interest when utilizing a solid fuel boiler, due to their slow
response time. Hot water is the most commonly used thermal storage medium. This is mostly due to the
fact that the majority of steam boilers are operating with natural gas, LPG or oil, where the fluctuations
can be met simply by varying the fuel input. Latent and thermo-chemical heat storage systems currently
play an insignificant role in the existing heat systems in industries [9].
Thermal storages can be classified in two main categories, open system- and closed system storages. In
an open system storage, the charging and discharging can be performed not only with thermal energy,
but also by directly supplying the heat transfer medium to, or depleting it from the storage. The open
systems are therefore a cheaper and simpler option, not to mention that the heat transfer losses through
HEXs can be circumvented. However, the downside of this system is that the volume and the flow rate
of the storage medium can vary significantly within the storage, thus greatly reducing the quality of the
stratification profile in the storage. In closed system storages on the other hand, the charging and
discharging is executed solely with the help of internal or external HEXs. Closed systems are usually
better stratified and are equipped with charging and discharging ports, making them the preferred
alternative for integration of STE [9, 14, 19, 20].

2.6. CIP Systems
Soiling of production equipment is an inevitable side effect in a majority of industrial processes.
Cleaning out of place (COP), is the original cleaning method, where production equipment is dismantled
and cleaned manually. With the introduction of continuous processes in industries, COP has been
increasingly replaced with CIP systems, cleaning in place, where the system is cleaned in the same setup as it was during production. The CIP procedure is done as follows:
1) Pre-rinse with water at 40-60°𝐶 in order to remove sugar and melt any fats. The temperature
should not exceed 60°𝐶 in order to avoid denaturing any native proteins, making them much
more difficult to clean.
2) Alkaline detergent is circulated through the system for a pre-set time, removing organic soil
such as proteins and fats. The alkaline solution is kept at a pre-determined, constant
concentration and temperature level.
3) Water is once again circulated in order to purge the system from alkaline detergent and the
dissolved soil.
4) Acidic detergent is circulated through the system in order to dissolve mineral and lime-scale
deposits. Similar to the alkaline detergent, the acidic solution is kept at a pre-determined,
constant concentration and temperature level. The frequency of applying the acidic detergent
depends on whether the surfaces are hot or cold as well as the product and the water quality.
5) A final rinse with water is carried out in order to remove acidic detergent residues and dissolved
soil.
Sterilization is performed in aseptic lines and lines for extended shelf life post cleaning. Disinfection is
used in non-aseptic production lines as well. Sterilization is the complete elimination of all living
microorganisms, viable spores, viruses, and viroids. Sterilization of food processing lines are usually
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done with moist heat, but can also be performed with pressurized steam that supplies a temperature
of 125°𝐶 for 30 𝑚𝑖𝑛𝑢𝑡𝑒𝑠. Disinfection reduces microorganisms, most importantly those that are
harmful to humans, to levels that ensures satisfactory food safety. Disinfection of food processing lines
can be done with hot water at 90-95°𝐶 or steam at 1 𝑏𝑎𝑟 for 15-20 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 [21].

2.7. Process Integration Methodology
Due to the complexity of the industrial systems and the variability between industrial sectors,
identification of the suitable integration points for STE can vary significantly, not to mention the
intricacy that some integration points present. Those intricacies may set higher demands on the
flexibility of the STE system. It is therefore necessary to put forth a methodology in which the feasibility
of an installation can be assessed [9, 14].
Bastian Schmitt argues for a nine-step methodology, depicted in Figure 10, that can be divided in three
main parts: pre-feasibility assessment, feasibility study, and decision/further activities.

Figure 10: Assessment methodology for STE integration [14].

It is important to note the necessity of the pre-feasibility study, as it is an effective tool that can be used
to quickly assess whether or not STE integration is a possibility for a company. A feasibility study can
be conducted thereafter, if the pre-feasibility study returns positive results. The feasibility study requires
more detailed information regarding production flow, integration points, roof area, and potential
locations for storages. The degree of detail in the process integration study will not only help in the
12

identification of heat recovery options, but also as a tool in the identification of the most sensible options
for STE integration. After identifying the integration points, they should be ranked according to the
following criteria:
-

Integration temperature level
Load profile (daily, weekly, annually)
Annual energy demand
Effort for integration
Sensitivity to changes
Achievable solar fraction

Suitable collector type, storage volume and necessary area can be analysed for the most favourable
integration points. Finally, the cost of the system should be calculated, where the costs of the STE
system, the integration, and the installation should be included. The results from the feasibility study
should be discussed with the company, before continuing with detailed planning [9, 14].

2.7.1. Process Integration with Pinch Analysis
Pinch analysis is an efficient tool, which may be used to improve, among other things, the energy savings
in industries. Application of pinch analysis in various industrial sectors can typically yield savings in
the range of 10-35 %, while other studies estimate that as much as 20-50 % of industry energy
consumption is ultimately discharged as waste heat [9, 22, 23]. By using this process integration method,
higher energy savings and in general higher profitability can be obtained. However, industries are in
general reluctant to take part in such studies, due to the time consuming data collection process that is
required prior to the study, not to mention the financial and/or human resource limitations. This will
more often than not limit the integration to the supply level, which generally requires a lower degree of
detail [9, 22].
While pinch analysis is a well-proven methodology for analysing heat recovery potential in industries,
it lacks a vital aspect, which is taking into account the time dependency of the processes. This is an
essential aspect to take into consideration when it comes to solar thermal installations, which are
intrinsically time dependent. For the integration of solar thermal systems to discontinuous processes,
pinch analysis and other methodologies that assume continuous processes are to be refrained from.
The step-by-step process in the pinch analysis begins by collecting mass flow rates, inlet and outlet
temperatures, and enthalpy changes corresponding to the industrial processes. The processes should be
divided in two categories: heat sinks (process with heating requirements) and heat sources (process with
cooling requirements). Each group of processes are thereafter combined and plotted in a so-called
composite curve, depicting the temperature as a function of the heat rate. Both curves are then combined
in the same graph in a way that places the curve of the heat sinks at a lower temperature than the hot
streams everywhere in the diagram. This can be achieved by repositioning the curve of the heat sink
along the x-axis. The composite curve of the heat sink will subsequently be moved along the x-axis
towards that of the heat source, until a minimum temperature difference at any given point, is achieved.
The minimum temperature difference is constrained by the efficiency of the HEX, where surface area
and costs usually limit the practically achievable temperature differences to around 5-10°𝐶. The point
at which this is obtained is defined as pinch point, and the temperature at the pinch point is defined as
pinch temperature [9, 22]. The composite curves, common nomenclature, and essential information that
can be collected from them is illustrated in Figure 11.
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Figure 11: Graphs depicting the hot composite curve (also called heat source curve) and the cold composite curve
(called heat sink curve). In a) the cold composite curve is moved along the x-axis towards the hot composite curve
to the point where 𝛥𝑇𝑚𝑖𝑛 = 10°𝐶 between the curves. This is referred to as the pinch point. In b) it is possible to
identify the maximum heat recovery, which is the horizontal overlap between the two curves, as well as the
minimum heating demand, 𝑄𝐻,𝑚𝑖𝑛 , and the minimum cooling demand, 𝑄𝐶,𝑚𝑖𝑛 [22].

It is important to note however, that the maximum heat recovery, depicted in Figure 11, does not take
into consideration the feasibility of the heat transfer from the heat sources to the heat sinks. Neither is
heat supply to process from the utilities taken into account. Additionally, if a utility design is based on
the grand composite curve, presented in Figure 12, no consideration is taken into the amount of processes
that the utility will need to supply. While it is technically possible to supply several operations, it is
generally not economically favourable, particularly in cases where the supply line infrastructure require
alteration. Hence, the selection of 1-2 suitable processes is preferable. Figure 12 illustrates the necessary
steps required to construct the grand composite curve.

Figure 12: Left: Composite curves. Centre: Shifted composite curves, where each curve is shifted along the y-axis
towards the other curve by a value of 𝛥𝑇𝑚𝑖𝑛 /2. Right: Grand composite curve, constructed by calculating the
difference in the heat rate between the hot composite curve and the cold composite curve and plotting the
temperature as a function of the difference in the heat rate [22] .

The advantage of the grand composite curve in contrast to the composite curves is that the heat demand
for the different temperature levels are evident. It is essential in the decision-making process of whether
a heat pump, a cogeneration system, or a solar thermal system is more suitable for the specific heat
demand and at which size, as illustrated in Figure 13 [9, 22].
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Figure 13: Grand composite curves, along with the utilities that are required to meet the demand. a) Above the
pinch point, high pressure steam is used to compensate the entire heat demand, while refrigeration is utilized to
meet the cooling entire demand. b) Rather than supplying the entire heating demand solely with high pressure
steam and refrigeration, a series of intermediate utilities can be used in order to meet the same demand [22].

As shown in Figure 13, the heating and cooling demand can be supplied either solely with high-pressure
steam and with refrigeration, or several intermediate steps can be applied to meet the same demands.
While the latter solution requires greater handling, it could reduce the utility costs, as low-pressure steam
is less costly. Most importantly, this can be used to determine the required size for a solar thermal
installation operating within a given temperature range [9, 22].

2.8. Classification Methodology & Integration Concepts
In order to simplify the identification process of suitable integration points, it is essential to establish a
classification for the industrial systems [9]. A classification of the heating systems of industries along
with possible integration concepts is therefore presented in Figure 14.

Figure 14: Classification of the heating systems of industries, along with their conventional heating system as well
as a possible integration concepts [9].
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As is evident from Figure 14, the heat transfer medium determines the suitable integration concepts at
supply level. For process level on the other hand, all industrial processes can be classified in the
following categories:
-

(pre)heating of fluid stream,
heating and maintaining temperature of baths, machineries or tanks, and
thermal separation processes [9].

Possible STE integration concepts, along with their abbreviations are presented in Table 1. Those
concepts will be presented in detail in the following sections. Those concepts have been taken from
“Task 49 - Integration Guideline“, where some of them have in turn been extracted them from the PhD
thesis “Integration of Solar Heating Plants for Supply of Process Heat in Industrial Companies” [14].
Table 1: Various integration concepts for industrial processes, along with their abbreviations [9].

It is important to note that more often than not, several solar integration concepts are feasible for one
process. If that is the case, the boundary conditions of the process can lead to a reduction in the possible
integration concepts. It is possible for instance to screen by comparing the temperature of the cold stream
for the different integration points, where the lowest temperature is the most preferable. Technical
reasons could exclude integrations points as well, not to mention cumbersome integrations [9, 14].

2.8.1. Supply Level with Steam (SL_S)
Four integration concepts can be applied at the supply level when using steam as heat transfer medium.
2.8.1.1. Direct Solar Steam Generation (SL_S_PD)
This integration concept, also illustrated in Figure 15, requires concentrating collectors in order to reach
sufficient temperatures. Boiler feedwater is heated with the solar collectors, where it is partially
evaporated. This will in turn be fed through the steam drum where the steam is separated from the water.
The water will be recirculated through the collector loop, while the steam will be fed to the steam line
when a sufficient pressure has been reached in the steam drum [9].
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Figure 15: Integration of direct solar steam generation at supply level (SL_S_PD). Water is partially evaporated
in the solar collector loop and fed to the steam drum, where the steam is separated from the produced water steam
mixture. The steam is subsequently fed to the steam line, when a sufficient pressure is obtained in the steam drum
[9].

It is important to note that due to the reduced steam production in the conventional boiler, which in turn
is caused by the solar steam production, an efficiency loss could occur. This is due to the fact that boilers
are usually designed for a typical load, and large deviations from it will cause an efficiency drop [9].
2.8.1.2. Indirect Solar Steam Generation (SL_S_PI)
Another concept that can be utilized for steam production is illustrated in Figure 16. In contrast to the
concept illustrated in Figure 15, the steam drum is replaced with an evaporator, in this case a kettle
reboiler, where the evaporation can take place in a loop separated from that of the solar collectors. The
heat transfer media in the solar collector loop are typically pressurized water or thermal oil [9].

