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The purpose of this thesis was to investigate steam pipeline insulation through thermal
imaging and analyze heat transfer calculation of the insulation provided by the contrac-
tor. The goal was to gain information of current heat losses emitted from the insulation
and which parameters have most significant impact regarding the heat transfer calcu-
lation based on standardization. Sensitivity analysis can be utilized in examination
of heat loss and cost evaluation based on standardization by determining the relevant
variables. The sensitivity analysis provides charts for chosen parameters’ impact on
costs of the insulation in current condition and on payback time in case of insulation
renewal.

Thermal insulation design through standardization considers optimal heat transfer di-
mensions and safe operation of steam pipelines in outdoor conditions. The theoretical
section observes the insulation condition relevance for steam network operation and
maintenance of the pipeline.

As a result of this study, the importance of thermal insulation was presented for in-
creasing efficiency of energy demand and safe operation. The results act as a guide for
maintenance sector and assets owners in insulation renewal profitability evaluation.
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Tamaéan tyon tavoitteena oli tarkastella hoyryputkiston kuntoa ja urakoitsijan lampo-
hévididen laskennallisia menetelmia lampokamerakuvausten avulla. Tavoitteena oli
selvittad tieto nykyisten eristeiden lampohavioista and mitké laskennalliset paramet-
rit vaikuttivat eniten standardin mukaisissa laskentamenetelmissa. Herkkyysanalyysia
voidaan hyodyntaéd lampohéaviodiden ja eristeiden kustannusten arvioinnissa asettamal-
la olennaiset parametrit standardin mukaan. Herkkyysanalyysien kaaviot esittavat
valittujen parametrien vaikutuksen eristeiden kustannuksiin nykyisilla eristeilla seké
eristeiden uusimisen takaisinmaksuaikaan.

Lampoeristyksen standardin mukainen suunnittelu huomioi optimaaliset mitat lam-
monsiirron ja turvallisen toiminnan kannalta ulkoilmassa sijaitseville hoyryputkistoille.
Teoreettinen osuus tarkastelee eristeiden kunnon merkitysta hoyryverkoston toiminnan
ja hoyryputkiston kunnossapidon nakékulmasta.

Tamén tyon tuloksena esitettiin lampoeristysten merkitys energian kayton ja turvalli-
sen toiminnan kannalta. Tulokset toimivat ohjeena kunnossapidolle seka omaisuuden
haltijoille eristeiden uusinnan kannattavuuden arvioinnissa.
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Symbols and abbreviations

Latin characters

A area

An /i annuity factor

p specific heat at constant pressure

Cy specific heat at constant volume

d diameter

de outside diameter of insulation

d; inside diameter of insulation

dip inside diameter of pipe

7 accounting rate of interest

k Insulation cost increase caused by shaped parts
k thermal conductivity

k Insulation cost increase caused by shaped parts
L price of thermal energy

[ length

m mass

n lifetime of investment

Ep annual energy cost of pipe insulation

M unit price of pipe insulation

P annual price increase of energy

P pressure

q heat flux

Gm mass flow rate

R heat transfer resistance

r radius

t time

Tor mean temperature of insulating material

T, outer surface temperature of insulation in operating conditions
Tee calculated outer surface temperature of insulation
T; temperature of contents of item to be insulated
T, ambient temperature of insulation

Ty water freezing temperature

U overall heat transfer coefficient

V volume

v velocity

(m*K)/W

A w B

=
p
BM
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Greek characters

Qe heat transfer coefficient of outer surface
Ty annual operating time

Q; heat transfer coefficient of inner surface
Qg heat transfer coefficient of convection

o heat transfer coefficient of radiation

A Difference

€ emissivity

A thermal conductivity

s pi

d total heat loss

o, heat loss of insulated pipe per length unit
D4 heat loss increase

p density

Subscripts

eff effective

g gas

1 liquid

max maximum

min minimum

p particle

s solid

tot total

Abbreviations

ASME American Society of Mechanical Engineers
CEI Carbon Efficiency Index

EU European Union

EEI Energy Efficiency Index

EITF European Industrial Insulation Foundation
EIIL Solomon Energy Intensity Index

IEA International Energy Agency

ISO International Organization for Standardization

kg/m3



PSK PSK Standards Association
SF'S SF'S Finnish Standards
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1 Introduction

Energy and energy management are complementary in industrial sector. Energy effi-
ciency and its improvement is a vital part in industrial sector where energy consumption
requires significant amount of resources, expenses and working hours. With comprehen-
sive and continuous energy management the energy efficiency targets shall be achieved.
Growing energy demand and climate change mitigation are major challenges for current
energy production as well as industrial operations. According to European Industrial
Insulation Foundation EIIF, in Finland the industrial insulation potential to reduce
the energy consumption annually for refineries is 33 ktoe and for carbon dioxide (CO3)
equivalent emissions 117 kilotons (European Industrial Insulation Foundation, 2021).
In industrial sector, utilities for maintaining suitable temperature and safe operation
of process equipment are energy demanding processes where waste heat shall be man-
aged constantly and minimized. Industrial utilities, in this thesis steam, participates
significantly in energy efficiency of the processes which shall be assessed to advance

refinery performance in several aspects.

Steam pipelines transport heat energy for critical refinery operations. Procurement,
transportation and utilization of steam requires significant financial investments to
steam network, design of the network and maintenance for ensuring safe operation.
Wide steam network transporting the utility to operating units and product tanks
in tank farm requires safe operation of the equipment without interruptions. Steam
pipelines in outdoor conditions are equipped with thermal insulation to prevent losses
of heat. If the insulation condition weakens, waste of heat occurs in the pipeline which
decreases energy efficiency and misplaces valuable resources but also creates economic
losses. However, operating conditions and aging can gradually decrease steam system
operations in vulnerable points and leaks can occur. Smaller defects can remain un-
noticed for significant periods of time, leading to large-scale repair when detected. By
monitoring and minimizing small-scale defects the economic savings of energy and re-
pair work are achieved with better energy and operational efficiency. While in complex
refinery a large-scale repair and changes in pipeline network are challenging or invest-
ment to the network is unfavorable, improvements can be implemented with decreased
costs. Payback period of financial cost can be less than two years, benefits are achieved
immediately and risks in operation are reduced. (International Energy Agency IEA,
2025) To maintain safe environment for employees and utilize energy with high effi-
ciency, functional steam system construction and insulation according to standardized

recommendations is vital.
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In outdoor conditions, the pipeline is exposed for seasonal changes. Safe and efficient
operation is ensured by protecting pipelines with thermal insulation. However, freez-
ing, wearing and aging of insulation exposes steam pipelines to development of leak.
Steam pipeline leaks deteriorate steam production efficiency, create waste heat and
increase costs of pipeline maintenance. Pipeline is constructed in tank farm area in
outdoor area, under bridges and operating applications. Steam is utilized in critical
applications where heat is required or utilized to maintain operation for rapid deploy-
ment. Gradually occurring steam leaks and the wearing of the thermal insulation can
suddenly increase maintenance costs and work load. According to International Energy
Agency IEA, a pilot assessment conducted by 23 European companies, indicated that
unplanned downtime reduced for 40 % of the assessments. Furthermore, unplanned
downtime can be reduced by nearly 13 % when energy efficiency measures are applied
according to evaluation in a survey with 1000 participating companies (International
Energy Agency IEA, 2025). Thermal insulation condition is in significant role to ensure
efficient steam transportation. Insulation conditions should be priority in for operative
and maintenance sector. Recognizing the wear of steam pipeline insulation, investigat-
ing and maintaining the steam system utilization rate can offer great improvements in
overall energy consumption. Thus, the thermal insulation condition plays a vital role
in improving energy efficiency. Industrial actors are committed to energy efficiency
improvements through regulation. For example European Union has set targets to
reduce greenhouse gas emissions by at least 5% by year 2030 and to be climate-neutral
by year 2050 with net-zero emissions which is a great challenge for industries. (Eu-
ropean Industrial Insulation Foundation, 2021) Thermal insulation improvement can
offer cost reductions for energy and maintenance in long-term with low financial costs
and payback time. From asset owners perspective, thermal insulation improvement
profitability shall be assessed. The EIIF Study 2021 indicates the European Unions
annual industrial insulation savings potential equivalent to 20 million cars or 10 mil-
lion households. (European Industrial Insulation Foundation, 2021) Maintenance work
load optimization and minimizing events where steam pipeline damages expand into
large-scale work by repair cost and working hours, in addition to energy utilization
and quality improvement, the insulation condition investigation is considerable energy

management procedure.

The scope of the thesis is investigation of heat losses of steam pipelines thermal in-
sulation in oil refinery tank farm operations. Thesis aims to provide answers to how
significant effect thermal insulation condition has on generated heat losses and annual
costs of the insulation. Fconomical and operational aspects are drivers to investi-

gate the energy efficiency improvement possibilities. Two pipelines in low pressure
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steam network that require repair visually are selected to the research. Investigated
steam pipelines provide information on heat losses measured in specific pipelines. Two
pipelines are investigated with thermal imaging and based on the imaging pipeline
insulation heat losses, payback time and total costs of insulation renewal renewal are
provided. Most significant and less irrelevant factors of insulation condition are evalu-
ated. Steam pipeline condition is evaluated through interview and results of thermal
imaging report. Results are utilized for creating operation model for maintenance to
support insulation renewal process. Insulation renewal is aimed to advance in more
economical, efficient and sustainable direction to advance tank farm energy efficiency
and assist maintenance department in their operations. Aim of the thesis is to provide
guidelines for workers in maintenance sector, clarify insulation condition evaluation and
thereby choose proper time to renew insulation. To improve energy efficiency and costs,
tank farm operations are aimed to improve through thermal insulation investigation in

steam pipelines.

This thesis aims to provide answer to following research questions:

e How much heat losses are generated in steam pipelines according to thermal

imaging result report?

e How poor condition insulation effect on pipeline financial losses as consequence

of heat losses?

e Why thermal insulation condition is relevant for steam network operation and

maintenance?

e How different heat loss calculation parameters affect on heat losses and financial

losses?

e How thermal insulation renewal improves safe and efficient steam utilization in

refinery operation?

This master’s thesis is conducted for Neste Oyj and Porvoo refinery. Thesis focuses
on operations of Porvoo refinery tank farm in Kilpilahti, Finland. Thesis consists of
literature review, research principle introduction and results of the research. Thesis
starts with introduction to the topic and contents of the thesis. Neste as a company
and operations in Porvoo where research is conducted are presented. Literature re-
view presents steam piping requirements, thermal insulation features and heat transfer
theoretical assessment for thermal insulation. Heat transfer, heat loss and financial
costs determined in standardization and its parameters are comprehensively assessed.
The parameters are examined through the impact on heat losses and economic losses

of insulation. Results of heat transfer calculation results provided by contractor and
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expanded evaluation of the heat transfer theory are assessed through sensitivity anal-
ysis for most affecting parameters. This thesis aims to set directions for maintenance
sector and asset owners to provide information of thermal insulation condition effects
on operation and present profitability of poor condition thermal insulation renewal in
tank farm pipelines. Thesis provides information regarding insulation condition affects
to its operation, energy production and asset management departments. Heat loss
detection through thermal imaging was provided by other contractor and interview of
the contractor was held to analyze thermal imaging in the tank farm area. Sugges-
tions for maintenance sector are based on calculated results of heat losses and derived
costs. The suggestion for thermal insulation renewal are composed based on compre-
hensive analysis of thermal imaging to set clear instructions for maintenance process

improvement.
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2 Kilpilahti refinery and tank farm

Neste Oyj is a Finnish petroleum producer of sustainable aviation fuel (SAF) and
renewable diesel. Neste creates renewable solutions to its customers for combating
climate change and accelerating circular economy. Other fields of expertise are gasoline,
petrol, raw materials and innovation solutions. There are over 100 end-products to the
customers. Neste has three refineries globally in Finland, Rotterdam and Singapore.
The Rotterdam and Singapore refineries products are entirely renewable. Neste has
also a jointed operation in Martinez California with Marathon Petroleum. Production
is located in three continents and other operations in 16 countries worldwide. (Neste,
2025¢)

Neste Oyj operation consists of five segments: oil products, renewable aviation, re-
newable road transformation, Neste renewable platform and marketing and services.
Kilpilahti refinery is a part of the Kilpilahti industrial estate which consists of chemical
industrial operations. Kilpilahti in biggest in the Nordics and Porvoo refinery is only
operating refinery in Finland. Kilpilahti produces renewable fuels and diesel in four
production lines. Crude oil, oil, diesel and petrol are produced in the Kilpilahti refin-
ery. Renewable diesel is produced in NEXBTL units and overall the refinery consists

of over 40 production units. (Neste, 2025¢)

Kilpilahti refinery strategy composes of strengthening its position as renewable diesel
and SAF leading producer. In 2027, renewable fuel production capacity is increased to
6.8 million tons. For combating climate change and sustainable solutions enhancement
Neste is committed to grow of lower-emission fuels. Neste is driven to innovation and
solutions for renewable, circular and oil products produce high-quality transportation
fuels. Priority of all operations is to consumers and business customers in reduction of

their greenhouse gas (GHG) emissions. (Neste, 2025a)

2.1 Tank farm operations

The Porvoo refinery has the capacity to produce 12 million tons of products in a year.
In the refinery, crude oil is processed and utilized for oil products as well as low sulfur
marine fuels. Products are transferred and reserved in tank and other storage solutions.
Tank farm in Porvoo refinery maintains functional, safe and efficient storage for the
refinery products. Tank farm area consists of product tanks and operating units. Safe
transportation and storage facilities of products and utilities, for example steam are
crucial for the refinery operation. Health, environment safety, and product quality are

considered factors in all refinery functions. In figure 1, map of the Kilpilahti refinery
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Figure 1: Kilpilahti refinery in Finland. Tank farm is process area located between
harbour and production lines.

area is presented.

2.1.1 Steam network

Steam is a utility in process industry that is widely utilized in the refinery operations.
Steam for Neste operations is produced in Kilpilahti Power Plant Ltd (KPP). The
power plant is operated by Veolia Services Suomi Oy and from year 2024 steam has
been delivered to customers and all production units. Steam production capacity is
450 megawatts (MW) and electricity generation capacity 30 MW with five production
units. Necessary energy and other utilities are produced for Kilpilahti industries while
striving to utilize side streams as fuels. (Kilpilahti, 2023) The steam network of the
refinery consists of systems with pressure levels of 100 bar, 40 bar, 16 bar and 5 bar.
100 bar and 40 bar high pressure steam are produced in the power plant, low pressure
steam, 16 bar and 5 bar, are reduced from the high pressure steam. The steam network
in the tank farm area of the refinery is several kilometers long. In this thesis, steam
network is assessed for low pressure, 5 bar, in selected steam pipelines that derives

from high pressure pipeline connected to the steam network and the power plant.
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2.2 Energy efficiency work and targets at Neste

Neste is committed to achieving GHG emissions targets in energy use by setting emis-
sion reduction targets and improving energy efficiency of production and logistics with
Energy Efficiency targets. Reduction of GHG emissions from operations determined as
short-term and long-term targets are pursued. Helping customers in emissions reduc-
tion is vital part of future scenario achievement. In long-term the Kilpilahti refinery
is transformed into a renewable and circular solutions refinery. With electrification
measures and energy efficiency improvement emissions rate is aimed to be held in 24
percent reduction rate yearly until year 2030. (Neste, 2025b)Value is created through
environment measures that aim to green house gas (GHG) emission reductions. In
annual report of 2025, energy efficiency and the scope is presented. Scope 1 includes
direct emissions from refining and Neste owned and operated fleet. Scope 2 covers
indirect emissions from purchased energy. The year 2025 scope 1 and 2 correspond to
GHG emission reduction of 3.1 MtCOge. The reduction rate of emissions is 50 % by
2035 and 80 % for 2040 compared to year 2019. (Neste, 2026) In energy efficiency work,
in operations the focus of all operating units and equipment can offer significant energy
savings and GHG emission reduction. In this thesis, steam use in the refinery tank
farm area is assessed. In the following list annual report 2025 improvement targets

through performance metrics are presented:

e FEmissions [tCO2/a]

e Energy consumption [GWh/a]

e Solomon Energy Intensity Index (EIII)

e Energy Efficiency Index (EEI)[KWh/t]

e Carbon Efficiency Index (CEI) [KgCOaze/t]

e Energy savings target [GWh] and [%]

In the Kilpilahti refinery and specifically tank farm operations, steam and condensate
leaks are generally minimal. Thermal insulation condition is overall reported sufficient
in the refinery area. While rapid process innovations where large-scale repair or im-
provements are not necessary, incremental implementation of innovations for thermal
insulation condition and thereby steam pipeline condition detection shall be examined.
Potential to reduce energy consumption and improve lifetime of the steam pipeline
insulation in the tank farm site is notable cost improvement target. By improving
system, application or pipeline insulation network gradually, energy management of

the system can be further advanced.
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Compared to radical improvement, possible energy efficiency improvements remain
lower due to larger-scale and fundamental changes. However, great improvement steps
can be achieved and implemented gradually to enhance specific process operation. (An-
drei, Thollander & Sannd, 2022) In situation where energy efficiency and pipeline con-
dition is generally sufficient, some improvements and development requirements shall
be fulfilled to increase overall efficiency as well as operation capacity results. Thereby,
in the tank farm areas steam network, acknowledging implementation of incremental
innovation for thermal insulation condition survey tools and instructions shall be de-
termined. Clear instructions guide workers to detect faults better and overall steam
leaks can be reduced. In addition, with relatively small investment to thermal insula-
tion the overall energy efficiency can be further improved that decreases operational,

energy and maintenance unexpected costs.

Standardization guidelines, laws and agreements for improving environmental aspects,
for example energy efficiency and generated GHG emissions, set guidelines to com-
panies for following the way to more efficient operation. Neste Oyj has along with
other process industry companies on Motiva energy efficiency voluntery agreement.
The agreement binds EU Energy Efficiency Directive obligations without requirement
of heavy regulatory measures. Purpose of the agreement is to fulfill the EU obligations
while advancing competitiveness of the companies participating on the objectives. (En-
ergy efficiency agreements, 2023) Other standards of Neste refineries are ISO 9001 for
Quality Management System and SO 45001 for Occupational Health and Safety that

ensure safety, environmental, quality and security management targets.

EU Energy Efficiency Directive (2012/27/EU) applies all in European union energy
efficiency related issues. Finland’s legislation is composed by the EU directive. Neste
Kilpilahti refinery has committed on voluntary energy intensive industry action plan as
one of the measures to support energy efficiency improvement. ISO 14001 international
standard is applied in tank farm production site. The ISO 14001 is Environmental
Management System (EMS) where site-based targets for EE programs are measured
in GWh and percentually. Energy consumption (GWh/a) and emissions (tCO2/a)
are annual statistics followed based on national agreements and regulations. Energy
management tools are applied by production line and tank farm separately but follow

common specification and guidelines to meet the desired targets.

Specifications composed to meet standardization, law and directive objectives are uti-
lized in the refinery operation unit functions and different applications of tank farm.
For mechanical maintenance unit, steam pipeline repair and thermal insulation specifi-

cations guide the repair as well as documentation. Specification meet repair, material,
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operational parameter and safety parameters. In tank farm area and pipeline repair
specification features are met in all repair work. Formal specification contains instruc-
tions of the application, pipe or operating unit which clarifies and saves time on design

work of the maintenance work as well as guideline tracking.

Measurements for energy efficiency and other operation agreements are worked for con-
tinuously. From Annual report 2025, scope of the energy efficiency and other operation
objectives as well as results are presented. Energy efficiency belongs to scope to, where
energy efficiency of own operations is improved. In figure 2 from the annual report
of 2025 footprint in the operations is presented. Compared to year 2024, with energy
efficiency and optimization improvements 24 % reduction of emissions is targeted by
year 2040.

Our Pootprint: Reducing GHG emissions of our own operations

MtCO./a

3.0 + Medium-term measures

Accelerate reductions

« Evaluate and leverage future opportunities
with biological / renewable hydrogen and
carbon capture and storage

20 + Short-term measures
Prevent emissions growth

* Energy efficiency & optimization Long-term measures
* Evaluate replacing fossil hydrogen Transition away from fossil refining

Past measures
« Naantali refinery closure -80%,

* 100% non-fossil electricity
« Energy efficiency

0.0

2019 2020 2021 2022 2023 2024 2025 2030 2035 2040

Figure 2: Target of reducing own operation GHG emissions at Neste according to
annual report 2025 (Neste, 2025).

At Neste and tank farm area, steam network pipe repair at tank farm is operated
by mechanical maintenance unit. Regular maintenance work of the steam network is
crucial to improve energy efficiency and minimize waste heat. Steam leaks to ambient
air and condensate in the steam network form when the operation is interrupted by
leak, wearing of equipment and when steam temperature or pressure level variates from
design values. Preventive maintenance is in crucial role in steam network efficiency im-
provement. Thermal insulation with aged, insufficient, damaged and missing insulation
materials increase chance for possible leak formation spot in the network. Insulation
damage minimization and detection can be improved with regular thermal imaging.
Operation and maintenance unit are in co-operation, from work planning to execution
and utilization of product tank, pipeline or other operative application after repair.
Possible leaks are detected by personnel by predictive maintenance plan to the target
pipeline or by executing an inspection to suspicion target of leak. Leak repair design is

initiated after maintenance and operative sectors survey and maintenance work order
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list allowing to take up the repair work. Steam pipeline and condensate repair demand

observation is carried out through survey of two area masters in tank farm area.

In the steam system leakage ratio is low and overall the system is in a good condition.
Steam trap conditions in the refinery are examined annually (Neste, 2019). Current
condition is assessed which allows maintenance to plan and execute necessary repair.
Insulation are as well reported to be generally in good condition and minimal missing
insulation are reported. Operative and maintenance department co-operation advances
information of possible steam pipeline leaks effectively and repair planning on time after
detection when more employees are able to detect the target. Formal guidelines shall
be determined to further advance especially steam leak detection. Awareness of steam
leak heat losses, energy consumption and generated waste as form of energy and costs
exists, however punctual work specially directed on steam and condensate lines can
offer even more energy efficiency improvement and operational cost reductions, along

with emission reduction.

2.3 Personnel interview of tank farm steam network

To provide current information of network general condition in the tank farm area,
interview is held for two area masters. Area master is responsible for operation and
safety of production lines and tanks. Area master operates in repair work, ensures
safe transportation of products or steam in the pipe network and commissioning of
operating equipment after repair work. Area masters accept work permits for target of
the repair and prepare of operating equipment or pipeline for repair work. Currently,
there are three area masters in the tank farm area. One is responsible for upcoming,
scheduled repair in the critical operations and for project team work plan. Two other

area masters are working with tank farm utility pipelines and operating units.

Operators work day consists of safety controlling in the area for upcoming repair. The
repair requirements for closed pipeline, ensuring safety for repair work, inspection for
safety with other operating personnel and providing work permit by performing gas
level measurements are essential part of the work day. In critical operation repair
work, safety controlling and ensuring with required measurements and reporting to

other personnel takes time from the work shift.

Availability of personnel to the steam network improvement could offer advanced in-
vestigation of the network condition in the tank farm area. The area is large with
multiple operating units and vessels. Dedication to steam network repair offers better

operation for possible steam leak repair as the operators have time to plan the pipeline
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shutdown and provide safety surveys of the repair when other tasks do not interrupt
the operation. In addition, for maintenance team the predictability of the upcoming
repair offer also benefits to plan and execute repair work in time. However, the budget

and resources shall be dedicated for the steam leak repair as well.

From energy efficiency targets and personnel interview perspective, demand for ensur-
ing minimal energy losses is important operational factor to consider. Importance of
minimal heat losses can offer reduction in energy, costs and time required from person-
nel to repair work at the site. Energy efficiency improvement through steam network
insulation is assessed in the thesis to estimate potential of economic and energy use
improvement at tank farm operations. Current information of steam pipeline condition
and costs of possible heat losses can offer information that helps investment decision
implementation to the asset owner. Investigation of possible insulation renewal costs
shall be conducted if energy efficiency improvement potential is possible. Thermal in-
sulation of the pipeline can hide other defects in the pipeline that shall be investigated
to minimize repair work, costs and energy use caused by leak in a steam network.
Economic, environmental and operational factors indicate that examination thermal
insulation condition at the site is profitable action to conduct. The factors and inves-
tigation shall guide thermal insulation condition improvement at the site to advance

capability of the tank farm operations.
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3 Steam pipeline design and insulation

This section focuses on theory of pipelines, pipeline requirements for steam lines re-
garding the insulation and how insulation condition has impact on steam pipeline
efficiency and industrial operations. The theoretical research behind pipeline thermal
insulation and poor condition insulation is examined to present effects on operational

and economic level.