Figure 16: Integration of indirect solar steam generation at supply level (SP_S_PI). Concentrating solar
collectors, with heat transfer media typically being pressurized water or thermal oil, are evaporating water
indirectly in a kettle type reboiler. The evaporated water is subsequently fed to the steam line when a sufficient
pressure is obtained [9].
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2.8.1.3. Solar Heating of Boiler Feedwater (SL_S_FW)
Depending on the supply pressure of the steam boiler, the boiler feedwater is usually in the range
of 160-220°𝐶, corresponding to pressures in the range of 6-23 𝑏𝑎𝑟, while the typical degasification
temperature is 105°𝐶. Thus, it is preferable to preheat the feedwater prior to entering the boiler, usually
with the utilization of an economizer. Exhaust temperatures are higher than the typical operating
temperature of a solar system. Economizers are therefore more suited to supply heat to feedwater at
higher temperatures. However, they typically provide a temperature increase of approximately 30°𝐶.
This will leave the heat demand for the lower temperature range available to be met with a solar heating
system. It is however noteworthy that this integration concept is not always feasible, with the
dimensioning of the economizer being the decisive factor [9]. A schematic illustration of such
integrations are presented in Figure 17.

Figure 17: Integration of solar heating of boiler feedwater (SL_S_FW). The typical degasification temperature
is 105°𝐶. It is preferable to heat the feedwater prior to the boiler. This can be done either with the utilization of
an economizer, a solar system, or a combination of both [9].

2.8.1.4. Solar Heating of Make-up Water (SL_S_MW)
Make-up water is required to compensate condensate losses caused by flash evaporation, blow down
and direct steam consumption. As aforementioned, the degasser typically operate at 105°𝐶, thus
enabling preheating of the make-up water with a solar system to cover the entire temperature interval,
see Figure 18. However, waste heat recovery within the boiler house significantly reduce the potential
of this integration concept [9].

Figure 18: Integration of solar heating of make-up water (SL_S_MW). Make-up water can be preheated prior to
entering the degasser, where a temperature of approximately 105°𝐶 is required [9].
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2.8.2. Supply Level with Liquid Heat Transfer Media (SL_L)
Three distinct integration concepts can be distinguished when discussing liquid heat transfer media in
supply level.
2.8.2.1. Parallell integration (SL_L_P)
A solar heating system can be integrated by partially diverting the return prior to the boiler and feeding
it through the solar heating system instead. Due to the fact that the flow is fed back directly to the supply
line, the control of the solar heating system has to ensure that the required temperature is obtained. A
schematic illustration of a direct integration (SL_L_PD) is presented in Figure 19. A similar concept
could of course be accomplished for an indirect system, simply by integrating a HEX between the
hydraulic separator and the solar collectors [9].

Figure 19: Parallel integration of a solar system to a hot water system (SL_L_PD). Return water is partially
redirected through the solar heating system and fed back to the supply line. It is of great importance that the solar
control system ensures that sufficient temperature is reached [9].

2.8.2.2. Solar Return Flow Boost (SL_L_RF)
The return line could be preheated prior to the hot water boiler, as illustrated in Figure 20. The advantage
of such a system is that no fixed set temperature has to be supplied by the solar system. However, this
concept might not always be of interest for industries, specifically those utilizing condensing boilers or
CHP [9].

Figure 20: Preheating of return line prior to the boiler (SL_L_RF). No fixed set temperature is required in such a
system [9].
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2.8.2.3. Solar Heating of Storages or Cascades (SL_L_SC)
As described in subsection “2.5 Thermal Storage”, there are a vast number of different thermal storage
systems. Depending on the storage system, STE can be integrated in order to preheat the input streams
or maintain the storage temperature, as shown in Figure 21. The aforementioned integration concepts
can be accomplished both directly and indirectly. Moreover, STE can be integrated to preheat the return
water prior to hot water cascades [9].

Figure 21: Schematic illustration of various integration concepts for solar heating of storages or cascades
(SL_L_SC). STE can be supplied both directly and indirectly, depending on the requirements on the system [9].

2.8.3. Process Level with External HEX (PL_E)
As is evident from Table 1 in section “2.8 Classification Methodology & Integration Concepts”, a
breakdown of the process level yield three distinct STE integration classes, each one covering a number
of concepts. Solar heating with an external HEX will be presented in this section.
2.8.3.1. External HEX for Heating of Product or Process Medium (PL_E_PM)
This integration concept can be applied to all three categories described in Figure 14. An additional heat
exchanger, which can be supplied with STE, can be installed serially to the conventional heat exchanger
in order to supply heat to the product or process medium. This concept possesses several advantages:
simplicity of the integration, diversity of the various processes it can be applied to, and the ability to
keep the dimensions of the solar system small by redirecting only a part of the product or process
medium through it, see Figure 22 [9].

Figure 22: Left: Schematic illustration depicting the general integration of solar heating of product or process
media with an external HEX (PL_E_PM). Right: The same integration concept realized for a sterilization process
with autoclave [9].
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2.8.3.2. External HEX for Heating of Intermediate Water Circuit (PL_E_IC)
Some industrial processes require intermediate hot water circuits, in order to avoid detrimental effects
on heat sensitive products. This integration concept is very similar to the one described in “2.8.3.1
External HEX for Heating of Product or Process Medium (PL_E_PM)”. It is generally even easier to
realize, due to the fact that the intermediate step allows softer safety requirements, compared to the
direct heating of the products. This system concept is commonly used in the food and beverage sector,
with an example being a pasteurization process, where the hot water circuit is heated to a temperature
slightly above the required temperature of the pasteurization process [9]. Schematic illustrations of the
general concept and a pasteurization process are depicted in Figure 23.

Figure 23: Schematic illustrations depicting solar heating of an intermediate hot water circuit with external HEX
(PL_E_IC). Left: General integration concept. Right: Pasteurization process with multi zone plate HEX and
external heating zone [9].

2.8.3.3. External HEX for Heating of Baths, Machinery, or Tank (PL_E_HB)
Figure 24 depicts the integration concept for solar heating of baths, machineries, or tanks with the
addition of an external HEX. The product or process media is drawn from the bath, subsequently heated
by the solar system, and once again returned to the bath. The identification of the time aspect of such
processes is crucial for the feasibility of them. The STE should preferably be supplied to the process
when its temperature is low, otherwise the STE system would act as a parallel integration to the
conventional heat supply [9].

Figure 24: Left: General integration concept for solar heating of bath, machinery, or tank with an external HEX
(PL_E_HB). Right: Schematic illustration depicted for the same integration concept, realized for electro plating
process heating with internal plate coils [9].
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2.8.3.4. External HEX for Heating of Input Streams (PL_E_IS)
Solar collectors can be integrated to preheat input streams of fresh water or air, needed to compensate
for evaporation losses or drying applications. Figure 25 depicts the general integration concept, as well
as an integration concept for preheating feed-in fresh water, to compensate for water discharge and
evaporation losses, in a scalding bath for chickens [9].

Figure 25: Left: General integration concept for heating of input streams with an external HEX (PL_E_IS). Right:
solar heating of feed-in fresh water to compensate for evaporation and discharge losses in a scalding bath for
chickens [9].

2.8.4. Process Level with Internal HEX (PL_I)
Heat can be supplied with internal HEXs as well. This HEX class is best suited for heating and
maintaining temperatures of baths, machineries, or tanks. However, it is important to consider the
available space in the process equipment, since the addition of an internal HEX could likely occupy
space needed for the product or other components within the designated compartment. Figure 26 depicts
schematic a general integration concept for solar heating with an internal HEX, as well as the integration
of solar driven dimple plate HEX, in addition to the conventional heating jacket [9].

Figure 26: Left: General integration concept for solar heating with an internal HEX (PL_I). Right: Integration of
a solar heated dimple plate HEX in parallel with the existing conventional heating jacket, for cheese production
in a curd vessel [9].

2.8.5. Process Level Steam Supply with Reduced Pressure (PL_S)
A number of industrial processes require steam of lower temperature and pressure levels than that
delivered from the supply line. The two main integration concepts will be presented in this section.
2.8.5.1. Solar Steam Generation at Vacuum (PL_S_V)
This concept is best suited for low temperature evaporation processes. Those kind of processes are most
commonly anticipated in the food and beverage industry, where typical process temperatures are in the
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range of 40-80°𝐶. An evacuated storage is required for such a system. The solar heating system could
be integrated prior to the evacuated storage, in order to preheat the condensate returning from the
evaporation process, as illustrated in Figure 27.

Figure 27: Solar steam generation at vacuum (PL_S_V). Condensate from the evaporators is preheated prior to
an evacuated storage and subsequently fed back into the evaporation process [9].

2.8.5.2. Solar Steam Generation at Low Pressure (PL_S_LP)
Solar steam could be generated at pressures and temperatures of around 1,5-3 𝑏𝑎𝑟 and 110-135°𝐶
respectively with the application of a kettle reboiler. As illustrated in Figure 28, the condensate from the
process is fed into the kettle reboiler and subsequently evaporated with STE. This would reduce the
demand of steam injection from the conventional system [9].

Figure 28: Solar steam generation at low pressure (PL_S_LP). Condensate is fed into a kettle reboiler and
evaporated with STE [9].
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3. Methodology and Implementation
Three case studies were used as the foundation for this work. Two of the case studies targeted dairy
plants, while the third targeted a pharmaceutical plant. The analysis was divided in a number of steps.
The first step was to review energy mappings of the plants, if available. This helped in identifying
suitable integration points from an annual energy demand perspective. Other crucial factors assessed
with the help of the energy mapping were the temperature and pressure levels at the supply level and
the process level. The following step, after suitable integration points had been identified, was to further
analyse the selected integrations points by studying their P&IDs. The focus in this step was to locate
and determine the most suitable integration point for the subsystem in question. The next step involved
conducting simulations with Polysun for the most suitable integration point. This helped determine the
optimal solar collector area and the concurrence of the energy demand with the energy production. This
was repeated for the systems with hourly energy demand data available, thereby assessing the deviation
between the systems. The analysis of the P&IDs helped determine the required flexibility of the solar
heating system in order to comply with all subsystems that fulfil similar purposes.

3.1. Simulation Model
The simulation model, presented in Figure 29, was based on a parabolic trough solar collector model
T160, manufactured by Absolicon Solar Collector AB. The model consisted of 100 collectors,
translating to a collector field are of 550 𝑚2. Abbreviations used in the simulation and processing of
the simulation results are presented in Table 2.
Table 2: Abbreviations in the simulation along with their meaning and condition/extraction method.

Abbreviation Explanation

Condition/Extraction

𝑉̇𝑠𝑖𝑚 [𝑙/ℎ]

Volume flowrate in simulation model.

2 000 000 𝑙/ℎ

𝑇𝐶𝑊𝐷 [°𝐶]

Temperature of cold water before
entering the solar system.

- Process temperature

𝑇𝐻𝑊𝐷 [°𝐶]

Solar collector outlet temperature

- “Hot water demand: Temperature [°C]“
in tabular evaluation in Polysun.

𝐸𝑢𝑠𝑒 [𝑊ℎ]

Heat transfer from/to the system.

- “Hot water demand: Energy from/to the
system [W] (Quse)” in tabular evaluation
in Polysun.

𝐸𝑢𝑠𝑒,+ [𝑊ℎ]

Positive values of 𝐸𝑢𝑠𝑒 .

- Processed in Excel

𝑚̇𝑚𝑎𝑥 [𝑘𝑔/𝑠]

Maximum mass flowrate that can be
heated with the solar collectors.

- Energy balance calculation.

𝑚̇𝐷 [𝑘𝑔/𝑠]

Mass flowrate demand of the process.

- Extracted from energy demand data.

𝑚̇𝑠𝑦𝑠 [𝑘𝑔/𝑠]

Maximum mass flowrate that can be
delivered to the system.

- 𝑚̇𝑢𝑠𝑒 = {

𝐸𝑠𝑦𝑠 [𝑊ℎ]

Actual energy to the system.

- Energy balance calculation.

𝐸𝑒𝑥𝑐𝑒𝑠𝑠 [𝑊ℎ]

Excess energy production.

- 𝐸𝑒𝑥𝑐𝑒𝑠𝑠 = {
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𝑚̇𝑚𝑎𝑥 𝑖𝑓 𝑚̇𝑚𝑎𝑥 ≤ 𝑚̇𝐷
𝑚̇𝐷 𝑖𝑓 𝑚̇𝑚𝑎𝑥 > 𝑚̇𝐷
𝐸𝑢𝑠𝑒,+ -𝐸𝑠𝑦𝑠 𝑖𝑓 𝐸𝑢𝑠𝑒,+ > 𝐸𝑠𝑦𝑠
0 𝑖𝑓 𝐸𝑢𝑠𝑒,+ < 𝐸𝑠𝑦𝑠

A customized template of the heat demand was set up, with flowrate and temperature 𝑉̇𝑠𝑖𝑚 and 𝑇𝐶𝑊𝐷 .