3.1 Pipeline network requirements in industrial operation

Purpose of a pipeline is transport fluid in form of liquid, gas or multi-phased, through
a pipe system network typically to the point of use. Pipe systems transport liquid
of gas and every stable chemical substance. Pipeline adaptation to industrial sector
began after nineteenth century great advancement of pipes and from demand to inde-
pendent and economical transportation system. After automobile invention pipelines
were demand increased due to gasoline supply increase. Pipelines are most efficient,
economical and least energy demanding applications for transporting fuels. (Razvarz,
Jafari & Gegov, 2021) Pipelines have several similarities and requirements to pressure
vessels. Difference is that pipeline is more prone to thermal expansion or contraction,

vibration and external impact of vehicles projectiles. (Sutton, 2017)

According to (Razvarz, Jafari & Gegov, 2021), pipelines can be classified by transported

commodity and fluid:

e Water and Sewer Lines

e (il pipelines

e (Gas pipelines

e Pipelines for Transporting Other Fluids
e Slurry Pipelines

e Pneumatic Pipelines

e (Capsule Pipelines

3.1.1 Law, standardization and requirement of steam pipelines

In pipeline design process, there are multiple standards, regulations and laws that ap-
ply for industrial processes. Pipeline components, construction, operation, and safety
should be accessed comprehensively. Pipe construction should provide safe operation

for transporting utilities in the pipeline. (Razvarz, Jafari & Gegov, 2021) Possible
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faults and defects that may occur for the specific environment, material and trans-
ported media are required to comprehend for optimizing pipe system design. Ensuring
safety, preventing leaks, wear, protection from operating environment and ensuring
right measurement of the pipe system are planned. Both national and international
standards and laws are applied for piping. In industrial sector, steam pipelines are

crucial part of refinery or power plant layout design.

Chemical law is composed by Finnish Safety and Chemicals Agency Tukes that is
responsible of safe and reliable products and services in industrial activities. According
to Tukes chemical safety regulations, piping of dangerous chemicals is applied at least
PED I-class level pressure equipment regulation even when the piping is not classified
to class I standards or the pressure level of piping is 0,5 bar at most. Piping has
to achieve the relevant safety regulations. (Turvallisuus- ja kemikaalivirasto Tukes,
2023) Pressure equipment act 1144/2016 is law that determines pressure equipment
directive (PED). The pressure equipment act addresses for example vessels, piping and
other technical assemblies in which technical assemblies intended to protect pressure
equipment, and where there is overpressure or in which overpressure may build up
(Finlex, 2020).

In pipeline construction and design, materials and components are designed based on
standards. Public authorities and companies utilize standards widely in their oper-
ations. Pipeline construction standards are covered by PSK Standards Association.
PSK covers standards for industrial sector operations. Widely used standards in com-
panies globally are International Organization for Standardization (ISO). PSK stan-
dards regarding pipe classes are based on SFS-EN ISO, SFS-EN or ISO standards.
SEFS-EN is a National Standards Body in Finland. The standardization are based on
ISO and European (CEN) standardization. Common standards in industrial sector are
additionally the American Society of Mechanical Engineers (ASME) and the Ameri-
can National Standards Institute (ANSI) contain specifications for boiler and pressure

vessel construction and design which apply for piping as well.

3.2 Pipeline technical features for steam network

Piping size and orientation are crucial factors in piping construction (Merritt, 2016).
If the pipeline is undersized, risks of velocity and pressure drops in the piping increase.
An over dimensioned pipeline takes space and resource to install as well as maintain,
required insulation of pipeline increase as well as heat losses. Pipe diameter is dimen-
sioned based on flow capacity of the transported media. Flow capacity is determined

by pressure loss calculation that comprehends flow rate, flow restrictions in the piping
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and suitable flow velocity for each fluid media. These parameters effects on pipe nom-
inal size (DN) of pipe diameter design. (PSK Standardisointiyhdistys ry, 2025) When
pipe sizing is too large, surface heat losses increase and can cause need for more insula-
tion. Too small pipe design passes insufficient steam to the pipeline and steam system.
Thereby, the pipeline sizing is crucial to meet best achievable overall efficiency. The
optimal pipe sizing also determined minimum allowed pressure drop between steam
production and end user. Pipe size design considers available for example pressure
drop, pressure surges that may occur in the piping system, vibration, the potential for
erosion and the allowable temperature drop along the length of the pipe. As standards
and specifications are followed, ANSI and ASME determine the pipe nominal size and
schedule (Sch) which is the pipe wall thickness. (Sutton, 2017)

The design temperature of operating conditions of the pipe network is determined
for considering thermal expansion of the equipment and durability of the operation.
The fluid transported in the pipe network can reach a temperature level from tens of
celsius to hundreds of celcius in industrial operations. Support element size for pipe
is selected based on safety targets and optimal operation suggestion from a standard.
(PSK Standardisointiyhdistys ry, 2024) Steam is suitable utility in industrial sector due
to its easy and rapid controlling. Steam pressure and flow controlling can be executed
precisely according to demand. Pressure reducing valves and flow control valves are

used for the steam pipeline total heat energy controlling. (Merritt, 2016)

Pressure level of steam pipe is determined through equipment pressure demand. Gen-
erated steam pressure level is maximum required level by the equipment. High steam
pressure generates several benefits. Required pipe size is reduced for higher steam
pressure distribution system as higher pressure decreases the specific volume of steam.
Smaller pipe diameter is beneficial regarding pipe layout in the industrial plant and

pipe material costs. (Williams, 2022)

The pipeline material is selected by the characteristics of the flow medium, temperature,
pressure and environmental conditions according to the determination of the PSK 2402
material selection. The material of pipeline effects the weight of the pipeline which
should be considered in the design phase. Correct supporting elements are required
with respect to weight and spacing to be suitable for pipe weight class. According to
PSK4202 sitation, “Pipe class is defined for a pressure class and temperature range, for
which the defined pipe class components are suitable” (PSK Standardisointiyhdistys
ry, 2025). Steam pipelines are usually constructed from carbon steel or stainless steel

that are suitable for high pressure and temperature ranges.
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Pipelines are exposed to vibration and temperature changes during operation. For
steam pipe strength dimensioning covers compensation of thermal expansion and en-
suring solid fastening installation to ensure proper operation of compensation curves
and bends. Unobstructed operation near the pipeline shall be considered. Strength
dimensioning covers as well the tension caused by the temperature, pressure and flow
rate of the steam. (Koskelainen, Saarela & Sipild, 2006) If the fluid transferred in the
pipeline is exposed to changes in atmospheric temperature, the pipe faces expansion
or contraction. The expansion loop aims to prevent mechanical failure. Other mecha-
nisms to prevent mechanical failures are axial joints and bellows. The expansion loop

is presented in figure 3. Generally, in the design the height of an expansion loop will

be twice its width (W).

Lo ™

Mme

_ S

Figure 3: Pipeline expansion loop representation where W is width of the expansion
loop. (Sutton, 2017).

Operating pipeline is exposed to ambient environment conditions and to other operat-
ing equipment. In pipe design construction, different components are part of the steam
pipeline but also used to protect pipeline wear, movement or weather conditions. Tem-
perature in steam pipelines causes thermal expansion even when fittings are placed
and design is proper in the pipeline. High operation and installation temperature, over
200°C, leads to higher thermal expansion. Space for thermal expansion shall be di-
mensioned in the design phase or axial equalizer used. If steam system is dimensioned
too large or small, several issues occur. Under dimensioned steam system causes large

pressure losses, too low pressure in the point of the use of steam, noise and unnecessary
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wear in applications. The large dimension of the pipe causes higher installation costs
and large heat losses (Koskelainen, Saarela & Sipild, 2006) Operating environment of
the pipe system can create challenges for life cycle of the system. Operation of pipe
network industrial sector where operating equipment, chemicals and spacing can be
challenge in the pipe network design. The pipe network design shall consider operation
and working in pipeline surroundings to be safe. In outdoor pipeline network sea-
sonal variations, heat and cold temperatures along with rain, snow and solar radiation

warming of operational equipment create more design phase factors to consider.

Pipeline supports are utilized in the pipe network constructions. Pipe supports are
placed in the pipeline design phase. Supports are placed with suitable distances to
carry the pipeline and prevent line from sinking and causing the transported media
to gather in the pipeline with other problems that are caused by sinking. (PSK Stan-
dardisointiyhdistys ry, 2021b) The pipe supports hold the pipeline in place and prevent
movement in changing conditions such as ambient temperature change. The support
spacing PSK7304-5p sets requirements according to media conditions. Bending stress
and deflection are factors used in calculation of support spacing. For stainless steel
pipes, own table with support types are provided when pipe diameter, outer diameter
and wall thickness are determined (PSK Standardisointiyhdistys ry, 2021a5p table 2).
In addition, information heat tracing of the pipeline is provided to the pipeline design-
ers. The heat tracing, electrical, steam or other, effects to the pipe construction and

is important feature to consider in the pipe line heat insulation design as well.

Fittings are pipe system support equipment that are applied for a steam network
construction to make directional changes in piping system and connect pipes. Valves,
bends, elbows and T-piece connectors are causes of pressure drops in steam system.
Saddles can be used for connection of two pipelines when there is not already fitting.
Expanders and reducers are used to increase or decrease the pipe diameter. (Sutton,
2017) Pressure drop along a given pipe length is effected by number of mentioned

components. (Williams, 2022)

Steam pipeline requires condensate removal, drain and venting conditions. In addition,
possible spooling and washing connectors are constructed if required. (PSK Standardis-
ointiyhdistys ry, 2025) Steam flow is crucial design factor for piping. Falling condensate
transported through the piping along with steam to condensate removal. The main

steam lines gradient should always be arranged to fall direction of steam flow. (Merritt,
2016)

Condensate is part of the steam system. The drainage and condensate pipes have
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significant effect on steam system operation and efficiency. Steam system requires a
drain for the condensate. Effective drainage for condensate is achieved when pipe
system is constructed to fall along steam flow at least 125 mm per every 30 meters of
pipeline. Location for condensate drain points should be provided at intervals of 30-45
m along the piping. Drain points are especially needed for bends where water can
easily gather. Drain points should be equipped with “T” connection, an equipment, to

provide a sump. (Williams, 2022)

Steam traps are also part of steam delivery system. Steam traps remove condensate,
air and retain steam. Traps remove damage for piping and fittings from water logging
where water hammers if condensate is not removed quickly enough. Traps prevent
steam escaping and also enables any gases in the system to escape. (Williams, 2022)
The steam pipeline construction equipment are main steam leakage sources. Pipeline
construction can create leakages within in the pipe but there are several equipment and

areas where leakages in pipes are often detected and where risks for damage increase.

While higher pressure level has benefits, risks for reduced efficiency are possible. Steam
leakage losses increase in proportion to the pressure, for example in 10 bar steam system
the leakage losses increase twice as much compared to 5 bar system per meter of steam
line and heat losses are 15 % higher. On the other hand, lower steam pressure system
faces large surface heat losses. (Williams, 2022) While steam leaks effect crucially on
energy efficiency, costs of steam leaks are significant as well. Therefore, steam leaks
detection and repair should be prioritized along with environmental aspect. Pipeline
defect recognition and mitigation begins from the pipe system design process. Main
causes for pipeline defects are for example utilizing imperfect and substandard materials
for the pipeline construction, production and operation design failures, wear, corrosion,
deliberate injury or third-party injury. Main results from caused defect in pipelines or

systems are leakages and blockages. (Razvarz, Jafari & Gegov, 2021)

3.3 Pipeline insulation

Insulation is a material equipped with construction material which are applied for
an application to prevent transfer of energy of the system. Thermal insulation is a
resistance with ability to reduce heat transfer and heat flows. As heat tends to move
from higher temperature to lower temperature side, heat insulation is a material utilized
to slow the flow of heat to the environment. In an industrial sector, strict regulations
guide the insulation design and material of the insulation. Insulation material that can
not transmit heat is called heat insulator. Buildings, process unit and applications,

for example have insulation with specific requirements. Heat insulation can provide
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cold or warm pipeline the provided insulation demand for safe and efficient operation.
Purposes of heat insulation are different, however economic and energy efficiency are
significant factors. (Kaya, Canka Kilig & Oztiirk, 2021)

Thermal insulation is applied for different applications, for example buildings and
manufacturing processes. The principle of an insulation is a feature of low thermal
conductivity. Low thermal conductivity maximizes the resistance for heat transfer. In-
sulation material with low thermal conductivity is thinner compared to material with
higher thermal conductivity features. This creates benefits as pipelines that require
insulation will achieve reduced surface area for protection and less area of emitting heat
to the environment.Different insulation types are for example cold insulation, hot in-
sulation and process insulation. Function of insulation can be energy saving or provide
personnel protection.(Williams, 2022) Thermal insulation is applied for process appli-
cations that require warm or cold operating conditions, in residential and industrial
sector. The benefits of thermal insulation are prominent regarding environmental and
economic aspects. In this thesis, focus of thermal insulation benefits and its improve-
ment factors is on energy efficiency. Defects due to temperature change and ambient

environment are possible in outdoor operating environment.