Figure 29: Simulation model used for the calculation of the energy production to the system.

Logged data was extracted from the tabular evaluation in Polysun, more specifically the data fields
returning 𝑇𝐻𝑊𝐷 and 𝐸𝑢𝑠𝑒 . The extracted data was thereafter processed in Excel, where 𝐸𝑢𝑠𝑒,+ was
calculated. This is done due to the fact that there will not be a negative heat transfer in the real system,
as opposed to the model. Using energy calculations, 𝑚̇𝑚𝑎𝑥 was calculated in order to thereby
determine 𝑚̇𝑠𝑦𝑠 . 𝑚̇𝑠𝑦𝑠 was calculated in order to determine the actual amount of energy that can be
delivered to the system, i.e. the heat demand and solar production occur simultaneously. Finally, 𝐸𝑠𝑦𝑠
and 𝐸𝑒𝑥𝑐𝑒𝑠𝑠 were be determined for a range of collector areas, thus enabling calculation of solar fraction
and payback time.

3.2. Case Study A
Case A is a dairy plant located in the southern part of Sweden. The dairy plant specializes in cheese
production, more specifically cheddar and blue cheese. The dairy plant processes 28 400 𝑡𝑜𝑛𝑛𝑒𝑠 of
milk annually, translating to 78 000 𝑙𝑖𝑡𝑟𝑒𝑠 of milk daily. The annual energy demand, which amounted
to 7 112 𝑀𝑊ℎ in 2014, is met with 4 518 𝑀𝑊ℎ natural gas and 2 594 𝑀𝑊ℎ of electricity. The
electricity is mainly utilized for cooling, while the natural gas fuels two steam boilers. The total roof
area is 2 400 𝑚2.
Figure 30 illustrates the energy production and the energy consumption in the plant. As is evident, the
electricity is mainly utilized for cooling of storage spaces and various processes, while the gas fuelled
boilers provide heat to pasteurisation, the CIP station, ventilation and space heating.
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Figure 30: Schematic illustration of the energy production and consumption in Case A (in Swedish).

The most significant heat consumers in this case are listed in Table 3.
Table 3: Heat consumers accounting for a significant share of the annual thermal energy demand in the
plant (4 500 𝑀𝑊ℎ). Figures are derived from “Appendix A – Energy Demand in Production and Domestic
Heating in Case A” and “Appendix B – Energy Demand Feedwater in Case A”.

Heat sink

Thermal energy (MWh)

Share of heat demand (%)

4 bar steam

3 700

82

Pasteurization

1 200

27

CIP-system

490

11

Preheating of feedwater

200

4

As is evident from Table 3, CIP processes account for 11 % or 490 𝑀𝑊ℎ annually of the energy
demand in the production processes. Moreover, it is evident from Table 4 that the heat transfer media
providing heat to the CIP processes is either hot water or low pressure steam. It is also noteworthy that
the CIP system does not exceed temperatures of 85°𝐶. The fact that the CIP process accounts for a
substantial share of the energy demand, in combination with the relatively low process temperature,
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makes it a high priority prospect for solar heat integration. This is analysed in detail in section “3.2.5
CIP System”.
There are three pasteurizers available in the dairy plant, a cheddar pasteurizer, a blue cheese pasteurizer,
and a cream pasteurizer. Combined, they account for 27 % of the annual thermal energy demand,
or 1 200 𝑀𝑊ℎ annually. An intermediate hot water circuit is used in the pasteurization processes, which
in turn is heated with low-pressure steam. Although heated with high temperature steam, the
intermediate hot water circuit has a significantly lower temperature level, as is evident from Table 4.
This is further analysed in section “3.2.6 Production Facility”.
Table 4: The operation temperatures, heat transfer medium and annual energy demand of processes.

Process

Medium

Temperature
in (°𝑪)

Temperature
out (°𝑪)

Annual energy
demand (𝑴𝑾𝒉)

Cheddar milk
pasteurizer

Hot water

67

74,5

199

Cheddar milk
pasteurizer

Hot Water

9

34

663

Blue cheese pasteurizer

Hot water

60

74,5

170

Blue cheese pasteurizer

Hot water

17

30

152

Cream pasteurizer

Hot water

88

95

34

CIP

Hot water

5

62

185

CIP

Steam

62

85

69

3.2.1. Boiler System
The boiler system consists of a gas fuelled steam boiler with a rating of 1,7 𝑀𝑊 and an operating
pressure and temperature of 12 𝑏𝑎𝑟 and 180°𝐶 respectively. Part of the steam line is used to preheat
the feedwater tank. The steam exits the boiler with a temperature and pressure of 180°𝐶
and 12 𝑏𝑎𝑟 (Å1) respectively. The pressure is reduced to 4 𝑏𝑎𝑟 (Å11) immediately after the boiler.
Cold make-up water is heated to 40°𝐶 with Å11. There is however a lack of measurements of the
required energy to this specific heat sink. There is no condensate tank in the plant. The condensate is
supplied to the deaerator directly from the heat sinks.
The condensate and make-up water is supplied to the degasser, where both streams are heated to 108°𝐶
with Å11. The feedwater is pressurized to 14 𝑏𝑎𝑟 with the feedwater pump and pre-heated from 108°𝐶
to 140°𝐶 in the economiser prior to the boiler.

3.2.2. Steam Network
As aforementioned, the steam network consists of two steam lines. The steam exits the steam drum with
a pressure of 12 𝑏𝑎𝑟 (Å1). It is thereafter branched into two separate lines, where one is supplied to the
deaerator for preheating of feedwater and the remaining is expanded to 4 𝑏𝑎𝑟 (Å11) in a pressure
reduction station. The average hourly values of the steam production is presented in Figure 31.
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Figure 31: Average hourly values of the steam production during the day.

As is evident, there is a steam demand at all times of the day. It increases during the working hours
(05:00-17:00), where it peaks at about 1,6 𝑡𝑜𝑛𝑛𝑒𝑠/ℎ and decreases during the remaining time
(17:00-04:00) to about 0,3 𝑡𝑜𝑛𝑛𝑒𝑠/ℎ. There are some instances when the demand completely
diminishes and some cases where it can increase to 2,4 𝑡𝑜𝑛𝑛𝑒𝑠/ℎ. Those are however rare occurrences.
What follows from here is two different scenarios, where the state of the steam is analysed.
If the 12 𝑏𝑎𝑟 steam has a dryness fraction of 𝑥12 𝑏𝑎𝑟 = 0,95, the expanded 4 𝑏𝑎𝑟 steam will be
saturated. Using steam tables and Eq. (4) return a specific enthalpy of
ℎ12 𝑏𝑎𝑟 = 𝑥12 𝑏𝑎𝑟 ∙ ℎ𝑣,12 𝑏𝑎𝑟 + ℎ𝑙,12 𝑏𝑎𝑟 = 2 684 𝑘𝐽/𝑘𝑔,
for the 12 𝑏𝑎𝑟 steam, where ℎ𝑣,12 𝑏𝑎𝑟 = 1 985 𝑘𝐽/𝑘𝑔 is the enthalpy of vaporisation, ℎ𝑙,12 𝑏𝑎𝑟 =
798 𝑘𝐽/𝑘𝑔 is the enthalpy of saturated water, and ℎ12 𝑏𝑎𝑟 is the enthalpy at the current state. Assuming
a completely adiabatic process in the pressure reduction station,
ℎ12 𝑏𝑎𝑟 = ℎ4 𝑏𝑎𝑟 ,
must hold true, where ℎ4 𝑏𝑎𝑟 is the enthalpy of the 4 𝑏𝑎𝑟 steam. Using Eq. (5), the dryness fraction
for 4 𝑏𝑎𝑟 steam, 𝑥4 𝑏𝑎𝑟 is determined to be
𝑥4 𝑏𝑎𝑟 =

ℎ4 𝑏𝑎𝑟 −ℎ𝑙,4 𝑏𝑎𝑟
ℎ𝑣,4 𝑏𝑎𝑟

≈ 0,98,

where ℎ𝑣,4 𝑏𝑎𝑟 = 2 133 𝑘𝐽/𝑘𝑔 is the enthalpy of vaporisation, ℎ𝑙,4 𝑏𝑎𝑟 = 605 𝑘𝐽/𝑘𝑔 is the enthalpy of
saturated water, and ℎ4 𝑏𝑎𝑟 is the enthalpy at the current state.
If on the other hand the 12 𝑏𝑎𝑟 steam is completely saturated, i.e. completely dry, the expanded 4 𝑏𝑎𝑟
steam will assume a superheated state. The superheated state at 4 𝑏𝑎𝑟 stems from the excess energy,
which in turn originates from the difference in the specific enthalpy of saturated steam at 12 𝑏𝑎𝑟
(2 783 𝑘𝐽/𝑘𝑔) and saturated steam at 4 𝑏𝑎𝑟 (2 738 𝑘𝐽/𝑘𝑔). This excess energy (45 𝑘𝐽/𝑘𝑔) is stored as
sensible heat in the steam, maintaining the saturation temperature of 12 𝑏𝑎𝑟 steam (188°𝐶), which
is 44°𝐶 above the saturation temperature of steam at 4 𝑏𝑎𝑟 (144°𝐶).

3.2.3. Feedwater
The condensate is heated from 80°𝐶 to 108°𝐶 in order to remove unwanted gases from the liquid. Makeup water with a temperature of 40°𝐶 also requires heating to the set temperature of the deaerator. The
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amount of make-up water is unknown. The combined condensate and make-up water demand can
however be determined from the steam demand. Part of Å1 is injected to the deaerator to meet the heat
demand, which amounts to 200 𝑀𝑊ℎ annually, see “Appendix B – Energy Demand Feedwater”.

3.2.4. Hot Water System
The hot water demand is more or less required between 4:30-18:00. A fraction of the hot water is heated
in a tube HEX to 80°𝐶 with Å11 and thereafter either sent directly to the heat sinks in the plant, or stored
in a 5 𝑚3 thermal storage. Hot water is also heated on site for the CIP system, pasteurizers and the
ventilation. A rough estimation indicates a combined energy demand amounting to 1 500 𝑀𝑊ℎ
annually, which translates to 36 % of the total annual thermal energy demand of the plant. Solar heat
could be integrated to replace the current heat supply to the hot water circuit, thereby decreasing the
steam demand. However, the absence of a thermal storage and a central heat transfer point for the hot
water system is disadvantageous, as the integration process will be significantly aggravated. There is
unfortunately a lack of data over the energy demand of the heat sink as well. This, in addition to the
aforementioned multiplicity of locations from where heat is provided, will aggravate the integration
process. This heat sink will therefore not be further studied.

3.2.5. CIP System
The CIP system is composed of two separate systems, one for the cleaning of the vessels and pipes that
handles unprocessed products and another for those that handle the processed products. A P&ID of the
CIP system for the processed products is presented in Figure 32. The CIP system for the unprocessed
products will not be further studied, as the heat demand is deemed insufficient.

Figure 32: P&ID of the CIP-system for the processed products in Case A. The black lines depict piping designated
for heat transfer media, purple lines depict piping designated for the detergent concentrate, and the teal lines
depict piping designated for the CIP process, see “Appendix C – P&ID of the CIP Central in Case A” for higher
resolution.

The operating hours of the CIP system is 04: 30 − 17: 30, with an on-duty pattern resembling a batch
process. This is due to the fact that it operates intermittently when pasteurizers and other production
equipment is on standby. As aforementioned, heat is delivered to the system with two heat transfer
media, hot water and steam. The hot water, which is described in section “3.2.4 Hot Water System”, has
a temperature of 80°𝐶 and the steam is supplied from Å11. The hot water is fed directly to the detergent
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tanks, T90:2 and T90:3, along with cold water, while the heat from Å11 is transferred through external
heat exchangers to the detergent solution that is circulated from the tank. The purpose of the hot water
is to replace discharged detergent, which happens rather infrequent. This points to the fact that the heat
demand of the detergent tanks is mainly met with Å11. There is however no data available over the
delivered heat from Å11, or from the hot water system to the detergent tanks.