Table 1: Theoretical heat loss from a single horizontal bare steel pipe per unit of length
[W/m] in ambient air conditions between 10 °C and 20 °C with given temperature
difference. (Williams, 2022).

°C |15 mm [ 20 mm | 25 mm | 32 mm | 40 mm | 50 mm | 65 mm | 80 mm | 100 mn
55 59 70 88 110 118 150 180 210 260
60 66 78 98 120 130 170 200 230 290
70 80 95 120 160 160 200 240 280 350
80 96 110 140 170 190 240 290 330 410
90 110 130 160 200 230 270 330 380 480
100 130 150 190 230 260 320 390 450 550

In table 1, theoretical heat loss [W/m] from a single horizontal bare steel pipe freely
exposed in ambient air at temperatures between 10°C and 20°C is presented. The
temperature presents temperature difference between fluid in the pipe and ambient
air. Heat loss emissions to the atmosphere increases when the temperature difference

changes and the pipeline size increases.

Schematic demonstration of pipeline and thermal insulation application is presented in
figure 4 (Bahadori, 2014).
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Figure 4: Piping and installed insulation material, technical requirements and equip-
ment for fastening (Bahadori, 2014).

PREFORMED INSULATION SECTIONS

In figure 4 a typical thermal insulation application for process pipe is presented. Pipe
is coated with insulation material that is typically fastened with binding wires or
banding strap depending on pipe size. CRS refers to pipe inner diameter, bore size.
Staggered joints combine the thermal insulation material together. Long pipelines
contain several thermal insulation sections fastened together. Thermal insulation is
covered with metal cladding, or in other words sheeting, that protects the insulation and
pipeline. Metal sheeting is fastened with screws. In figure 5, mineral wool insulation
material is presented. The wool is generally covered with metallic or non-metallic

sheeting and fastening.
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Figure 5: Picture of mineral wool material utilized in industrial insulation (De Landt-
sheer, 2020).

Energy savings are achieved as thermal insulation heat losses can reduce nearly 30-
60 % depending on thermal conductivity of insulation material and used insulation
thickness. Heating and cooling demand can reduce with 40 %. While insulation are
applied for a system, investment on thermal insulation offers energy savings. Thereby
investment cost, heating system operating costs and fuel costs reduce. Depending on
heating system and applied thermal insulation, payback time for insulation is favorable.
(Kaya, Canka Kilic & Oztiirk, 2021)

There are several aspects to consider when thermal insulation is applied to a system
and these are provided in following list (Kaya, Canka Kilic & Oztiirk, 2021):

e Operating temperature

e Ambient conditions

e Risks of damage to insulation
e The type of operation

e Temperature difference

e Air movements
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Thermal insulation maintains process temperature at desired condition and is easier
to control. In the operating environment, personnel are protected from injuries with
insulation. Thermal insulation prevents condensation on the surface of the equipment
transporting temperature fluids. For example, vaporization, freezing, or formation of

undesirable compounds are reduced with the insulation. (Williams, 2022)

In process industry sector, PSK Standards Association regulations can be implemented
in thermal insulation design. PSK has collaboration with SF'S, Finnish Standards As-
sociation, that is as well widely in use at process industry thermal insulation measure-

ment.

Thermal insulation for piping is constructed from insulation material, sheeting and
other equipment depending on pipeline applications and requirements. Common ma-
terials applied for thermal insulation are glass wool, rock wool, glass foam, calcium sili-
cate, polyethylene foam and fibrous insulation materials (Kaya, Canka Kili¢ & Oztiirk,
2021) Optimal insulation material has suitable thickness to ensure desired heating or
cooling, material is long-lasting in the operating environment and is economically fea-

sible purchase.

With steam pipeline design the ambient conditions are an important factor of heat
transfer properties. Other significant design factors for steam pipeline are economic
factors and heat dissipation. The pipe insulation is intended to be built with lowest
annual total cost for the thickness, meaning that optimal economic thickness is pursued.
(Wang, Tu & Yuan, 2020) Thermal insulation materials have common features that
the application of the insulation requires. Generally important aspects for thermal
insulation are that it should be odorless, lightweight, long-lasting and non-flammable.
The insulation material should not provide suitable condition for bacterial increase and
insect nesting or absorb moisture and water. Insulation material should be resistant
to rotting, In addition, the economical and affordable options are preferred. Organic,
inorganic and synthetic materials are applied. For steam pipelines, from inorganic
materials glass foam, glass wool and rock wool are common insulation materials. (Kaya,

Canka Kilig & Oztiirk, 2021)

One of the relevant features of thermal insulation is that it provides low thermal con-
ductivity. Low thermal conductivity of thermal insulation is desired as then less heat
transfers to the atmosphere from the insulation. For heat-insulation, desirable value for
thermal conductivity A is less than 0.065 W/mK. Therefore, suitable thermal conduc-
tivity coefficient should be designed for the optimal heat transfer rate. (Kaya, Canka
Kilig & Oztiirk, 2021)
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The effect of pipe insulation thickness on heat losses is remarkable. Figure 6 presents

insulation from 150°C surface temperature of a pipe. (Williams, 2022)
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Figure 6: Heat loss from piping surface when utility transported in the pipeline is
operated in 150 °C temperature with insulation with various thickness and without
insulation (Williams, 2022).

Figure 6 presents measured heat losses from pipes with a surface temperature of 150°C
with varying insulation thicknesses. Figure presents various nominal pipe sizes with
insulation thicknesses from 25 mm to 100 mm. In addition, bare pipe heat loss for the
pipe sizes is calculated. It can be seen from the figure that lower insulation thickness
increases heat losses emitting from the pipe. The pipe without insulation stands out
with remarkable heat loss compared to insulated pipes. The pipe size increases the
total heat loss, however insulation thickness design can offer great reduction for heat

losses and improve energy efficiency.

At Neste, piping thermal insulation applied for piping, pressure vessels and tanks are
determined by internal specification for thermal insulation. The specification is refer-
enced from national standards, SF'S standards applied for Insulating of Pipes, Vessels
and Equipment (Neste Specifications, 2024). Neste specifications are based on na-
tional and international regulations for ensuring safe, unite and functional operation.
Regarding thermal insulation specification, composed information is used for equip-
ment and piping design as well as repair. Specification includes instructions, insulation
design and materials, work execution, inspection, measurement and handover. Insula-

tion material requirements are water-repellent, incombustible, rot-proofed and with no
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corrosive influence on insulated object.

General insulation materials are mineral wood wired mats and mineral wool slabs
according to SF'S 3976 and SF'S 3978 recommendations that include supplementary re-
quirements, for example melting temperature greater than 1000°C. Insulation sheeting,
covering, material is typically coated hot galvanized steel. Covering thickness is deter-
mined through temperature of the covered object. For steam pipeline, typical covering
material is hot galvanized steel with 0.7 mm thickness. Covering includes color codes
to recognition of the pipeline utility. (Neste Specifications, 2023) Insulation specifica-
tion aims to reach most sufficient targets to limit heat transmission from contents of

insulated object to the environment.

Steam pipeline insulation is effected by the contents’ temperature but minimum thick-
ness required is 60 mm. Normal operating temperature of the content determined, not
design temperature level. Dimensioning of thermal insulation considers layout design
of insulation and thermal expansion regarding for example joints. Layout design of
piping offers thereby sufficient space for the thermal insulation that is evaluated before

installation as well.

Insulation for the pipeline is dimensioned by SFS EN ISO 12241 standard. The insu-
lation is determined using initial data about pipeline. Dimensioning by the standards
ensures efficient properties for thermal insulation. Thermal insulation is categorized
in three levels, basic, good and excellent levels. Basic level is commonly used insula-
tion level at the time of the standard publication. Good level aims to 6 percent heat
loss savings and excellent level to 12 percent savings compared to basic level. (PSK
Standardisointiyhdistys ry, 2021b) Insulation thickness reported in the PSK standard-
ization is dimensioned as economical and efficient for the operating pipeline. PSK 3704
table 5b categorizes steam pipeline with approximately 154°C to class 3 insulation ma-
terial class. Standard imposes that the amount of piping insulation is presented as
according to the list of materials that are specified within the standard or as isometric

drawing and lists of material.

There are multiple specific characteristics to provide for insulation company or contrac-
tor for the proper insulation design work. Contractors provide orderer insulation ma-
terial, installation and removal. Contractors follow thermal insulation standardization
utilized by subscriber company. Thermal insulation are designed for heating system
to provide suitable conditions for operation. This insulation design utilizes available
standards and regulations that apply for process industry. Some of the following infor-

mation for insulation shall be given according to Industrial insulation handbook (PSK



34

Standardisointiyhdistys ry, 2021b):

e outside diameter of the pipe

e insulating material thicknesses for pipe sizes and number of layers
e surface temperature and other requirements

e length of the pipes (m) per nominal sizes

e amount of pipe parts and connected components

e elbows, their degree and radius (especially if the radius deviates from 1.5 d)
e bends (pcs) and their radius (in case not included in pipe lengths)
e T-piece, also deviating shapes

e tracing and insulation methods of pipes

e boxes for instruments

e flange boxes

e reducers

3.4 Thermal insulation optimization

In design of thermal insulation, the economic thickness is can be defined. The eco-
nomical thickness covers capital investment costs and energy costs due to heat losses
regarding the insulation. Lifetime of the insulation is pursued to evaluate accord-
ingly and minimize the one-time investment on insulation. The capital costs should
be applied in insulation design phase. Economic thickness is designed considering the
optimization to provide during lifetime of the investment. Design phase of the insula-
tion and insulation thickness design are first step for determining economical thickness.
(PSK Standardisointiyhdistys ry, 2021a)

As economical thickness includes costs of energy and insulation for determining the
optimal thickness, insulation design is vital in industrial operations for ensuring safety.
Optimal insulation thickness protects persons from burns and accidents near the piping
or other applications. Protective insulation is applied for where surface temperature
exceeds 60 C but does not require thermal insulation. Protective insulation require-
ments and typical heat losses per meter are provided by the standard, that is applied
for cold insulation and other insulation types. (PSK Standardisointiyhdistys ry, 2021b)

Determination of economical insulation thickness according to PSK 3704 standard is

presented in figure 7.
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Figure 7: Determination of economical thickness according to PSK 3704 standard.

According to PSK 3704 standard, economical insulation optimizes the total costs of
a lifetime and does not optimize investment just as one-time purchase. Capital costs
include total lifecycle costs including maintenance costs. (PSK Standardisointiyhdistys
ry, 2021a) Total heat loss and energy costs can be calculated by the PSK 3704 standard.
The standard is based on SFS-EN ISO 12441 methods.

In the design phase of steam network, along with pipe structure and steam network re-
quirements, economical thermal insulation materials are sought. Cost-effective thermal
insulation can offer longer life-time, quality and optimal insulation rate for the operat-
ing pipeline requirements with suitable costs. According to Williams, 2022, following

aspects determine economic thickness of insulation for pipework in heat distribution:

e cost of fuel or heat

e ambient temperature

e annual operating hours

e pipework temperature and diameters
e cost of insulation material

e required payback period

Highest return on given investment for insulation is achieved when the combined ef-

fect of heat losses and insulation costs are in its minimum. The installation costs of
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insulation contractor material costs and installation can be compared using different
insulation thickness options for demonstrating insulation heat loss effect as shown in
figure 6. (Williams, 2022) In this thesis, the capital costs of the steam pipeline and
maintenance costs of the pipeline are neglected. The scope of the thesis are insulation
material and installation costs of work provided from contractor. However, for over-
all cost estimation of thermal insulation renewal profitability maintenance and capital

costs offer precise information of the investment.

In following figure 8 the insulation thickness and heat losses relation is presented.
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Figure 8: Heat loss per unit of pipe length at 185°C with mineral fibre insulation
installed. (Williams, 2022).

In the figure 8 is presented that heat loss of a bare pipe without insulation causes
significant heat losses. As insulation is applied and insulation thickness increases,
heat losses are decreased compared to bare pipe. Heat transfer through bare pipe is
significant regarding heat that is emitted to the atmosphere. With thermal insulation
the pipeline energy efficiency increases significantly and heat losses per pipe length are

decreased to more economic direction as well.