3.2.6. Production Facility
The production facility, presented in Figure 33, comprises three pasteurizers, namely a cheddar milk,
blue cheese milk, and a cream pasteurizer.

Figure 33: P&ID of the production facility of Case A. Black lines depict piping designated for heat transfer media,
red lines depict piping designated for the product (milk), green lines depict the piping designated for the byproduct (cream), and blue lines depict piping designated for the CIP process. See “Appendix D – P&ID of the
Production Facility in Case A” for higher resolution.

3.2.6.1. Cheddar Milk Pasteurizer
The cheddar milk pasteurizer presented in Figure 34 is comprised of four plate HEXs. 4°𝐶 milk is fed
through HEX 3 where it is heated to 64°𝐶 with already pasteurized milk that is simultaneously cooled
from 68°𝐶 to 9°𝐶. It is thereafter processed through a separator, where the cream is separated from the
milk. The milk undergoes standardization as well, before entering HEX 2 where it is further heated
to 67°𝐶, again with milk that is cooled from 72°𝐶 to 68°𝐶. The milk is thereafter fed through HEX 1,
where it is heated to 72-74,5°𝐶 with hot water, and held at the set temperature for 30 𝑠 in the holding
tube. As aforementioned, the milk is cooled to 9°𝐶 by using the opposite milk loop, before entering
HEX 4, where it is heated to 30°𝐶 with hot water and finally sent to the cheese-making process.
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Figure 34: P&ID depicting the cheddar milk pasteurizer.

As is described, the cheddar milk pasteurizer utilizes a regenerative system, as a significant portion of
the heat demand is met by cooling the already pasteurized milk, thus meeting the cooling demand
simultaneously. This confines the external heating into two HEXs, namely HEX 1 and HEX 4. HEX 1
is supplied with hot water that is heated with Å11 in HEX V22:2 to 73-76°𝐶. HEX 4 is heated with
another hot water circulation system that is heated with Å11 to 50°𝐶. HEX 1 is designed for water and
milk flowrates in the range of 15 000 𝑘𝑔/ℎ and 12 000 𝑘𝑔/ℎ respectively, while HEX 4 is designed
for water and milk flowrates in the range of 15 000 𝑘𝑔/ℎ and 12 000 𝑘𝑔/ℎ. HEX 4 has a power
demand amounting to 370 𝑘𝑊, while HEX 1 requires 100 𝑘𝑊. The on-duty hours and on-duty days
are unknown.
3.2.6.2. Blue Cheese Milk Pasteurizer
Similar to the cheddar milk pasteurizer, the blue cheese milk pasteurizer, shown in Figure 35, utilizes a
regenerative system, where 4°𝐶 milk is heated in HEX 2 to 60°𝐶 with the already pasteurized milk. It
is thereafter processed through the separator and heated to maintain a constant temperature prior to the
homogenisation process. The milk enters HEX 1, where it is heated with hot water to 72-74,5°𝐶 and
held at the set temperature for 30 𝑠 in the holding tube. The milk re-enters HEX 2, this time from the
opposite side, where it is cooled to 17°𝐶 before entering HEX 3, where it is heated to 30°𝐶 with hot
water and finally sent to the cheese-making process.
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Figure 35: P&ID depicting the blue cheese milk pasteurizer.

External heating is provided in HEX 1 with an intermediate hot water circuit that is heated with Å11 in
HEX V21:2 to 73-76°𝐶. HEX 3 is heated externally as well with an intermediate hot water circuit,
which in turn is heated with Å11 to 50°𝐶. The blue cheese milk pasteurizer is dimensioned for flowrates
of water and milk of 12 000 𝑘𝑔/ℎ and 12 000 𝑘𝑔/ℎ respectively in HEX 1. The water and milk
flowrates in HEX 3 are 7 500 𝑘𝑔/ℎ and 12 000 𝑘𝑔/ℎ. The power demand in HEX 1 is 170 𝑘𝑊, while
HEX 3 requires 180 𝑘𝑊. The on-duty hours and on-duty days are unknown.
3.2.6.3. Cream Pasteurizer
The cream pasteurizer, presented in Figure 36, constitutes four HEXs. The cream is fed through HEX 3,
where it is heated from 60°𝐶 to 88°𝐶 with the already pasteurized cream that requires cooling. It
thereafter enters HEX 1, where it is heated with hot water to 93°𝐶 and kept at the set temperature
for 30 𝑠 in the holding tube. When the pasteurization is completed, the cream is fed through HEX 3,
HEX 2, and HEX 1, where it is cooled from 93°𝐶 to 65°𝐶, from 65°𝐶 to 11°𝐶, and from 11°𝐶 to 6°𝐶,
respectively. The 6°𝐶 cream is finally sent to the cream storage vessels, awaiting further
treatment/packaging.
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Figure 36: P&ID depicting the cream pasteurizer.

External heating is supplied solely to HEX 1 with an intermediate hot water circuit, which is heated with
Å11 from 90°𝐶 to 94°𝐶 in HEX V26:2. HEX 1 is dimensioned for water and cream flowrates
of 1 000 𝑘𝑔/ℎ, translating to a power demand of 4,7 𝑘𝑊. The on-duty hours and on-duty days are
unknown. This is an insignificant amount of heat when compared to the other heat sinks, not to mention
that it is a batch process. The cream pasteurizer will nevertheless be further studied, in order to get a
deeper understanding of their design. It is however not advisable to proceed with this integration.

3.3. Case Study B
Case B is a dairy plant located in the northern part of Sweden. The dairy plant receives 360 000 𝑙𝑖𝑡𝑟𝑒𝑠
of milk daily, which is thereafter processed to produce milk, milk powder, soured milk, cream, butter,
cheese, among other things. The energy mix in the dairy plant consists of electricity that is bought from
the local energy distributor, as well as heat that is produced with the three steam boilers that are powered
with electricity, oil, and biofuel.
The thermal energy production and demand of the plant is presented in Figure 37.
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Figure 37: Sankey diagram describing the thermal energy demand in the dairy plant.

As is evident, the production processes and a share of the primary heating system are supplied with lowpressure steam at 3 𝑏𝑎𝑟. The 3 𝑏𝑎𝑟 steam line accounts for 21 700 𝑀𝑊ℎ of the energy, translating
to 50 % of the annual thermal energy demand. Evaporation processes account for a significant heat
demand as well. Those processes are however supplied with 25,5 𝑏𝑎𝑟 steam, which is rather difficult to
obtain with solar heat. Heat consumers of interest for solar heat application are listed in Table 5.
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Table 5: Heat consumers accounting for a significant share of the total heat demand in the plant.

Heat sink

Thermal energy (MWh)

Share of energy demand (%)

3 bar steam

21 700

50

CIP-system

7 800

18

Preheating of feedwater

3 700

9

Milk treatment

2 800

7

The listed heat consumers will be analysed in more detail in the coming sections, in order to determine
the potential of solar heat integration.

3.3.1. Boiler system
The boiler system in Figure 38 consists of two steam boilers, one oil powered and one biofuel powered,
each with an operating pressure and temperature of 28 𝑎𝑡 (27,5 𝑏𝑎𝑟) and ≈ 230°𝐶 respectively, as well
as a capacity to produce 16 − 20 𝑡𝑜𝑛𝑛𝑒𝑠 𝑜𝑓 𝑠𝑡𝑒𝑎𝑚/ℎ. There is an electrically powered steam boiler as
well with the same rating as the other two. It is however not included in the P&ID. Each boiler can
provide the entire thermal energy demand of the plant alone when required. The steam enters the supply
line through the steam drums, and is thereafter branched into three separate lines, with pressures
of 25,5 𝑏𝑎𝑟 (Å1), 10 𝑏𝑎𝑟 (Å2) and 3 𝑏𝑎𝑟 (Å3).
The condensate tank has a temperature in the range of 60 − 90°𝐶.
Make-up water is added to the system, in order to compensate the condensate losses. The make-up water
is cold water that is heated to 40°𝐶 with a heat pump and Å3 prior to entering the deaerator. The feedwater is heated with Å2 from 75°𝐶 to 120°𝐶 prior to entering the economiser.

Figure 38: Boiler system in case B. The electrically powered steam boiler is not included, see “Appendix E –
P&ID of the Boiler System in Case B” for higher resolution.

3.3.2. Steam Network
As aforementioned, the steam network consists of three steam lines. The steam exits the steam drum
with a pressure of 27,5 𝑏𝑎𝑟. It thereafter enters pressure reduction stations where it is expanded to
pressures of 25,5 𝑏𝑎𝑟 (Å1), 10 𝑏𝑎𝑟 (Å2) and 3 𝑏𝑎𝑟 (Å3). Å1 is fed to the multiple-effect evaporators,
which are used for whey production. Å2 is used exclusively for preheating of the feedwater in the
deaerator. Finally, Å3 is used for the remaining processes, such as pasteurisation, CIP and domestic
heating. The pressures of Å1 and Å2 are too high for solar integration. The pressure of Å3 is however
suitable for solar heat integration.
The average hourly values of the steam production is presented in Figure 39.
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Figure 39: Average hourly values of the steam production during the day.

As is evident, the steam production is more or less constant throughout the day. There are however some
instances when the demand completely diminishes and some cases where it can increase
to 16,8 𝑡𝑜𝑛𝑛𝑒𝑠/ℎ. Those are however rare occurrences.
What follows from here are two different scenarios, where the state of the steam is analysed.
If the 25,5 𝑏𝑎𝑟 steam has a dryness fraction of 𝑥25,5 𝑏𝑎𝑟 = 0,95, the expanded 3 𝑏𝑎𝑟 steam will be
saturated. Using steam tables and Eq. (4) return a specific enthalpy of
ℎ25,5 𝑏𝑎𝑟 = 𝑥25,5 𝑏𝑎𝑟 ∙ ℎ𝑣,25,5 𝑏𝑎𝑟 + ℎ𝑙,25,5 𝑏𝑎𝑟 = 2 710 𝑘𝐽/𝑘𝑔,
for the 25,5 𝑏𝑎𝑟 steam, where ℎ𝑣,25,5 𝑏𝑎𝑟 = 1 840 𝑘𝐽/𝑘𝑔 is the enthalpy of vaporisation, ℎ𝑙,25,5 𝑏𝑎𝑟 =
962 𝑘𝐽/𝑘𝑔 is the enthalpy of saturated water, and ℎ25,5 𝑏𝑎𝑟 is the enthalpy at the current state. Assuming
a completely adiabatic process in the pressure reduction station,
ℎ25,5 𝑏𝑎𝑟 = ℎ3 𝑏𝑎𝑟 ,
must hold true, where ℎ3 𝑏𝑎𝑟 is the enthalpy of the 3 𝑏𝑎𝑟 steam. Using Eq. (5), the dryness fraction
for 3 𝑏𝑎𝑟 steam, 𝑥3 𝑏𝑎𝑟 is determined to be
𝑥3 𝑏𝑎𝑟 =

ℎ3 𝑏𝑎𝑟 −ℎ𝑙,3 𝑏𝑎𝑟
ℎ𝑣,3 𝑏𝑎𝑟

≈ 0,99,

where ℎ𝑣,3 𝑏𝑎𝑟 = 2 164 𝑘𝐽/𝑘𝑔 is the enthalpy of vaporisation and ℎ𝑙,3 𝑏𝑎𝑟 = 561 𝑘𝐽/𝑘𝑔 is the enthalpy
of saturated water.
If on the other hand the 25,5 𝑏𝑎𝑟 steam is completely saturated, i.e. completely dry, the expanded 3 𝑏𝑎𝑟
steam will assume a superheated state. The superheated state at 3 𝑏𝑎𝑟 stems from the excess energy,
which in turn originates from the difference in the specific enthalpy of saturated steam at 25,5 𝑏𝑎𝑟
(2 802 𝑘𝐽/𝑘𝑔) and saturated steam at 3 𝑏𝑎𝑟 (2 725 𝑘𝐽/𝑘𝑔). This excess energy (77 𝑘𝐽/𝑘𝑔) is stored as
sensible heat in the steam, maintaining the saturation temperature of 25,5 𝑏𝑎𝑟 steam (224°𝐶), which
is 90°𝐶 above the saturation temperature of steam at 3 𝑏𝑎𝑟 (134°𝐶).

3.3.3. Make-up Water
The plant has an annual heat loss of 1300 𝑀𝑊ℎ in the temperature range of 40 − 75°𝐶, corresponding
to condensate losses. Cold water is therefore added to the system in order to compensate for those losses.
The cold water requires processing and heating prior to entering the condensate tank, which has a set
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temperature of 60 − 90°𝐶. In the present system, a heat demand of 1 100 𝑀𝑊ℎ is met partially with a
heat pump and partially with Å3, in order to reach a temperature of 40°𝐶. It is however important to
review the possibility of reducing condensate losses before taking further measures.

3.3.4. Feedwater
The condensate and make-up water are supplied to the deaerator, where they are heated to a temperature
of 120°𝐶 in order to remove the unwanted gases. An annual heat demand of 3 700 𝑀𝑊ℎ is required to
achieve the designated temperature of 120°𝐶 in the deaerator. The incoming water has a temperature
of 80°𝐶 and is heated with Å2, which is injected to the deaerator.

3.3.5. Hot Water System
The hot water system is mainly heated in HEXs to 80°𝐶 with Å3, close to the processes requiring heat.
There are no thermal storages available for the hot water system, instead it is produced on demand. The
plant utilize district heating, but can also heat municipal cold water in a HEX to 60°𝐶 with the hot water
system for domestic heating. Approximate figures of the annual energy demand for hot water can be
deduced from the energy mapping. Hot water is either the sole heat transfer medium or the major heat
transfer medium for the pasteurization processes, CIP-system, domestic heating and preheating of
condensate. The combined energy demand of those processes amounts to 21 000 𝑀𝑊ℎ annually,
translating to 50 % of the total annual thermal energy demand of the plant. Solar heat could be integrated
to replace the current heat supply to the hot water circuit, thereby decreasing the steam demand.
However, the absence of a thermal storage and a central heat transfer point for the hot water system is
disadvantageous, as the integration process will be significantly aggravated.
There is unfortunately a lack of data over the energy demand of the hot water system. This, in addition
to the aforementioned multiplicity of locations from where heat is provided, will aggravate the
integration process. This heat sink will therefore not be further studied.

3.3.6. CIP System
There are three different CIP systems in the plant, one for unprocessed products, one for processed
products, and one for special products. A P&ID of the essential part of the CIP system for the processed
products is presented in Figure 40.

Figure 40: P&ID of the detergent and hot water tanks in the CIP system, along with their heating system.

As can be seen, four tanks with a combined volume amounting to 65 𝑚3 in the system require external
heating. The set temperatures for the tanks are 80°𝐶 for the hot water (9T02), 80°𝐶 or the acid detergent
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(9T05) and 85°𝐶 for the alkaline detergent (9T06). The tanks are provided with heat indirectly from Å3
through HEXs. The process media are circulated though the HEXs and returned to their tanks. The
circulation of the process media is more or less continuous.
The CIP systems for the unprocessed products and the special products have an identical heat supply
design. They deviance from the system described in Figure 40 is the number of tanks, their set
temperature, and the process media. The CIP system for the unprocessed products has two detergent
tanks, each with a volume of 6 𝑚3 .
The CIP systems have an on-duty pattern resembling a batch process. This is due to the fact that it
operates intermittently when pasteurizers and other production equipment is on standby. The detergent
and hot water tanks are provided with indirect heat from Å3 through HEXs. Cold water is added to the
tanks when discharged liquid is to be replaced.

3.3.7. Pasteurization
There are six pasteurizers available in the plant, one for milk as end product, one for cheese as end
product, one for soured milk as end product, and three cream pasteurizers. The pasteurizers have a
combined annual energy demand of 1 400 𝑀𝑊ℎ, with temperature demands ranging from 75-98°𝐶
depending on the product that is to be pasteurized. Both the temperature level and the energy demand
indicate promising potential for solar heat integration. However, two issues are identified with this
integration concept, namely spatial issues and the on-duty pattern. The available space is limited, thereby
aggravating the installation of six HEXs, which would be required to supply heat to all pasteurizers. The
on-duty pattern resembles batch processes, due to the fact that the pasteurizer requires regular cleaning.
This could potentially lower the amount of energy delivered to the system. The average on-duty hours
are presented in Table 6.
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Table 6: Heat consumers accounting for a significant share of the total heat demand in the plant.

Pasteurizer

Operating hours (𝒉/𝒘𝒆𝒆𝒌)

Milk

75

Cheese

100

Soured milk

40

Cream 1

75

Cream 2

100

Cream 3

25

If the on-duty hours of the pasteurizers could be scheduled in a way that would coincide with the
production hours of the solar system, the negative impact on the solar fraction could be lowered. A
preferable solution would however be to combine this integration concept with an additional heat sink,
like for instance preheating of feedwater or heating of the CIP-system. The pasteurizers’ energy demand
could in this case be met, while simultaneously supplying the excess energy to the other heat sink.
3.3.7.1. Milk Pasteurizer
The milk pasteurizer, presented in Figure 41, is provided with Å3 through HEX 2VX03. The heat is
transferred to an intermediate water circuit, which is heated to 75°𝐶 and subsequently transfer heat to
the milk, where its temperature is decreased to 71°𝐶. The milk is preheated with the already pasteurized
milk that requires cooling, prior to the heating with the intermediate hot water circuit. The last step in
the process involves cooling the milk to a temperature of 4°𝐶 with ice water that is cooled with glycol.
HEX 2VX03 is dimensioned for water flowrates of 24 000 𝑙/ℎ and the pasteurizer is dimensioned for
milk flowrates of 20 000 𝑙/ℎ. The power demand, amounting to 110 𝑘𝑊 in HEX 2VX03, is more or
less required 10-11 ℎ/𝑑𝑎𝑦 the entire week. This translates to an annual energy demand
of 400-440 𝑀𝑊ℎ.

Figure 41: P&ID of the milk pasteurizer.

As is evident from Figure 41, the cream extracted in the separation process is sent to cream pasteurizer
2VX02. This pasteurizer will be further described in section “3.3.7.4 Cream Pasteurizers”.
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3.3.7.2. Cheese Milk Pasteurizer
The cheese milk pasteurizer in Figure 42 is provided with heat through HEX 2VX23, which is heating
an intermediate hot water circuit from 69°𝐶 to 75°𝐶. The intermediate water circuit is in turn heating
the milk to a temperature of 73°𝐶. Unlike the milk pasteurizer in Figure 41, the cheese milk pasteurizer
heats the milk in the last HEX to a temperature of 30°𝐶. This is done with KISV, which is tepid water
from the evaporation in the whey production that is being reused. The intermediate hot water circuit is
dimensioned for flowrates of 15 000 𝑙/ℎ, with the cheese milk having a similar flowrate. The power
demand, amounting to 100 𝑘𝑊 in HEX 2VX23, is more or less required 14-15 ℎ/𝑑𝑎𝑦 the entire week.
Those figures yield an annual energy demand of 510-550 𝑀𝑊ℎ.

Figure 42: P&ID of the cheese milk pasteurizer.

The cream extracted in the separation process undergoes a similar procedure as that from the milk
pasteurizer, see section “3.3.7.4 Cream Pasteurizers”.
3.3.7.3. Soured Milk Pasteurizer
The milk is heated to a temperature of 93°𝐶 in the soured milk pasteurizer. Similar to the other
pasteurizers, heat is provided with an intermediate hot water circuit that is heated from 92°𝐶 to 95°𝐶.
The intermediate hot water circuit is in turn heated with Å3 in 2VX43. The pasteurizer is dimensioned
for milk flowrates of 7 500 𝑙/ℎ. The power demand, amounting to 23 𝑘𝑊, is required 4-9 ℎ/𝑑𝑎𝑦, six
days every week. This translates to an annual energy demand of 25-65 𝑀𝑊ℎ.
3.3.7.4. Cream Pasteurizers
As aforementioned, there are three cream pasteurizers. Two of the cream pasteurizers are directly
connected to the milk and cheese milk pasteurizers described in sections “3.3.7.1 Milk Pasteurizer” and
“3.3.7.2 Cheese Milk Pasteurizer”. The cream pasteurizer that is connected to the milk pasteurizer is
presented in Figure 43. The intermediate hot water circuit is heated with Å3 in HEX 2VX05
from ≈ 88°𝐶 to 92°𝐶.
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Figure 43: P&ID of the cream pasteurizer, which is connected to the milk pasteurizer.

The cream pasteurizer that is connected to the cheese pasteurizer is identical to the one presented in
Figure 43. The Intermediate hot water circuit for that cream pasteurizer is heated with Å3 in HEX
2VX24. Both pasteurizers are dimensioned for cream flowrates in the range of 500-2 000 𝑙/ℎ. The
cream is heated to 90°𝐶 during the pasteurization. Each pasteurizer has a power demand of 21 𝑘𝑊, with
operating hours similar to the ones of the milk and cheese milk pasteurizers. The annual energy demand
for the milk pasteurizer is 75-85 𝑀𝑊ℎ, while that of the cheese milk pasteurizer is 110-115 𝑀𝑊ℎ,
depending on the operating hours.
The third cream pasteurizer is different both in size and in operating hours. It is however similar in
design to the other cream pasteurizers. The intermediate hot water circuit is heated from 79°𝐶 to 92 and
has a flowrate of 5 000 𝑙/ℎ. The power demand is 75 𝑘𝑊, with the operating hours amounting
to 2-6 ℎ/𝑑𝑎𝑦, six days every week. This translates to an annual energy demand of 45-140 𝑀𝑊ℎ,
depending on the operating hours.

3.4. Case Study C
Case C is a pharmaceutical plant, which specialises in the production of emulsifying agents, intravenous
nutrition supplements. The thermal energy demand is met with a district heating line from which steam
is provided to the plant. A schematic description of the steam demand is presented in Figure 44.
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Figure 44: Flowchart of the processes with a steam demand, as well as the steam processing units.

The 14 𝑏𝑎𝑟 steam is supplied to the plant externally from a local CHP plant. The incoming steam is
thereafter expanded to 7 𝑏𝑎𝑟 in a pressure reduction station, before being distributed to the distillation
units, the clean steam units, the pilot plant and the steam storage. The outgoing steam from the steam
storage is expanded to 4,5 𝑏𝑎𝑟 and sent to the autoclaves. The main functions of the steam storage are
to ensure a controlled shutdown of the autoclaves, as well as level off fluctuations. The energy demand
of the clean steam units and the pilot plant are negligible and will therefore not be accounted for in this
study. The monthly thermal energy demand is presented in Figure 45.
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Figure 45: Monthly energy demand of the plant from 2013 to 2015.

The annual thermal energy demand amounted to 28 𝐺𝑊ℎ in 2013, 27 𝐺𝑊ℎ in 2014, and 30 𝐺𝑊ℎ in
2015. The distribution of the energy demand among the top consumers are presented in Table 7. The
numbers are based on data from the period 2015-8-23 to 2015-8-29, which is a short timeframe to base
conclusive results on but is nevertheless representative data, according to plant personnel.
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Table 7: Heat consumers accounting for a significant share of the total heat demand in the plant. The share of
annual thermal energy demand is based on data from the period 2015-8-23 to 2015-8-29, and has been used to
estimate the annual thermal energy demand of the heat sinks.

Heat Sink

Thermal Energy (GWh)

Distillation

24

Autoclaves

6

Hour-based values of the thermal energy demand are presented in Figure 46.
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Figure 46: Average hour-based energy demand based on the period 2015-8-23 to 2015-8-29.

As can be seen, the energy demand is more or less constant throughout the day.