Thermal insulation shall be installed in all required operating equipment to increase
overall energy efficiency and lengthen the operating system lifetime. Insulation thick-

ness optimization can offer increase in energy efficiency typically to a certain point.
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Depending on the operating system, insulation thickness shall be determined to pre-
vent high heat losses. By following standardization recommendations, excellent heat

loss prevention level can be obtained.

Energy demand for steam pipeline in outdoor conditions decreases when sufficient
insulation is installed to prevent escape of the heat to the ambient air. When investment
is conducted the new thermal insulation provides savings that are typically achieved
with relatively low investment costs and short payback periods. When the payback
period pays itself typically in 5-6 years, energy and costs savings are achieved in longer
term. However, the payback period is dependent on materials and operating conditions.
(Kaya, Canka Kilic & Oztiirk, 2021) Shorter payback periods can be achieved which
make the investment on insulation improvement notable improvement of operation
efficiency in large-scale industrial operations, as well as in smaller units within the

operation.

3.5 Pipeline network maintenance and operational efficiency

Steam pipeline repair work in tank farm area is responsibility of mechanical repair
unit. For repair work, insulation work order purchase and mechanical maintenance
work the mechanical maintenance supervisors and work planners carry out the work

in tank farm area.

Work order lists consist mainly of predictive maintenance (PM) orders which includes
scheduled maintenance work for applications or tanks. Unexpected steam pipeline
leaks increase work load of corrective maintenance orders that are immediate repair
actions. Generally maintenance work can be categorized into repair, condition-based,
scheduled and reliability-centered maintenance (RCM). Repair work is a common repair
work type which takes place when a failure occurs in the system and repair is performed
immediately. Scheduled maintenance is performed regardless of operating system or
equipment performance based on the standardization or requirements of the given
system. While steam leaks occurs and failures are detected, repair work are required

to perform regardless of scheduled or other maintenance work order list. (Sutton, 2017)

Immediate repair due to leakage or other defect increases the work load and overall
costs for maintenance work. Work load is planned with scheduled maintenance to
predict incoming work, prepare budget, spare parts and workforce correctly. The im-
mediate and unexpected steam pipeline, or other application defects, increase overall
work load and can change the scheduled work load. In refinery processes, where opera-

tion is critical and shutdowns can create production imbalances, defects shall be main
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priority to minimize in the industrial operations. Economical thermal insulation is in
condition that meets sufficient safety and heat loss mitigation targets regarding applied
standardization. Economical insulation is optimal for reducing operational costs as the
operating equipment does not suffer from e.g. moisture and the investment into the
insulation furthers smaller energy use in the point of use. Both financial and technical

consequences of heat losses shall be assessed comprehensively to be minimized.

3.6 Risks of moisture and poor condition insulation

In the determination of thermal insulation features, dry conditions of insulation are re-
quired. The insulation material should prevent corrosion of pipe and minimize heat loss
generation from the pipe surface in its operating environment. In outdoor conditions,
weather resistance of insulation material is a crucial factor in the insulation design
process. For example solar radiation resistance, water resistance, mold resistance and
temperature stability are desired abilities for insulation. (Bahadori, 2014) Insulation
material should be able to prevent water and moisture absorption to the insulation. In
locations where insulation sheeting damaged, the water can enter through the sheeting
and soak into the insulation material. When damages allow the water to enter inside

the sheeting continuously, pipe or operating equipment is at risk to expose to moisture.

When pipe thermal insulation is exposed to moisture for a long period of time, the
moisture transports from insulation or insulation layers to the pipe. Pipe material ox-
ides from the water and can form corrosion in the piping. Corrosion under insulation
(CUI) is external corrosion of piping or vessel under clad or jacketed insulation caused
by penetration of water. (De Landtsheer, 2020) Corrosion is one of the threads for
thermal insulation. Corrosion is wear of pipe material due to pipe condition exposure
to moisture. Corrosion under insulation (CUI) is term that refers to external corrosion
on pipe and corrosion occurs underneath externally clad or jacketed thermal or acous-
tic insulation. When insulation is not able to absorb or hold water or dry, moisturized
insulation in direct contact damages the piping and can lead to corrosion. When expo-
sure to moisture continues, insulation sheeting can also expose to corrosion. Typically
corrosion is found when leaks are detected, Water penetrating through insulation from
piping that is constructed materials as low alloy, austenitic stainless steel and carbon
manganese. Leaks can lead to incidents, increase maintenance budget and cause lost
of production. Safety, health, economical and environmental issues of leaks are cru-
cial to recognize and prevent. Along with environment and safety damages, economic
losses due to insulation damages are significant. Repair or replacement, fabrication

and installation costs of insulation increase the maintenance costs. (Winnick, 2016)
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Difficulty of CUI is detection of the leak. CUI tends to remain undetected under in-
sulation until the insulation jacketing or cladding and the insulation fiber material are
removed. Globally, CUI is a common and significant issue in the industrial sector. Con-
sequences of CUI extend far causing safety and economical issues. Health and safety in
the operating environment is at risk when leaks occur. Production losses additionally
increase the maintenance budget for the pipe network repair.(De Landtsheer, 2020)

[lustration of CUI process for piping or vessel wall is presented in figure 9.

Water enters through the weather protection at
protrusions/breaks or damaged locations to the

insulation Heat loss due to wet
l Insulation I
[ I 1}
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Figure 9: Illustration of corrosion-under-insulation for insulated pipe or vessel wall
(De Landtsheer, 2020).

Damaged insulation penetrates water in piping, tanks or operating equipment. CUI
detection is challenging which can lead the corrosion develop over long periods of
time in the pipeline. In addition, damaged insulation can migrate water along the
pipeline and thereby cause more corrosion. Crack, loose fitting of sheeting or misplaced
sheeting and insulation due to damage collect the water inside the operating equipment.
When content of the operating equipment is cold, corrosion is more likely compared to
when the utility is 185°C. However, corrosion is risk factor for operation and shall be
minimized. (Sutton, 2017) Pipeline or equipment failures can occur slowly over time
and create significant operational safety risks. In addition, unexpected maintenance

repair increases the maintenance work load and costs. While energy efficiency in the
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operation is a crucial factor, costs are reduced in the maintenance sector when the pipe

network condition allows safe and efficient operation.
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4 Heat transfer and energy network

This chapter introduces theory behind heat transfer to support pipeline insulation the-
ory. Heat transfer background is considered, steam pipeline requirements are discussed

and which parameters effect to energy efficiency in industrial steam pipelines.

4.1 Energy system of steam pipeline

Steam is water in form of gas and a energy fluid transporting heat to the point of
use. Steam is one of the most used commodities for heat energy conveyor due to its
preferable features. It is used in process applications widely in the industrial sector
to provide required heat. Steam has several features why its being used widely in
the industrial sector. It provides clean form of heat to several application without
significant safety risks. Steam as a heat media is a safe option especially in critical
industrial operations. In refineries, safety is a crucial element to consider. Control
of steam properties in operations is safe and easy. Steam parameters are optimal for
carrying heat over long distances. Heat transfer of steam is effective when utilizing
steam in industrial plants, e.g. mechanical power production and process applications.
Heat is contained as latent heat in steam which makes steam a suitable utility to
transfer efficiently and in constant temperature level. Process steam is crucial utility in
process industry, e.g. chemical, medical, transportation and textile industries. Steam
features of being sterile, intrinsically safe and controllability makes steam a convenient
utility for heating in refinery hazardous areas or explosive atmospheres. Steam fire-
extinguishing systems are common in refinery operations, in addition sparks and fire
risks are low for steam, hence steam is a ideal media to utilize in the refinery. High
heat transfer properties allow steam pipelines relatively small area which is convenient
in refinery pipeline construction. This also reduces installation costs of the pipelines.
(Merritt, 2016)

Steam is produced in a power plant, modern production technologies with high temper-
ature and pressure range allow efficient production. Steam is produced in steam boiler
that utilizes fuel, process waste heat, or electricity, or it can be obtained from steam
extraction stage where turbine has produced the electricity at first. Produced steam is
mainly transported to industrial use, hospitals and laundry in Finland. Steam system
is designed with quality and economic efficiency as priorities. Steam system design
requires multiple aspects to consider. Heat demand should be designed by steady or
alternating load. System pressure losses shall be calculated. Steam pipe dimensioning,
water removal, removal of steam and condensate air are important design factors of the

steam network. In addition, removal of water and air of process application and con-
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densate pipe for lift or downwards dimensioning in wet steam region are design factors
of a steam system. Steam pressure and temperature are interdependent which leads
to pipe dimensioning according to the allowed pressure loss. (Koskelainen, Saarela &
Sipila, 2006)

For heat generation the steam boiler utilizes fuel, e.g. natural gas, oil, solid fuel,
alternative fuels and electricity, with compatible technology steam generation can reach
nearly 85 % efficiency and utilize the heat recovery systems. Steam production in a
closed vessel develops a pressure which allows steam flow to a lower pressure, e.g.
through piping or distant equipment. Steam system is based on boiling, transfer and
condensing events that transfer the steam to point of use. Allowing steam to condensate
will release the heat of evaporation process of water to steam. Gaseous form of water
is efficient and safe utility that can hold nearly five to six times more energy as an

equivalent mass of water. (Merritt, 2016)

4.2 Energy demand and energy efficiency in industrial steam network

Energy in form of steam is required to ensure safe operation of pipelines. In a thermal
power plant, fuel energy is converted into heat through combustion process. The
released amount of energy can be divided to available (useful) part energy through
conversion process or non-available part where the energy remains not useful for any
further conversion process. No process can achieve full conversion efficiency, as any
conversion process includes inherent losses. Process efficiency is measured as released

amount of energy that is expected and pursued to achieve. (Williams, 2022)

~—
Efficency = Useful energy delivered
Total energy procured
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Useful energy
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-

Figure 10: Definition of the energy efficiency as schematic representation (Williams,
2022).



43

As presented figure 10, energy efficiency is the ratio of the output of delivered available
energy to total energy produced. Arrow from start point 1 to end point 2 represents

available energy.

Energy efficiency is the measurement of the produced amount of energy, for example
heat or electricity, that is utilized in the point of use. Energy efficiency is higher when
most of available capacity is used. Properly designed steam system is the priority for
decreasing steam losses and thereby decrease energy efficiency rate. Energy efficiency
losses can form in long periods of time. Steam leaks are significant causes for energy
efficiency reduction. Energy efficiency suffers when un-insulated pipes, valves and
fittings emit heat to the ambient environment. If steam traps in the system fail to
remove condensate from the steam, steam losses will occur. (Williams, 2022) In case of
steam the energy efficiency relates to steam network operability, quality of steam and

purchased steam capacity that is able to utilize in the operations such as tank heating.

Steam system efficiency assessment shall begin with questioning system design and op-
eration aspects affecting to the process. Different measurement and assessment tools
shall be used when energy utilization and efficiency rate are being examined. Steam
team leak detection, advisable elimination, should be the priority as high heat content
of steam causes significant costs. In long-term, steam leaks deteriorate the condition
and lifetime of pipeline insulation as water can build up between pipe and insulation
sheeting holding the insulation material. Moisturized insulation can decrease the con-

dition of the pipeline which leads to decrease of steam system operability. (Williams,

2022)

Energy management includes the energy efficiency and its approaches. Energy man-
agement is a tool for assessment, survey or design for operation functions where energy
efficiency can be improved. Technology, operative or production development func-
tions can be energy management tools, in the industrial sector and industrial energy
systems large investment or process planning may be required due to complex operat-
ing environment. Knowledge-based framework addresses the main energy management
factors. In the industrial sector, companies can place radical or incremental innovations
processes to advance operational efficiency improvements. Incremental innovations are
existing process improvements in the organization. For energy management system,
energy audit is the main procedure in the energy management system maintain and
control. In addition, implementation of international and national standards are com-
mon procedures in industrial companies today. (Andrei, Thollander & Sanno, 2022)
Recognition of the necessary energy management step and implementation prospects

shall be thoroughly examined.
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Insulation condition is an energy management tool to reduce energy waste and im-
prove efficiency. Costs of thermal insulation and its profitability is typically discussed
with payback time. Payback time calculates the time period during which the invest-
ment costs of new thermal insulation for applied system are paid. (Kaya, Canka Kilig
& Oztiirk, 2021) Payback time indicates whether the investment is suitable for the
company to execute and how profitable the investment is. With insulation renewal
payback time is typically less than a year which makes the improvement a profitable
investment.(Williams, 2022) The investment cost evaluation methods indicate in which

time the thermal insulation renewal are even.