3.4.1. Steam Network
As aforementioned, the incoming 14 𝑏𝑎𝑟 steam is expanded to 7 𝑏𝑎𝑟 steam in a pressure reduction
station. What follows from here is two different scenarios, where the state of the steam is analysed.
If the 14 𝑏𝑎𝑟 steam has a dryness fraction of 𝑥14 𝑏𝑎𝑟 = 0,95, the expanded 7 𝑏𝑎𝑟 steam will be
saturated. The specific enthalpy of 14 𝑏𝑎𝑟 steam with the aforementioned dryness fraction can be
determined by using steam tables and Eq. (4), returning
ℎ14 𝑏𝑎𝑟 = 𝑥14 𝑏𝑎𝑟 ∙ ℎ𝑣,14 𝑏𝑎𝑟 + ℎ𝑙,14 𝑏𝑎𝑟 = 2690 𝑘𝐽/𝑘𝑔,
where ℎ𝑣,14 𝑏𝑎𝑟 = 1958 𝑘𝐽/𝑘𝑔 is the enthalpy of vaporisation, ℎ𝑙,14 𝑏𝑎𝑟 = 830 𝑘𝐽/𝑘𝑔 is the enthalpy
of saturated water, and ℎ14 𝑏𝑎𝑟 is the enthalpy at the current state. Assuming a completely adiabatic
process in the pressure reduction station,
ℎ14 𝑏𝑎𝑟 = ℎ7 𝑏𝑎𝑟 ,
must hold true, where ℎ7 𝑏𝑎𝑟 is the enthalpy of the 7 𝑏𝑎𝑟 steam. Using Eq. (5), the dryness fraction
for 7 𝑏𝑎𝑟 steam, 𝑥7 𝑏𝑎𝑟 is determined to be
𝑥7 𝑏𝑎𝑟 =

ℎ7 𝑏𝑎𝑟 −ℎ𝑙,7 𝑏𝑎𝑟
ℎ𝑣,7 𝑏𝑎𝑟

≈ 0,97,

where ℎ𝑣,7 𝑏𝑎𝑟 = 2065 𝑘𝐽/𝑘𝑔 is the enthalpy of vaporisation, ℎ𝑙,7 𝑏𝑎𝑟 = 697 𝑘𝐽/𝑘𝑔 is the enthalpy of
saturated water, and ℎ7 𝑏𝑎𝑟 is the enthalpy at the current state.
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If on the other hand the 14 𝑏𝑎𝑟 steam is completely saturated, i.e. completely dry, the expanded 7 𝑏𝑎𝑟
steam will assume a superheated state. The superheated state at 7 𝑏𝑎𝑟 stems from the excess energy,
which in turn originates from the difference in the specific enthalpy of saturated steam at 14 𝑏𝑎𝑟
(2789 𝑘𝐽/𝑘𝑔) and saturated steam at 7 𝑏𝑎𝑟 (2763 𝑘𝐽/𝑘𝑔). This excess energy (26 𝑘𝐽/𝑘𝑔) is stored as
sensible heat in the steam, maintaining the saturation temperature of 14 𝑏𝑎𝑟 steam (195°𝐶), which
is 30°𝐶 above the saturation temperature of steam at 7 𝑏𝑎𝑟 (165°𝐶).

3.4.2. Distillation Units
The preparation of PW and WFI with the ME distillers are by far the largest energy sink in the plant,
accounting for 80 % of the thermal energy demand. There are two distillation units in the plant, one
with five columns and one with seven columns. Due to confidentiality reasons, no P&IDs of the ME
distillers will be included. A schematic illustration of the general setup of ME distillers is presented in
Figure 47.

Figure 47: A schematic illustration of a four column multiple-effect distillation unit [24].

High-pressure plant steam (7 𝑏𝑎𝑟) is provided solely to the first effect, where pure steam is generated
and passed on to the second effect. Subsequent effects use the generated steam to produce pure steam at
lower pressure and temperature. The incoming feedwater is preheated with the already evaporated water
before entering the first effect. The temperature of the feedwater prior to entering the first effect is close
to its saturation temperature, thereby excluding preheating potential.

3.4.3. Autoclaves
Eleven autoclaves are used in the plant for sterilisation of products. P&IDs of the autoclaves cannot be
included due to confidentiality reasons. A schematic illustration of the most important components for
this study are however presented in Figure 48.
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Figure 48: A schmeatic illustration depicitng the general setup of an autoclave.

As is evident from Figure 48, plant steam (4,5 𝑏𝑎𝑟) is used to evaporate circulating hot water which is
thereafter fed to the chamber, where the sterilisation takes place. The autoclaves work with batches, with
on-duty intervals ranging from 3 minutes to 30 minutes.
The average hourly demand at different times of the day for a six-day period from 23-8-2015 to 29-82015 is presented in Figure 49.
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Figure 49: Average hourly steam demand of the autoclaves during the day for a six-day period from 23-8-2015 to
29-8-2015.

The steam demand from 23-8-2015 alone is presented in Figure 50, with higher resolution of the time.
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Figure 50: Steam demand of the autoclaves from 23-8-2015.

It should be noted that the steam quality is of high interest in autoclaves, with the optimum dryness
fraction being 97 %. Higher dryness fraction levels are unwanted due to the low heat transfer coefficient
of superheated steam, which would significantly increase the sterilisation time. Lower dryness fractions
produces wet steam, which extends the drying time of the products at the end of the sterilisation process.
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4. Results
Superheated steam is unwanted in heating applications. As described in sections “2.2 Boiler Systems”,
“3.2.2 Steam Network”, “3.3.2 Steam Network” and “3.4.1 Steam Network”, the addition of saturated
steam to that steam line present no issues if the expanded is in a saturated state, as long as the same
pressure level is achieved. If the expanded steam is in a superheated state, it is of even greater interest
to supply saturated steam to the steam line, as this would decrease the amount of sensible heat in the
superheated steam and subsequently increase the overall heat transfer capacity.
The results from each case study is presented in the following subsections.

4.1. Case Study A
Two integration points are of interest in the boiler central, heating of feedwater, and solar steam
generation. The condensate and make-up water are supplied to the deaerator and heated to ≈ 108°𝐶
with Å11. A possible solar heat integration is presented in subsection “4.1.2 Heating of Feedwater
(SL_S_FW)”. As for the solar steam generation to the supply level, it is rather difficult to reach the
pressure levels immediately after the boiler. It is however possible to reach the pressure level after the
pressure reduction station, where the pressure is reduced to 4 𝑏𝑎𝑟.
The detergent solutions in the CIP system are heated with Å11 through a HEX and directly with hot
water from the hot water system. Hot water is supplied directly when the detergent solution is discharged
through the drain due to insufficient conductivity level. Å11 is however supplied constantly to the
circulating detergent solution, in order to maintain the set temperature. The steam demand could be
decreased by supplying the detergent tank with solar heat, as described in section “4.1.3 Heating of
Detergent Tanks (PL_E_PM)”. The discharge of detergent solution through the drain occurs infrequent,
thus limiting the heat supply with hot water.
The pasteurizers are heated with hot water, which in turn is heated with Å11. An integration concept,
which could lower the steam demand, is proposed in section “4.1.4 Heating of Intermediate Hot Water
Circuits for Pasteurizers (PL_E_IC)”. It is however advisable to combine this integration concept with
another one, as the pasteurizers on-duty pattern will limit the potential heat production to the system.

4.1.1. Solar Steam Generation (SL_S_PI)
A solar heating system for steam generation could be integrated as shown in Figure 51. The solar
collectors will in this case heat pressurized hot water to around 155°𝐶 (10°𝐶 above the saturation
temperature of 4 𝑏𝑎𝑟 steam), which subsequently heats incoming feedwater indirectly in a kettle
reboiler. The feedwater is evaporated and will be fed to the supply level when a sufficient pressure level
is achieved.
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Figure 51: P&ID depicting the integration of a solar heating system for indirect steam production to a 4 bar steam
line.

Simulations has been conducted on a simplified model of this integration concept in order to determine
annual yield, solar fraction and payback time for different collector field areas. The annual yield and the
annual excess energy is presented for different collector areas in Figure 52.
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Figure 52: Annual collector field yield and excess energy for different collector areas integrated for generation of
4 bar steam along with the amount of excess energy that can be supplied to heat the feedwater.

The annual excess energy production increases with the collector field area. The average energy
delivered to the system and excess energy for each hour is presented in Figure 53.
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Figure 53: The average energy delivered to the system and the excess energy for each hour of the day. Data
derived from the simulation with a collector area of 550 𝑚2 .

The annual solar fraction for different collector areas is presented in Figure 54.
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Figure 54: Annual solar fraction of the total thermal energy demand (red) and the solar fraction of the 4 bar steam
demand (black) for different collector areas.

The payback time for the different collector field areas is presented in Figure 55. Investment cost of the
collectors has been set to 2 850 𝑆𝐸𝐾/𝑚2 (300 €/𝑚2 ) and the gas price to 0,4 𝑆𝐸𝐾/𝑘𝑊ℎ (4 ¢/𝑘𝑊ℎ).
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Figure 55: Payback time for different collector field areas. The excess energy is not supplied to other heat sinks,
i.e. discharged as waste heat.

The investment cost for different collector field areas is presented in Table 8.
Table 8: Investment cost for different collector field areas used for steam generation. Investment cost is given in
million Swedish kronas (MSEK) and thousand euros (TEUR).

Collector field area (𝒎𝟐 )

Investment cost (MSEK)

Investment (TEUR)

275

0,8

82

550

1,6

165

825

2,4

247

1100

3,1

329

1375

3,9

412

1650

4,7

494

4.1.2. Heating of Feedwater (SL_S_FW)
The steam demand could be reduced with the introduction of a solar heating system for preheating of
feedwater. Solar heat would be used to heat the make-up water and condensate in the deaerator, thus
reducing the demand of conventionally produced steam. In section “2.8.1.3 Solar Heating of Boiler
Feedwater (SL_S_FW)”, it is proposed that the integration point should be situated between the
feedwater pump and the economiser. The medium that is to be heated will in that case have a temperature
and a pressure of 108°𝐶 and 14 𝑏𝑎𝑟. However, as mentioned in section “3.2.1 Boiler System”, the
feedwater is heated in the economizer from 108°𝐶 to 140°𝐶, thus inhibiting the potential of a solar
heating system. A slight alteration of the integration concept could however allow for solar heating of
the feedwater, while simultaneously avoiding the rather high pressure from the feedwater pump. A P&ID
of the integration concept is presented in Figure 56.
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Figure 56: P&ID for solar heating of feedwater (SL_S_FW).

As can be seen, the integration point is placed immediately before the deaerator. This will reduce the
temperatures of the heat sinks, namely the condensate and the make-up water to 80°𝐶 and 60°𝐶
respectively. The solar heating system will have heating of make-up water as highest priority, followed
by heating of the condensate. There is a significant advantage with this integration concept, namely the
fact that the feedwater tank will serve as a thermal storage and thereby increase solar fraction. As stated
in section “3.2.3 Feedwater”, an annual energy demand of 200 𝑀𝑊ℎ is required for heating of the
feedwater. It is however important to dimension the solar system in a way that does not inflict lowered
performance conditions for the economizer, i.e. not heat to temperatures above 108°𝐶.
Simulations has been conducted on a simplified model of this integration concept, in order to determine
annual yield, solar fraction and payback time for different collector field areas. The annual yield and the
annual excess energy production is presented for different collector areas in Figure 57.
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Figure 57: Annual collector field yield and excess energy for different collector areas integrated for heating of
feedwater.

The annual excess energy production increases with the collector field area. The average energy
delivered to the system and excess energy at different times of the day is presented in Figure 58.
25

Energy (kWh)

20

15

10

5

0
0

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16 17 18 19 20 21 22 23

Time of the day (h)
Energy to the system

Excess energy

Figure 58: The average energy delivered to the system and the excess energy for each hour of the day. Data
derived from the simulation with a collector area of 82,5 𝑚2 .

The annual solar fraction for different collector areas is presented in Figure 59.
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Figure 59: Annual solar fraction of the total thermal energy demand (red) and the solar fraction of the feedwater
demand (black) for different collector areas.

The payback time for the different collector field areas is presented in Figure 60. Investment cost of the
collectors has been set to 2 850 𝑆𝐸𝐾/𝑚2 (300 €/𝑚2 ) and the oil price to 0,6 𝑆𝐸𝐾/𝑘𝑊ℎ (6 ¢/𝑘𝑊ℎ).
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Figure 60: Payback time for different collector field areas. The excess energy is not supplied to other heat sinks,
i.e. discharged as waste heat.

The investment cost for different collector field areas is presented in Table 9.
Table 9: Investment cost for different collector field areas used for heating of feedwater. Investment cost is given
in thousand Swedish kronas and euros.