While energy efficiency measurement definitions and actions can be conducted, price
of the energy directly affects the cost of heat loss. Price of the purchased or produced
energy determined how much company can create heat losses in the operation or savings
according to the price. Cost of energy depends on purchased amount of energy and
price of energy, which can be determined through incentives, production technology
and fuel of the produced energy. Form of energy, in this thesis purchased steam costs,
effects on the total heat loss costs of the steam pipeline insulation. Energy price in
Europe is determined by policy-related and regulatory costs, taxation, prices of inputs,
market competition, and consumer’s demand as well as behavioral patterns (European
Commission, n.a.). Energy price affects directly to costs of heat losses of pipeline
thermal insulation. Instead of precise information of purchased energy price during
inspection in this thesis, the price of energy, steam, is determined as an average of
available data of energy prices in 2025. Energy price for thermal insulation heat loss
and investment costs is determined as 65 €/MWh.

While succesful energy efficiency improvements are profitable, mandatory regulation,
incentives and law direct the energy use in operations. For example emissions reduction
targets, minimum energy performance and mandatory energy efficiency advancement
targets are required to meet. Policy making and directives, both national and in-
ternational level, are significant energy management factors in the industrial sector.
With additional and optional energy management target implementation companies

can further the position in several aspects of operation improvement.

Graphical presentation of payback period, savings and implementation of 55 000 in-
dividual energy efficiency measures grouped into major types of intervention in the
United States, 2002-2024 is presented in figure 11.
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Figure 11: Payback period, savings and implementation of 55 000 individual energy
efficiency measures grouped into major types of intervention in the United States in
years 2002-2024 (International Energy Agency IEA, 2025).

In figure 11, blue histograms demonstrate annual cost savings for individual interven-
tions and white points percentage of indentified savings measures implemented. In
section of quick wins maintenance and operations average payback period for energy
efficiency measure implementation is short. For maintenance, thermal insulation work
is relatively low cost work to conduct as maintenance budget does not significantly suf-
fer from large-scale investment costs as thermal insulation renewal offers great benefits
with lower costs required from the budget. The payback period indicated that insu-
lation renewal shall be conducted to reduce operational costs. If steam pipeline leaks
have existed for long periods of time and pipeline has defects as well, operational and
maintenance cost increase significantly requiring more work load in addition to main-
tenance schedule. This will increase material costs and in prolonged steam leaks with
large-scale defects, investment can change from quick win section to deeper upgrades
section where material costs increase investment to the pipeline and maintenance bud-
get significantly. If overall costs of possible steam network repair are increased, the
average payback period to increase energy efficiency increases. Maintenance, oper-
ational and material costs are included in overall costs of the repair work. When
specifically payback time of thermal insulation is desired to examine, the material and

installation costs of the insulation shall be assessed.

Other great advantages from energy efficiency targets in operation can be achieved,
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such as competitiveness and energy accounting, modernize operation and improve un-
derstanding of energy efficiency phenomenon in the industrial sector. To advance
productivity improvements in the industry, one of the measures is simple investments
where insulation installation falls into. Simple investments measures offer typically low
spending on the investment target with low payback time, nearly within a year. How-
ever, industrial operations are complex systems affected by multiple factors. (Kaya,
Canka Kilig & Oztiirk, 2021) For example, energy efficiency auditing measures and
power plant boiler efficiency are not the target when insulation for tank farm area is

assessed but are affecting the total efficiency of operations

Energy efficiency improvement through thermal insulation in steam pipelines is focused
in this thesis. The results of heat losses are implemented in investment profitability
evaluation and most significant factors of the heat losses are assessed. Work of the
research is planned to support energy efficiency work in tank farm area but also in the

refinery operations in production lines and other operating units as well.

4.3 Heat transfer in steam system

After the energy conversion process the energy from the power plant is transferred to a
end-use target through steam network. Feature of heat energy is driven by tendency to
move from higher temperature to side to lower temperature side. Heat transfer is rate of
transported heat energy that is affected by resistance. Heat transfer mechanisms affect
to the steam system efficiency (Merritt, 2016). Rate of energy moving is dependent of
temperature difference and material through which heat transfer occurs. Heat transfer
is divided to three fundamental processes: convection, conduction and radiation. One
of these processes occurs in heat transfer or as combination in a process. All three heat

transfer mechanisms are described in figure 12. (Williams, 2022)
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Figure 12: Heat transfer processes demonstrating convection, radiation and conduction
(Williams, 2022).

Conduction occurs as heat transfer between two objects where higher temperature
moves to lower temperature side. In insulation, conduction is heat flow through the
material. Conduction is measured as conductivity parameter k& that presents amount of
heat transfer through the material. As a conduction material, metal has sufficient prop-
erties for high conduction rate for heat and thermal energy. Insufficient conductor is for
example gas. Ability to conduct heat or thermal energy is based on material molecule

tightness. Conduction is dependent on following features in the system: (Williams,
2022)

e Temperature difference between objects
e Insulation thickness

e Insulation material properties

e Contact surface area

e Duration of heat transfer

The resistance tends to reduce heat transfer and is the principle of thermal insula-
tion. Term resistivity refers with insulation to the rate of effectiveness of the insulator
material. Resistance R is reciprocal of the heat transfer coefficient U and is typically

measured in unit m?K/W. Higher resistance value indicates higher rate for insulator.
(Williams, 2022)

Convection is heat transfer form caused by of fluid media motion. Convection occurs as
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forced convection or natural convection. Forced convection is heat transfer generated
by external source for example pump, sitter or a fan. In natural convection heating
of the fluid is done by convection. The convection occurs as a rise of heated fluid due
to decreased density. Colder fluid moves down causing circulatory movement of the
fluid past the heated element. Convection is measured with heat transfer coefficient
he. The heat transfer coefficient considers fluid type, velocity, viscosity and properties
regarding temperature and fluid flow. Fluid type, gas or liquid, affects on the heat
transfer rate. (Williams, 2022)

Radiation is form of heat transfer where the surface heat or energy emits around all
directions in form of electromagnetic waves. One form of thermal radiation is sunlight.
Rate of radiant heat transfer is typically measured as watts per square meter (W/m2).
The emissivity is a common parameter for heat transfer radiation that describes ability
of surface to emit energy. Heat energy transfers without contact or as a media e.g. air or
water between bodies. The surface temperature and material affect on the emissivity.
Emissivity is measured as constant e and is unitless parameter in range 0 < € < 1.
Radiation occurs in heat transfer processes as absorption, transmission and reflection.
In absorption radiation enters the object where the heat absorbs and becomes heat. In
transmission, heat passes through the object and in reflection the reflection bounces
away from the object. (Williams, 2022)

The emissivity level on the surface is affected by sunlight. For insulated steam pipeline,
emissivity level rises as sunlight heat the insulation sheeting surface. Emissivity coef-
ficient depends on the surface material. From heat transfer perspective metal is good
conduction material and can conduct heat sufficiently. Features of metal allow sun-
light warm the metal sheeting. In points of the sheeting where sunlight has heated
the surface the emissivity level can rise near its maximum value 1. In steam consump-
tion, thermal insulation heat loss and heat transfer calculations, standard SFS-EN ISO
12241:2022 is referred in heat transfer and heat loss calculations. In this thesis, results
of heat losses are calculated by the SF'S 12241 calculation formulas. The PSK-9 Hand-
book for industrial insulation calculation and thermal insulation suggestions regarding
pipeline features are derived from the SFS 12241 calculation for heat transfer of the

thermal insulation.

Steam pipelines are located in outdoor conditions in the refinery. Solar radiation,
ambient air conditions and wind speed are factors that affect on heat losses emitted from
insulated steam pipelines. In this work, solar radiation is neglected in the contractor
report. As solar radiation effects thermal insulation sheeting thermal conductivity and

the report issued varying values of the thermal conductivity, these results are more
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discussed in the results. Steam temperature and ambient air conditions are assessed in
the calculations of the heat losses analysis with sensitivity analysis. Solar radiation is

neglected in the calculation but addressed further in the thesis.

4.4 Heat loss in insulated pipeline

Thermal resistance, other parameters and heat outputs are calculated with standard
SEFS-EN 12241. In thermal imaging report, provided results for heat losses and emis-
sions are calculated based on the SFS-EN 12241 standard and PSK-Handbook 9.

Total heat transfer coefficient U is reciprocal of the overall resistance to heat transfer
(Merritt, 2016). The overall heat transfer coefficient calculation is presented in equation
1.

V=%, (1)

, where Rp= total resistance of the barrier [(m?- K)/m].

In SFS-ISO 12241, the calculation of thermal total resistance per length unit of insu-
lated pipe is referred as linear thermal resistance. Its affecting parameters are presented

in equation 2.

Ri7= Ry g+ Ry p+ R+ Ry (2)

, where Ry, si = internal linear surface resistance [(m K)/W], R;,p = linear thermal
resistance of pipe [(m K)/W], R;,i = linear thermal resistance of insulation [(m K)/W]

and R, se = external linear surface resistance [(m K)/W].

In literature and scientific definitions, the heat loss of insulated pipeline and its affecting
parameters are composed through various factors. Generally, heat loss per length unit
of pipe, referred as linear density of heat flow rate, can be calculated with equation 3.

(Tad - To)

_ o) 3
q R o (3)

I

, where T,;=design temperature of inside fluid [fC], T,= temperature of ambient air
[fC] and R;p= linear thermal resistance of insulated pipe [m K/W]. (Ertiirk, 2016)

Additional calculation for heat losses for flanges, valves and other operating equipment
shall be provided when the investigated pipeline includes the equipment. In this thesis,
valves and other equipment are not considered for the steam pipelines. Therefore, heat
losses of other operating equipment are neglected in the results and calculation is

provided for straight pipeline.
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4.5 Economic analysis of thermal insulation

Investment and economic analysis of thermal insulation can be performed with PSK
3704 standard. The standard includes insulation of pipes, vessels and equipment dimen-
sioning features. Standard offers insulation instruction for dimensioning for example
steam pipelines, optimization of technical features and determination of economical

insulation.

Variation of energy prices affect on the insulation cost. Variations in the price of
energy during the lifetime of the insulation are considered in economical insulation

dimensioning with correction factor u. The factor is calculated with equation 4.

N3

u=(1+p)

(4)
, where p= annual price increase of energy [-] and n= lifetime of investment [a].
The annual energy cost is calculated with equation 5.

Ey=®,-u-e-7,-107° (5)

, where ®,= heat loss per unit of length [W/m|, e, = price of thermal energy [€/MWHh]

and 7,=Annual operating time [h/a]
The annuity factor is calculated with equation 6.
7
= 6
i T (i) (6)

, where i=accounting rate of interest [-].

The annual total cost of pipe insulation is calculated with equation 7. The optimum

insulation thickness for pipes will be attained with a minimum value of K.
Kp=ay);-k-Hp+ Ep (7)

, where k= insulation cost increase caused by shaped parts [-] and Hp= unit price of

pipe insulation [€/m].

The annual capital cost is obtained by multiplying the insulation cost H, with the

annuity factor a,,/; in equation 8.
Hp . an/i (8)
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Typically for determining profitability of investment, payback time is calculated. Pay-
back time can be evaluated to be set on certain time range or can guide in the in-
vestment decision planning. Annual savings per unit of length can be calculated to
determine how much costs from heat losses reduce after insulation renewal annually.
Insulation renewal costs depend on unit of length prices for insulation removal, instal-
lation and material costs including insulation material and sheeting. Flanges, fittings,
elbows and other equipment unit prices are determined separately. Determination
of payback time is simple method to estimate financing profitability. Payback time
indicates in which time the investment breaks even. (Neilimo & Uusi-Rauva, 2017)
Payback time is calculated with equation 9.
Investmentcost

backtime = 9
paybacktime Annualsavings )

Payback time can be assessed when annual net profits remain constant and interest rate
is neglected. Payback time is favored for investments where the capital is gained back
rapidly and implemented in support of other method results in financing evaluation.
The method does not provide investment profitability as the events after the payback
time are neglected. In addition, interest rate is not included in the calculations. The
interest rate can be implemented by using discounting factor if needed. Payback time
assumes the annual savings as constant, in other situation annual savings are discounted
to the point of investment date. (Neilimo & Uusi-Rauva, 2017) If interest rate is
considered, equation 6 shall be implemented and investment analysis can be further

calculated.

4.6 Report calculation expansion and analysis

The contractor report calculation is based on PSK-Handbook 9 that assessed com-
prehensively industrial insulation and SFS-EN ISO 12241. Dimensioning of thermal
insulation and economic parameter calculation are provided in section PSK 3704. The
standard replaces standard SFS 3977 assessing insulation. In the PSK standard, up-
dated standardization for insulation dimensioning is provided. The dimensioning of
the insulation is based on calculation methods according to SFS-EN ISO 12241. In ad-
dition, calculation is implemented by utilizing PAROC Calculus program in the heat
loss calculation. Input parameters provided to contractor are presented in table 2 and

table 3.