Collector field area (𝒎𝟐 )

Investment cost (TSEK)

Investment cost (€)

55

157

16 500

82,5

235

24 700

110

314

33 000

137,5

392

41 200

165

470

49 400
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4.1.3. Heating of Detergent Tanks (PL_E_PM)
As described in section “3.2.5 CIP System”, the alkaline and acid solutions are maintained at 85°𝐶
and 80°𝐶 respectively. The alkaline and acid solutions are circulated through HEXs 239 and 240
respectively, where Å11 is supplying heat. As is presented in Figure 61, a solar heating system can be
integrated prior to the conventional steam supply. It is of great importance that the solar heating system
is situated prior to the conventional heat supply. This is first and foremost to ensure that the detergent
solutions are in fact heated to the set temperature, when the solar heating system provide insufficient
amount of heat. Secondly, this would allow higher heat transfer rate and efficiency, as the temperature
level at the specified point is the lowest for the system. This integration concept possess similarities with
the one described in “4.1.2 Heating of Feedwater (SL_S_FW)”, as the detergent tanks can serve as
thermal storages, thus increasing the amount of heat that can be delivered with solar heat.

Figure 61: P&ID depicting the integration of a solar heating system for the heating of the detergent solutions
(PL_E_PM).

4.1.4. Heating of Intermediate Hot Water Circuits for Pasteurizers (PL_E_IC)
There are two external heating circuits, which can be supplied with solar heat. As can be seen in Figure
62, the integration points are situated prior to HEXs in which the heat from the steam is transferred. This
is first and foremost done in order to maximise the solar heat production, while still being able to ensure
the set temperature for the process with the conventional heat supply. The second reason is that the
temperature difference is higher prior to the HEXs, thus ensuring a higher heat transfer rate and solar
collector efficiency.

54

Figure 62: P&ID depicting the integration of a solar heating system for heating of the intermediate hot water
circuit for pasteurization of cheddar milk (PL_E_IC).

Solar heat can be integrated to the remaining pasteurizers in a similar fashion. That is at the intermediate
hot water circuit prior to the external heating.
It is advisable to combine this integration concept with another one, as the pasteurizers’ on-duty pattern
will limit the potential heat production to the system.

4.2. Case Study B
Two integration points are of interest in the boiler central, heating of feedwater, and solar steam
generation. The condensate and make-up water are supplied to the deaerator and heated to ≈ 120°𝐶
with Å2. A possible solar heat integration is presented in subsection “4.2.2 Heating of Feedwater
(SL_S_FW)”. As for the solar steam generation to the supply level, it is rather difficult to reach the
pressure levels immediately after the boiler. It is however possible to reach the pressure level after the
pressure reduction stations, where the pressure is reduced to 3 𝑏𝑎𝑟.
The detergent solutions in the CIP system are heated with Å11 through a HEX and directly with hot
water from the hot water system. Hot water is supplied directly when the detergent solution is discharged
through the drain due to insufficient conductivity level. Å3 is however supplied constantly to the
circulating detergent solution, in order to maintain the set temperature. The steam demand could be
decreased by supplying the detergent tank with solar heat, as described in section “4.2.3 Heating of
Detergent Tanks (PL_E_PM)”. The discharge of detergent solution through the drain occurs infrequent,
thus limiting the heat supply with hot water.
Six pasteurizers are on-duty in the dairy plant. They are supplied with Å3, which heats an intermediate
hot water circuit to a set temperature ranging from 75-98°𝐶. The steam demand could be lowered by
applying the integration concept proposed in section “4.2.4 Heating of Intermediate Hot Water Circuit
for Pasteurizers (PL_E_IC)”. It advisable to combine this integration concept with another one, as the
pasteurizers’ on-duty pattern will limit the potential heat production to the system.
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4.2.1. Solar Steam Generation (SL_S_PI)
A solar heating system for steam generation could be integrated as shown in Figure 63. The solar
collectors will in this case heat pressurized hot water to around 145°𝐶 (10°𝐶 above the saturation
temperature of 3 𝑏𝑎𝑟 steam), which subsequently heats incoming feedwater indirectly in a kettle
reboiler. The feedwater is evaporated and will be fed to the supply level when a sufficient pressure level
is achieved.

Figure 63: P&ID depicting the integration of a solar heating system for indirect steam production to a 3 bar steam
line.

Simulations has been conducted on a simplified model of this integration concept in order to determine
annual yield, solar fraction and payback time for different collector field areas. The annual yield and the
annual excess energy is presented for different collector areas in Figure 64.
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Figure 64: Annual collector field yield and excess energy for different collector areas integrated for generation of
3 bar steam along with the amount of excess energy that can be supplied to heat the feedwater.
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The annual excess energy production increases with the collector field area. The energy delivered to the
system and the excess energy at different times of the day is presented in Figure 65.
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Figure 65: The average energy delivered to the system and the excess energy for each hour of the day. Data
derived from the simulation with a collector area of 8 250 𝑚2 .

The annual solar fraction for different collector areas is presented in Figure 66.
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Figure 66: Annual solar fraction of the total thermal energy demand (red) and the solar fraction of the 3 bar steam
demand for different collector areas.

The payback time for the different collector field areas is presented in Figure 67. Investment cost of the
collectors has been set to 2 850 𝑆𝐸𝐾/𝑚2 (300 €/𝑚2 ) and the oil price to 0,6 𝑆𝐸𝐾/𝑘𝑊ℎ (6 ¢/𝑘𝑊ℎ).
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Figure 67: Payback time for different collector field areas. The excess energy is not supplied to other heat sinks,
i.e. discharged as waste heat.

The investment cost for different collector field areas is presented in Table 10.
Table 10: Investment cost for different collector field areas used for steam generation. Investment cost is given in
million Swedish kronas (MSEK) and thousand euros (TEUR).

Collector field area (𝒎𝟐 )

Investment cost (MSEK)

Investment (TEUR)

1375

4

412

2750

8

824

4125

12

1236

5500

16

1647

6875

20

2059

8250

24

2471

4.2.2. Heating of Feedwater (SL_S_FW)
The steam demand could be reduced with the introduction of a solar heating system for preheating of
feedwater. The integration point would in this case be situated between the condensate tank and the
deaerator, thus requiring the solar heating system to supply heat to water and raising its temperature
from 80°𝐶 to 120°𝐶. This is further illustrated in the P&ID in Figure 68.
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Figure 68: P&ID depicting the integration of a solar heating system for heating of feedwater.

It is however important to dimension the solar system in a way that does not inflict lowered performance
conditions for the economizer, i.e. not heat to temperatures above 120°𝐶.
Simulations has been conducted on a simplified model of this integration concept in order to determine
annual yield, solar fraction and payback time for different collector field areas. The annual yield and the
annual energy deficit is presented for different collector areas in Figure 69.
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Figure 69: Annual collector field yield and excess energy for different collector areas integrated for heating of
feedwater.

The annual excess energy production increases with the collector field area. The average energy
delivered to the system and excess energy at different times of the day is presented in Figure 70.
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Figure 70: The average energy delivered to the system and the excess energy for each hour of the day. Data
derived from the simulation with a collector area of 550 𝑚2 .

The annual solar fraction for different collector areas is presented in Figure 71.
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Figure 71: Annual solar fraction of the total thermal energy demand (red) and the solar fraction of the feedwater
demand (orange) for different collector areas.

The payback time for the different collector field areas is presented in Figure 72. Investment cost of the
collectors has been set to 2 850 𝑆𝐸𝐾/𝑚2 (300 €/𝑚2 ) and the oil price to 0,6 𝑆𝐸𝐾/𝑘𝑊ℎ (6 ¢/𝑘𝑊ℎ).
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Figure 72: Payback time for different collector field areas. The excess energy is not supplied to other heat sinks,
i.e. discharged as waste heat.

The investment cost for different collector field areas is presented in Table 11.
Table 11: Investment cost for different collector field areas used for heating of feedwater. Investment cost is given
in million Swedish kronas and thousand euros.

Collector field area (𝒎𝟐 )

Investment cost (MSEK)

Investment cost (TEUR)

275

0,8

82

412,5

1,2

124

550

1,6

165

687,5

2,0

206

825

2,4

247

4.2.3. Heating of Detergent Tanks (PL_E_PM)
As described in section “3.3.6 CIP System”, four tanks in the CIP system for the processed products are
provided with heat indirectly from Å3 through HEXs. As is presented in Figure 73, a solar heating
system can be integrated prior to the conventional steam supply. It is of great importance that the solar
heating system is situated prior to the conventional heat supply. This is first and foremost to ensure that
the detergent solutions are in fact heated to the set temperature, when the solar heating system provide
insufficient amount of heat. Secondly, this would allow higher heat transfer rate and solar collector
efficiency, as the temperature level at the specified point is the lowest for the system.
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Figure 73: P&ID depicting the integration of a solar heating system for heating of the CIP systems.

The solar heat integration can be done in a similar fashion for the CIP system for the unprocessed
products.
This integration concept possess similarities with the one described in “4.2.2 Heating of Feedwater
(SL_S_FW)”, as the tanks can serve as thermal storages, thus increasing the solar fraction.

4.2.4. Heating of Intermediate Hot Water Circuit for Pasteurizers (PL_E_IC)
The pasteurizers have a combined annual heat demand of 1 400 𝑀𝑊ℎ. This, in addition to the rather
low temperature levels ascertains the pasteurizers as high prospect integration points. A P&ID of a solar
heat integration to the milk pasteurizer is presented in Figure 74.

Figure 74: P&ID of the integration concept for solar heating of the intermediate hot water circuit in the milk
pasteurizer.
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Solar heat can be integrated to the remaining pasteurizers in a similar fashion. That is at the intermediate
hot water circuit prior to the external heating.
It is advisable to combine this integration concept with another one, as the pasteurizers on-duty pattern
will limit the potential heat production to the system.

4.3. Case Study C
Three integration points are of interest in this case, namely the steam network, the distillation units and
the autoclaves. Those are further described in the following subsections.

4.3.1. Steam Network (SL_S_PI)
As aforementioned, both multiple-effect distillers are supplied with 7 𝑏𝑎𝑟 plant steam. Although 7 𝑏𝑎𝑟
is somewhat higher than the pressure level of the steam that can be produced with the solar collectors
during normal operating conditions (5 𝑏𝑎𝑟), it is still achievable pressure levels. The most suitable
integration point in this case would be immediately after the pressure reduction station from 14 𝑏𝑎𝑟
to 7 𝑏𝑎𝑟 steam, as shown in Figure 75. This is the preferable integration point due to a number of
reasons. First and foremost due to the fact that it would allow heat production for all the processes.
Secondly, it would enable storage of excess steam production in the steam storage. The downside with
this integration point is the rather high pressure and temperature levels.

Figure 75: P&ID depicting the integration of a solar heating system for indirect steam production to a 7 bar steam
line.

The solar collectors would in this case heat pressurized water to a temperature level that would allow
for evaporation of 7 𝑏𝑎𝑟 steam.

4.3.2. Distillation Units (SL_S_PI)
The distillation units are fed with 7 𝑏𝑎𝑟 steam to the first effect. Incoming feedwater is preheated with
the already distilled water. The feedwater lies around its saturation temperature before entering the first
effect, where it is evaporated. The multiple-effect distillers have an excellent heat recovery, thus
confining the solar heating potential to parallel integration with the existing 7 𝑏𝑎𝑟 steam line. The
optimum integration point for this purpose would be the same as the one presented in Figure 75, as this
would allow storage of excess heat.
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4.3.3. Autoclaves (PL_E_PM) and (SL_S_PI)
The autoclaves are provided with 4,5 𝑏𝑎𝑟 steam, which is used to evaporate circulating water. Solar heat
could be integrated in two ways. The first alternative would be to preheat the circulating water prior to
the conventional steam supply. The hot water circulating in the solar circuit can be used to preheat the
circulating water in the autoclave. The advantage with this integration concept is that the solar collectors
can operate at lower temperature levels as well, while the integration to the steam line would require a
set temperature to be reached at all times. The disadvantage is that a HEX, piping and valves would be
required for each autoclave, as opposed to the integration to the steam line. This equipment requires
space, which is seldom available. The second alternative is parallel integration to the 4,5 𝑏𝑎𝑟 steam line,
as shown in Figure 76.

Figure 76: P&ID depicting the integration of a solar heating system for indirect steam production to a 4,5 𝑏𝑎𝑟
steam line.