In the PSK 3704 standardization, heat loss per unit of length for insulated multi-layer
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pipe is calculated with equation 10.

o, = 7 (T; —1T,) (10)

n
1 1 dei 1
+i§1 2 o di T

ai'dip aede

, where T;=Temperature of contents of item to be insulated [K], T,=Ambient tem-
perature of insulation [K], a;=Heat transfer coefficient of inner surface [W/m?- K],
d;p=Inside diameter of pipe [m], \;=Thermal conductivity of layer i at mean tempera-
ture [W/m- K], de; = outside diameter of layer i [m], d;; = inside diameter of layer i [m)],
ae= heat transfer coefficient of outer surface [W/(m?- K)] and d.= outside diameter

of outer surface [m].

In practice, the heat transfer coefficient of inner surface and the conductivity of metal-
lic pipe material is usually high and in calculation the corresponding terms can be

disregarded. The equation 10 can be simplified and is presented in equation 11

- (T; —Typ)

1 d, 1
ﬂln ch + Qe-de

®p = (11)

, where A = thermal conductivity of insulating material at mean temperature [W/m

K] and d; = inside diameter of insulation [m].

The calculation of thermal conductivity is further assessed and calculated in SFS-
EN ISO 12241:2022 standardization. Typically, heat transfer calculation utilize de-
sign value for thermal conductivity for insulation. The design thermal conductivity
is temperature-dependent and standardization presents the heat transfer calculation
for cases where steady state applies, indicating constant temperature level in time at
any point of the medium considered. (Finnish Standards Asssociation SFS, 2022) The

design thermal conductivity Ap can be calculated is calculated with equation 12.
Ap=F-Ag+AX (12)

, where F'= overall conversion factor for thermal conductivity [-], A\jq= the declared
thermal conductivity [W/(m- K)| and AA= the extra conductivity due to regularly

placed components in the insulation system [W/(m - K)].

Equation for thermal conductivity calculation is based on PSK 3704 iterative calcu-
lation of heat loss calculation. Thermal conductivity can be calculated with equation
12 when the parameter is estimated in practice. When detailed calculation is assessed
using SFS-EN 12241 standardization in which the PSK 3704 dimensioning is based
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on conduction as well as radiation and convective heat transfer is calculated in detail.
The detailed calculated is more comprehensive method to investigate heat transfer and
heat losses of the operating equipment. Temperature of the steam in the investigated
pipelines is set as 155 °C. Temperature variation of the steam network is neglected in
this thesis. In addition, while pressure losses in the steam network are recognized, their

effect on the heat loss calculation is also neglected in this research.
Heat transfer coefficient of the outer surface is calculated with equation 13.
Qe = Qp + O (13)

, where a.=heat transfer coefficient of radiation [W/(m?- K)], T.= outer surface tem-

perature [FfC] and ap=Heat transfer coefficient of convection [W/(m?- K)].

Heat transfer coefficient of radiation is affected by emissivity. The heat transfer coef-

ficient of radiation is calculated with equation 14.

T4 T4
ar:g.gijf _To (14)
e o]

, where e= emissivity [-], Te= outer surface temperature [K| and o Stefan-Boltzmann
constant = 5,67. 10-8 W [W/(m? - K%)].

Heat transfer coefficient of free convection on outer surface of pipe «ay is calculated
with equation 15.

T, —T,
o = 1,32-(%)025 (15)
e

In outdoor conditions, wind speed near the pipeline surface affects on the heat transfer
calculation results. When the air near the surface is in noticeable motion, the heat

transfer coefficient of convection equation is implemented with equation 16.
o, = 4,130%84; %2 (16)
, where v= air flow velocity [m/s|.

Surface temperature of pipe insulation 7T, is calculated with equation 14.

(17)

In addition, PSK standardization presents calculation of heat losses for piping, vessels
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and plane surfaces through iterative method. The iterative method compares esti-
mated surface temperature T, estimated value to calculated value that is calculated
by utilizing mean temperature of the insulating material, heat transfer coefficient of
outer surface and heat loss of the target. If required accuracy limit exceeds for calcu-
lated surface temperature value compared to estimated value, calculation is repeated

by using the calculated surface temperature.

Heat transfer coefficient of the outer surface and radiation have influence on the heat
loss results. As emissivity factor increases, the heat transfer coefficient of radiation
increases that increases the outer surface heat transfer coefficient. When the heat
transfer surface of outer surface increases, the heat loss calculated with equation 10

increases.

Generalizations in PAROC Calculus appear in pressure level determination. For steam
and superheated steam, the temperature level is able to determine with the pre-
determined pressure levels. Shortage to determine precise pressure level makes it
challenging to calculate the precise dimensioning to prevent heat losses. For exam-
ple flange box insulation dimensioning is affected by nominal pressure PN. Required
insulation thickness to prevent surface condensation for a vertical wall is affected by the
saturated vapor pressure. In this thesis, pressure losses are neglected in the heat loss
calculation. However, pressure losses occur in the system and are dependent on several
operational factors. Pressure losses can increases heat losses and thereby decrease the

overall efficiency.

Emissivity factor epsilon is pre-determined value 0.15 in the PAROC Calculus program.
From the contractor report, value 0.96 for the insulation sheeting is implemented in
the calculations.The emissivity factor varied significantly in the thermal imaging of
pipelines. Especially for 10 inch pipeline, the emissivity level varied typically between
0.35 and 0.6. However, value implemented in calculation is significantly higher. As
the parameter has significant variation, precise calculation through the given length
adds calculation requirements. Typical emissivity value in the emissivity is 0.96 from
the contractor perspective. PSK 3704 standardization provides detailed information
of heat losses for various pipe sizes with calculation criteria regarding ambient con-
ditiona and certain emissivity values that can be assessed in the thermal insulation
dimensioning. The standard is based on SFS-EN 12241 standard where emissivity is
comprehensively determined in radiative heat transfer parameter calculation. When
affecting parameters are implemented in heat loss calculation, value shall be deter-
mined through scientific methods. The standardization applied in this thesis report

and heat transfer calculation analysis are conducted by international and national re-



liable institutions that apply to industrial sector processes.
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5 Thermal imaging of steam pipeline insulation and heat loss

examination

The aim of this thesis is to investigate thermal insulation conditions in two sepa-
rate steam pipelines in tank farm. Analysis of steam pipelines thermal insulation is
conducted through thermal imaging of the pipelines and inspection report provided
by contractor. The inspection report is assessed comprehensively through calculation
method analysis. Costs of thermal insulation renewal and evaluation of thermal insu-

lation profitability are provided.

5.1 Inspection scope, purpose and objectives

Purpose of the thermal imaging was to examine steam pipeline insulation current
condition, damages and the scope of the damages. Imaging was performed 30.10.2025
in the tank farm area. Thermal imaging is performed at the beginning of the thesis
as weather conditions in October are more optimal for thermal imaging compared to
winter. In the winter, snow, freeze or other weather conditions can disturb the imaging
and affect on the theoretical calculation. The chosen imaging time is optimal also
compared to summer when sunlight and temperature levels can affect the reliability of

the imaging and theoretical results. Therefore, optimal results are obtained.

The thermal imaging was provided by a contractor. The contractor firm executes
thermal imaging at the site and composes inspection report of the steam pipelines
including images from imaging, observations of the insulation condition and suggestion
of actions for insulation condition improvement. Calculated results of measured heat
losses, energy consumption and payback time of insulation renewal are calculated based
on the thermal imaging results and given initial information of steam pipelines and the
termal insulation. The results, losses of heat and costs of energy, are availed in evalution
of insulation renewal profitability. The results are assessed to gain information of costs

of heat losses and how profitable is to install new thermal insulation in the long-term.

Thermal imaging was provided with calibrated FLIR SC660 camera. Thermal imaging
is a remote sensing diagnostic technique which can detect defects in insulation materials
effectively from low to high temperature equipment compared to conventional test
methods. Safety and efficiency of operation can be assessed through imaging. The
imaging allows to image pipeline without demolition which saves time and costs as
well as is efficient defect detection method. The nondestructive method can detect

energy and economic losses in pipeline insulation with high sensitivity and detection
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efficiency. Thermal imaging is suitable method to provide information for heat loss
calculation as imaging is conducted without contact to the target. Thermal imaging
offers to examine the pipeline or operating equipment safely as detection is executed
without interruptions or harm to the process, material, equipment and personnel. (Hu
& Liu, 2017) When pipeline leaks occur, temperature changes and these changes can
be detected in imaging that creates a temperature chart of imaged pipeline. Results
and suggestions for insulation repair work are assessed in this work. Reports can be
further assessed in steam pipeline, maintenance and energy efficiency work in refinery
operations. In figure 13, example of thermal imaging examined with FLIRG609 camera
is presented. The thermal imaging is applied for a furnace to examine thermal details

of the furnace hangers and tubes.

Figure 13: Example of thermal imaging for detection of thermal details of a furnace
equipment.

In figure 14, target of thermal imaging is steel ladle where the temperature level can
reach up to 1400 C. Thermal imaging can measure temperature levels in the imaging
target that offers information of operation of equipment. Temperature is expressed in
Fahrenheit (F) unit.
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Figure 14: Example of temperature difference of steel ladle compared to ambient en-
vironment is presented through temperature range coloring.

5.2 Steam pipeline thermal insulation parameters

Two steam pipelines with thermal insulation are examined. Pipelines are part of low
pressure, 5 bar, steam pipeline network that transport steam to the point of use from
the power plant. Operating temperature of the pipelines is determined as 155 °C which
is the operational feed temperature. Temperature variation in the low pressure steam
network causes the steam temperature to vary in different points of the network. Precise
temperature level at the time of thermal imaging is not able to measure. Thereby,
operational design temperature is used in the research. For 5 bar pressure range, the
pressure level is selected as the pressure variation occurs in the network and precise
value is not able to measure. For measurement accuracy, it is beneficial to define
precise temperature and pressure level. Network operation is optimal and losses are
in this thesis neglected. Pipeline size is 4 inches and length of the examined thermal
insulation in the line is 158 meter. Annual operating time of the pipe line is 8670 hours.
Pipeline in the researched containing straight pipeline and expansion loop. Technical

information of 4 inch pipeline is presented in table 2.
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Parameter Value | Unit
Steam temperature 155 °C
Steam pressure 5 bar
Length 157 m
Nominal size 4 inch
Pipe outside diameter | 114.3 | mm
Wall thickness 8.56 | mm
Insulation material Wool
Insulation thickness | 60/80 | mm
Number of valves 0

Table 2: Research input data of 4 inch steam pipeline regarding operational, technical
and insulation parameters.

In 4 inch pipeline, two different insulation thicknesses are applied and the table 2
presents the both values. Technical information of 10 inch pipeline are presented in
table 3.

Parameter Value | Unit
Steam temperature 155 °C
Steam pressure 5 bar
Length 82 m
Nominal size 10 inch
Pipe outside diameter | 273 | mm
Wall thickness 15.09 | mm
Insulation material Wool
Insulation thickness 100 | mm
Number of valves 0

Table 3: Research input data of 10 inch steam pipeline regarding operational, technical
and insulation parameters.

Low pressure steam is transported from the power plant to the tank farm area to
operating target requiring steam for heating. For other steam pipeline investigation
with inital information presented in table 3, the pipeline size is ten inches and the
length in examination covers 56 meters. Annual operating time of the pipeline is 8670
hours. Pipeline is insulated fully in the examined length. Valves and other operating
applications are neglected in this thesis. Pipeline in the researched length contains
straight pipeline and expansion loop. Increase of the expansion loop is approximately

one meter.

In the selected pipelines, expansion loop and straight pipeline with insulation are exam-
ined with thermal imaging. In four inch steam pipeline, pipeline is horizontal through

the length. In ten inch steam pipeline, there is a rise from horizontal plane to expan-
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sion ring of the examined line. In the four inch pipeline, insulation is partly renewed
using thinner material, new insulation and sheeting covers approximately 35 meters
of pipeline. Rest of the examined pipeline length is covered with old insulation and
sheeting with severe damage, holes and misplacement. In ten inch pipeline, damaged
sheeting is visually seen in several parts of selected length and particularly in expansion

loop.