Due to the on-duty pattern of the autoclaves, presented in Figure 50, this integration will result in a
significant amount of excess heat production. It would be preferable if the excess heat could be supplied
to the steam storage. This would however require the ability to produce 7 𝑏𝑎𝑟 steam.
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5. Discussion
The excess energy production during peak solar production hours is an issue that requires further
investigation, as this results in lowered payback times and unnecessary energy discharge. A suggested
approach would be to integrate several heat sinks and put the heat sinks with the lowest temperature
demand as highest priority. The solar systems could in such a case operate in several temperature levels.
Case A and case B could for instance supply heat to the pasteurizers with solar operating temperatures
of 10°𝐶 above that of the heat sink. Excess energy can be supplied to the CIP systems when the demand
of the pasteurizers is met. The solar collectors would be required to operate at a somewhat higher
temperature level. The same concept can be applied to the feedwater demand and finally the 4 𝑏𝑎𝑟 steam
line. The potential of such an integration does however require investigation, as there is little to no
energy data available of the pasteurizers and CIP systems.
Another approach would be to utilize thermal storages. This is however costly for high temperature
integration concepts such as heating of feedwater and steam generation. The latter would require a steam
accumulator, which would require even higher temperatures than the ordinary steam line demand.
The simulation model has some limitations. The most significant ones being that it does not account for
the start-up and heating of the solar heating system, HEX losses or the response time of the system.
Further investigation should be conducted into the Polysun model and the control systems, as a number
of steps are now conducted in external software such as Excel.
The P&IDs of the pasteurizers might result in slight misinformation regarding their actual configuration.
All HEXs in which product is processed are namely assembled into one single unit.

65

6. Conclusion
A significant amount of the heat demand in dairy plants is met with hot water below 100°𝐶. Solar heat
integration to the hot water system is however greatly aggravated due to the decentralized setup of it.
The hot water circuits are confined to single processes or subsystems, at which they are supplied with
heat from the steam line. This in addition to the lack of data over the energy demand of both the hot
water and the processes indicates that further energy measurements are required before conclusive
results can be reached. This conclusion is however based on dairy plants that utilize steam boilers. Dairy
plants, or other industrial plants for that matter, with a hydronic system would simplify the integration
procedure significantly.
Excess heat increases as expected with increasing collector field areas. It does however vary from case
to case. In the integration for solar steam generation in case B, where a solar fraction of 17 % was
achieved, the excess heat amounted to 6 % of the total solar energy production. However, for the same
integration in case A, the excess heat amounted to 27 % for a solar fraction of 16 %. This indicates the
pivotal role of the industries’ energy demand profile in the dimensioning process. A constant energy
load as in case B, see Figure 39, has shown to favour solar heat integration, as opposed to a variable
energy load as in case A, see Figure 31. This comparison is for energy demand hours between
05:00-16:00, which is the typical working hours of industries. Further investigation is however required
for different energy loads.
Superheated steam is unwanted in heating applications. As described in section “ 2.2 Boiler Systems”
the addition of saturated steam to that steam line present no issues if the expanded is in a saturated state,
as long as the same pressure level is achieved. If the expanded steam is in a superheated state, it is of
even greater interest to supply saturated steam to the steam line, as this would decrease the amount of
sensible heat in the superheated steam and subsequently increase the overall heat transfer capacity.

6.1. Case A
There is a steam demand at all times of the day, throughout the entire year. Although it is important to
note that it varies quite significantly throughout the day, reaching flowrates of 1,6 𝑡𝑜𝑛𝑛𝑒𝑠/ℎ during
working hours (05:00-17:00) and during the remaining time (17:00-04:00) to about 0,3 𝑡𝑜𝑛𝑛𝑒𝑠/ℎ. As
can be seen from Figure 52 and Figure 53, a significant amount of the production is lost during the
highest solar heat production hours and the shutdown hours of the plant, which occurs around 15:00.
The excess energy could be supplied to other heat sinks, like for instance the CIP system, where the onduty hours are during the shutdown. This does however require further investigation and energy
measurements in order to reach definitive results.
4 𝑏𝑎𝑟 saturated steam can be produced by heating 108°𝐶 feedwater, with 155°𝐶 solar heated
pressurized hot water indirectly in a kettle reboiler, see Figure 51. The annual solar energy production
for steam generation range all the way from 125 𝑀𝑊ℎ and 3 % with a collector area of 275 𝑚2 to
588 𝑀𝑊ℎ and 16 % with a collector area of 1 650 𝑚2. The payback time for those integrations range
from 16-19 𝑦𝑒𝑎𝑟𝑠.
The feedwater can be heated from 80°𝐶 to 108°𝐶 without lowering the performance of the economiser
as illustrated in Figure 56. The operating temperature of the solar collectors should be set to 120°𝐶 for
this integration concept. The annual solar energy production and solar fraction for heating of feedwater
range all the way from 25 𝑀𝑊ℎ and 12 % with a collector area of 55 𝑚2 to 49 𝑀𝑊ℎ and 25 % with a
collector area of 165 𝑚2. The payback time for those integrations range from 11-16 𝑦𝑒𝑎𝑟𝑠.
The hot water and detergent tanks in the CIP system require temperatures of 60-85°𝐶. 90°𝐶 solar heated
water can be supplied to the circulating fluid, as illustrated in Figure 61. Unfortunately, lack of data over
the energy demand of the CIP systems will limit the analysis of the system and the ability to calculate
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the required collector area with adequate accuracy. It is nevertheless a high priority integration point,
owing to its low set temperatures and its annual energy demand of 490 𝑀𝑊ℎ.
The pasteurizers operate with temperatures of 75-98°𝐶 depending on the product that is to be
pasteurized. Solar heat can be supplied to the pasteurizers at 10°𝐶 above the pasteurization temperature.
The integration will in this case be situated prior to the heat exchanger for the steam supply, as illustrated
in Figure 62. It is however not advisable to integrate to the pasteurizers alone, as their on-duty pattern
will lower the solar fraction.
Approximate figures of the hot water demand amount to 1600 𝑀𝑊ℎ annually, translating to 40 % of
the total thermal energy demand. That, in addition to the fact that the required temperatures range
from 60-80°𝐶 would list this heat sink as a top priority integration point. This is unfortunately
significantly complicated by the fact that heat is provided in a decentralized system. This significantly
aggravates the integration, as it will require an integration point at each heat sink. This in addition to the
lack of data over the energy demand of both the hot water and the processes indicates that further energy
measurements are required before conclusive results can be reached.

6.2. Case B
The steam demand and thereby the feedwater demand are seemingly constant throughout the year. 3 𝑏𝑎𝑟
saturated steam can be produced by heating 120°𝐶 feedwater, with 145°𝐶 solar heated pressurized hot
water indirectly in a kettle reboiler, see Figure 63. The annual solar energy production and solar fraction
for steam generation range all the way from 650 𝑀𝑊ℎ and 3 % with a collector area of 1 375 𝑚2 to
3 700 𝑀𝑊ℎ and 17 % with a collector area of 8 250 𝑚2. The payback time for those integrations range
from 10-11 𝑦𝑒𝑎𝑟𝑠.
The feedwater can be heated from 80°𝐶 to 120°𝐶 without lowering the performance of the economiser
as illustrated in Figure 68. The operating temperature of the solar collectors should be set to 130°𝐶 for
this integration concept. The annual solar energy production and solar fraction for heating of feedwater
range all the way from 150 𝑀𝑊ℎ and 4 % with a collector area of 275 𝑚2 to 400 𝑀𝑊ℎ and 11 % with
a collector area of 825 𝑚2. The payback time for those integrations range from 9-10 𝑦𝑒𝑎𝑟𝑠.
As can be seen from Figure 64 and Figure 65, a significant amount of the solar heat production is lost
during the highest solar heat production hours. The excess energy could be supplied to other heat sinks,
like for instance heating of feedwater, the CIP system and the pasteurizers. This does however require
further investigation and energy measurements in order to reach definitive results.
The hot water and detergent tanks in the CIP system require temperatures of 60-85°𝐶. 90°𝐶 solar heated
water can be supplied to the circulating fluid, as illustrated in Figure 73. Unfortunately, lack of data over
the energy demand of the CIP systems will limit the analysis of the system and the ability to calculate
the required collector area with adequate accuracy. It is nevertheless a high priority integration point,
owing to its low set temperatures and its annual energy demand of 7 800 𝑀𝑊ℎ.
The pasteurizers operate with temperatures of 75-98°𝐶 depending on the product that is to be
pasteurized. Solar heat can be supplied to the pasteurizers at 10°𝐶 above the pasteurization temperature.
The integration will in this case be situated prior to the heat exchanger for the steam supply, as illustrated
in Figure 74. It is however not advisable to integrate to the pasteurizers alone, as their on-duty pattern
will lower the solar fraction.
Approximate figures of the hot water demand amount to 21 000 𝑀𝑊ℎ annually, translating to 50 % of
the total thermal energy demand. That, in addition to the fact that the required temperatures range
from 60-80°𝐶 are required would list this heat sink as a top priority integration point. This is
unfortunately significantly complicated by the fact that heat is provided in a decentralized system. This
significantly aggravates the integration, as it will require an integration point at each heat sink. This in
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addition to the lack of data over the energy demand of both the hot water and the processes indicates
that further energy measurements are required before conclusive results can be reached.

6.3. Case C
The steam demand is seemingly constant throughout the year. The absence of a boiler system
significantly limits potential heating at low temperatures, most significantly the condensate and makeup water. This is of course due to the fact that the plant is supplied with steam from a nearby CHP plant.
The analysis was therefore restricted to the steam line and the processes. The 7 𝑏𝑎𝑟 steam line is
unfortunately of rather high pressure for the current solar collector model. This does however not
exclude the possibility of another model that can supply steam at sufficient pressure levels. However, it
is possible to generate steam with sufficient pressure levels to the 4,5 bar steam line, which is supplying
heat to the autoclaves.
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Appendix A – Energy Demand in Production and Domestic
Heating in Case A
Table 12: Annual energy demand in Case A.
Entry

Thermal energy (MWh)

Cheddar pasteurizer

570

Blue cheese pasteurizer

213

Cream pasteurizer

34

Cheddar cheese-maker

392

Lactic acid

18

CIP station

182

Energy loss CIP system

18

Tin cleaning blue cheese-maker

35

Tin cleaning cheddar cheese-maker

59

Steam to cheese cleaning- blue cheese

67

Vessel cleaning

80

Shelf cleaning

11

Rinsing floor with hot water

20

Vessel cleaner– lactic acid

3

Melting of wax

9

Space heating cheddar house

153

Space heating

566

Hot water

31

Losses

246

Energy demand

2 705

Sum of total energy (%)

67%

A

Appendix B – Energy Demand Feedwater in Case A
Hourly plotted data of the gas consumption in the period 1/1-2015 to 1/1-2016 was used in order to
calculate the steam production and the feedwater flowrate.
The boiler has an efficiency of 𝜂 = 0,9. The useful energy output is therefore
𝐸𝑢𝑠𝑒𝑓𝑢𝑙 = 𝐸𝑔𝑎𝑠 ∙ 𝜂,

(𝐵1)

where 𝐸𝑢𝑠𝑒𝑓𝑢𝑙 [𝐽] is, as the name suggests, the amount of useful power that is transferred to the heat
transfer medium and 𝐸𝑔𝑎𝑠 [𝐽] is the amount of thermal energy released from the combustion. This can
be used to calculate the mass flowrate
𝑚̇ = (ℎ

𝐸𝑢𝑠𝑒𝑓𝑢𝑙 ∙𝑡
@𝑇108 −ℎ@𝑇80 )+(ℎ@𝑇190 −ℎ@𝑇140 )

𝑘𝑔

(𝐵2)

,
𝐽

where 𝑚̇ [ 𝑠 ] is the mass flowrate, 𝑡 [𝑠] is the time, ℎ@𝑇80 [𝑘𝑔] is the enthalpy of water at 80°𝐶,
𝐽

𝐽

ℎ@𝑇108 [ ] is the enthalpy of water at 108°𝐶, ℎ@𝑇140 [ ] is the enthalpy of water at 140°𝐶,
𝑘𝑔
𝑘𝑔
𝐽

and ℎ@𝑇190 [𝑘𝑔] is the enthalpy of saturated steam at 190°𝐶.
The mass flowrate is assumed to be unchanged before and after the boiler, i.e. neglecting losses through
leaks and flashing, among other things. This implies that the mass flowrate of feedwater can be
calculated by using data of the hourly gas consumption, by using Eq. (B2).
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Appendix C – P&ID of the CIP Central in Case A

C

Appendix D – P&ID of the Production Facility in Case A

D

Appendix E – P&ID of the Boiler System in Case B

E