Pipelines in investigation are not examined in full length of existing line but defined
lengths for examination are chosen to examine lines where defects of poor insulation
condition are visually detected. The conditions in research indicate damaged, moist
and reduced feasibility of the insulation. As insulation condition evaluation is in-
sufficient to determine reliably by visually as only measurement tool, comprehensive
investigation through thermal imaging, calculation of heat transfer losses in energy,
financial losses and calculation method analysis provides more precise results of the

insulation condition and improvement demand.

5.3 Contractor thermal imaging report

To support evaluation of heat losses and costs of current insulation, report contractor
interview is held regarding thermal imaging and the results. Interview focuses on results
of the report and thermal imaging, possible observations or exceptions in the researched
pipelines, weather conditions during imaging and on suggested measures for insulation
renewal actions. Interview is held to examine how weather conditions affect on the
results. Research results are availed in the insulation renewal instructions composition
to optimize possible thermal imaging in the insulation condition investigation in the
future. Thereby, optimal imaging regarding season of the year and weather is evaluated

based on the interview.

Thermal imaging, report calculations and calculated heat loss values are compared to
evaluate reliability of the results. Reliability of numerical results and research methods
are evaluated. Significant factor of the thermal imaging is weather conditions of the
pipeline atmosphere in the outdoor conditions during imaging. In the results, imaging
conditions are assessed profoundly. The evaluation of results and imaging conditions

are availed in creation of insulation renewal instructions.

The result parameters provided are collected in following list:

e Heat losses, insulated pipeline [W/m]|

e Heat losses, uninsulated pipeline [W/m]
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e Heat loss savings annually [€/m]

e (COy emission savings potential annually compared to uninsulated pipeline [t/a]

Contractor report offers insulation expert point of view and suggestion can be further
implemented in the steam pipeline insulation evaluation processes. Amount of heat
losses, heat loss costs and current condition evaluation can offer important information
in the decision making for the insulation renewal. The report theoretical report offers
calculation based on SFS-EN ISO 12441 standardisation and PSK 9-Handbook that
offers comprehensive guidance for thermal insulation design and optimisation. In the
calculation, PAROC Calculus tool is implemented in heat loss calculation. The report
presents stages of the standardisation calculation and calculation tool . The given
initial information of steam pipeline, steam properties and pipeline insulation affect on
the end-results. Affecting factors and the impact on the results are comprehensively

addressed and reliability of calculations is evaluated.

5.4 Theoretical calculation evaluation and analysis

The heat loss calculation utilizes three standardisation and calculation method tools:
SEFS-EN 12241 calculation formulae, PSK-9 Handbook addressing industrial insulation
and Neste’s own spesification for the insulation. The Neste specification is based on
various SF'S standards that are included in the PSK-9 Handbook. In addition, calcu-
lation of investment cost regarding payback time of the insulation renewal are based
on Neste’s unit prices for insulation material and installation work. Calculation of
investment costs includes required materials in the given pipelines for renewal and

installation of the insulation material and sheeting.

The report is based on using PAROC insulation material. Installation and the heat loss
calculation are solved by utilizing PAROC Calculus Technical insulation calculation
program. (Paroc, 2026) Main PAROC Calculus allows to set input values or select
from the range of determined options for the initial values. For example, pressure
level selection for the heat loss calculation is chosen from the determined section. In
addition, emissivity factor € is pre-determined by the calculus program (Paroc, 2026).
Other initial information, regarding steam temperature, pipeline technical features,
insulation features and weather conditions are able to set in the calculus sheet. EN
[SO 12241 standard is the method for the results calculation.

Calculus sheet and parameters for determination are presented in figure 15.
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CALCULATIONS B DEFINITIONS MATERIAL e
Orientation Select material
Horizontal Steel v
I:’ Calculate temperature change
Thickness
[ calculate freezing 1 mm
\:\ Calculate energy consumption
\:\ Calculate time to final temperature
I:’ Add valves, fittings and flanges

Figure 15: PAROC Calculus program for heat loss and energy consumption calculation,
definition of calculation parameters, object orientation and material.

Calculus begins by selecting the object of investigation: flat surface, pipe, ducts, rect-
angular tank and two circular tank options. For piping, calculation options that are
given in the results based on initial information are related to temperature change,
freezing, energy consumption, final temperature and option to add valves, fittings and
flanges to the calculations. In this thesis, valves, fittings and flanges are neglected.
However, the options allow to set customized information of the equipment and calcu-
lation for the results is based on ISO 12241:2022 Appendix A, Table A.3. Definition
for the pipe is selected, in this thesis horizontal pipes are assessed. Pipe material
and thickness are set from the material initial information section. Figure 16 presents

calculation parameter tools for measurements, content and environment factors.

MEASUREMENTS + CONTENT = ENVIRONMENT &
Select standard dimension Select content Environment
Custom v Water v Custom v
Length of pipe 5 Temperature Ambient temperature
1 m v 100 °C -20 °C
1
Outer diameter Ambient air velocity
20 mm 05 m/s

Relative humidity
80 %

Figure 16: PAROC Calculus program for heat loss and energy consumption calculation,
definition of object measurements, content and enviroment parameters.

Initial information placing continues to measurements of the object. For pipe, stan-
dard dimension of pipe is the inch (DN sizing) of the pipe. Pipe length and outer
diameter are set. Content of the pipe is selected from the selected from pre-determined
list, including for example air, diesel, ethanol, water, condensate, steam and super-

heated steam. Steam and superheated steam options have pre-determined pressure
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level options with temperature calculation. The temperature level is able to set to the
calculator. Environmental features are chosen from pipeline location based on indoor,
winter, summer or custom option. Ambient temperature (°C), ambient air velocity

(m/s) and relavite humidity (%) are set to the calculator.

ENERGY '

Energy

Natural gas v

Operating time in a year

8760 h

Price of energy

6,5 c¢/KWh

Figure 17: PAROC Calculus program for heat loss and energy consumption calculation,
definition of form of energy, operating time annually and the price of the energy.

Figure 17 presents energy parameters for calculation. In addition, energy information
are set. Options for energy production are domestic waste, natural gas, coal, fuel oil
and electrical power. Operating time in a year (h) is set and price of energy (c/kWh)

Is given.

INSULATION 55

+ ADD INSULATION LAYER Cladding
-9.4°C No additional cladding v

PAROC Hvac Section AluCoat T v 20 v mm

Emissivity

20 mm

60mm  Get more information

E] No insulation Suspension (thermally
uninsulated)

Influence on heat loss

25,0 %

Indoors  Outdoors

Figure 18: PAROC Calculus program for heat loss and energy consumption calculation,
definition of object insulation material, thickness, cladding and suspension of pipe.

Figure 18 presents calculation parameters of insulation. The insulation initial are set

by choosing the PAROC insulation option from the pre-determined list. Number of
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insulation layers are set and calculator can be obtained without insulation. Cladding,
in other words sheeting material, is selected from the list. From the option list, cladding
material can be selected or calculation can be provided without detailed information
and without cladding option. Option for suspension is selected. The cladding affect on
the heat loss is selected by location of the pipeline, indoor or outdoor option. Cladding
affects on the indoor piping heat loss with 15 % change. For this thesis investigation

outdoor pipeline, affect of cladding on the heat loss calculation results is 25 %.

5.5 Sensitivity analysis of economic parameters

Thermal imaging report calculation is based on standardisation and PAROC Calculus
methods. In the results the calculation methods, parameters and calculation reliability
are assessed. Significant factors that affect heat losses from thermal insulation are
presented. Standardization and combination of PAROC Calculus program calculation
are evaluated. The calculation program generalizations and features are evaluated to

estimate accuracy of the heat transfer calculation.

Results of thermal imaging are provided in a report with calculated heat losses, energy
demand and carbon dioxide emissions rate with cost evaluation. Current heat losses
in pipelines and heat losses after insulation renewal are provided with annual savings
per meter and payback time of the renewal is calculated according to Neste’s unit
prices of renewal. The report includes thermal imaging results, analyzation of imaging
weather conditions and reliability evaluation of the results. In addition, report provides
suggestions for the insulation renewal the steam pipeline based on current condition.
The report results are based on SFS-EN ISO 12241 equations, PSK-Handbook 9 for

Industrial insulation and Neste’s internal specification for thermal insulation.

Thermal insulation heat losses are examined from heat transfer perspective and finan-
cial cost evaluation is provided to support thermal insulation importance in industrial
operations. Energy and cost efficiency are aimed, thereby pipeline annual cost cost
analysis for selected length of examined pipes is calculated. Thermal insulation life-
time improvement is the end goal, therefore the pipeline cost and affecting parameters
which affect to efficiency of steam network is determined for the pipelines through cost
analysis that covers costs of heat losses and thermal insulation of the steam pipelines.
The annual costs of pipe insulation include both insulation and sheeting material, pre-
fabrication, and installation. In addition, existing sheeting and insulation removal or
installation after repair are included in the costs. Pipeline thermal insulation costs are
calculated based on unit prices, euro per meter. Contractors provide thermal insula-

tion repair, material and installation for the pipelines. The annual costs are specified



65

through the contractors pricing for the service and materials and determined price for
energy. As energy prices vary, sensitivity analysis analyses energy price variation for

the annual costs.

To analyse energy efficiency variables and affecting factors, sensitivity analysis can be
used to compare different parameters of heat transfer calculation methods. Sensitivity
analysis is implemented by performing calculation of annual cost of pipe insulation and
payback time of insulation renewal. Affect of energy price, lifetime of investment and
investment cost are varied from initial value in range -20 % to 20 %. Sensitivity analy-
sis in implemented in Excel and graphical presentation of parameter value variation is
provided. The analysis aims to present how energy price, investment cost of insulation
renewal and lifetime of the pipeline and insulation affect on total annual cost of pipe
insulation. Further, analysis of payback time for insulation renewal aims to estimate
profitability to invest into pipeline insulation repair and support the inspection report.
The sensitivity analysis focuses on PSK-standardization, specifically in PSK-Handbook
9 and section 3704 dimensioning of thermal insulation calculation. The calculation
parameters and results for annual costs of insulation are assessed through the stan-
dard. Evaluation of PAROC Calculus program is provided. The PSK-Handbook 9 and
PAROC Calculus program are based on SFS-EN ISO 12241:2022 standard. The aim is
to assess calculation theory and present how the calculation of heat losses is executed
reliably. In addition, payback time of insulation material and installation is assessed

in examined lengths of the pipelines and expanded into tank farm area.

Sensitivity analysis is expanded to evaluation of insulation renewal costs in the tank
farm area. In results analysis the payback time of insulation renewal is calculated for
tank farm steam network pipelines commissioned in pre-determined or earlier and for
pipeline size six inches or larger. The estimation of insulation renewal cost is conducted
to estimate profitability and payback time of investment. In the examined pipelines,
thermal insulation have generally poor condition compared to pipelines commissioned
recently. In the larger steam pipelines with longer lifetime, insulation condition and
furthermore pipeline are more prone to damages. Estimation is evaluated in section 7.

The investigation aims to support thermal insulation renewal profitability.

From contractor results for heat losses and costs of heat losses, total cost analysis
for thermal insulation renewal is calculated and profitability for insulation renewal is
evaluated in the results. After the results, efficiency and cost analysis for steam pipeline
thermal insulation is evaluated. Thermal imaging result analysis, heat transfer and
economic analysis are assessed from asset owner perspective. Profitability for insulation

renewal in investigated steam pipelines and in tank farm area can direct the investment



66

decision. Comprehensive analysis of heat losses aims to estimate thermal insulation
renewal demand and the affects that achieved if investment is approved. Payback
time of the insulation renewal, heat loss annual costs and energy price variation are
significant parameters affecting total costs of operation and that affect into maintenance
costs of the pipelines. Heat transfer parameters analysis and economic analysis aim
to present why heat losses of thermal insulation shall be considered, how insulation
condition can affect on pipeline operation and how costs as well as work load can

reduce when poor condition insulation are renewed.
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6 Results of insulation condition investigation

6.1 Contractor results of heat losses and costs

The results for four inch pipeline with 60 mm insulation thickness are provided in table
4.

Table 4: Report results of heat losses for 4 inch pipeline with 60 mm insulation thick-
ness.

Parameter Value | Unit
Heat loss 111 | W/m

Heat loss, uninsulated pipe 2517 \W%

Surface temperature 11.1 °C

Surface temperature, uninsulated pipe 154.9 °C
Insulation nominal weight 2.3 | kg/m

CO2 reduction compared to uninsulated pipeline | 668.2 t/a

The results for four inch pipeline with 80 mm insulation thickness are provided in table
5.

Table 5: Report results of heat losses for 4 inch pipeline with 80 mm insulation thick-
ness.

Parameter Value | Unit
Heat loss 246 | W/m
Heat loss, uninsulated pipe 2517 | W/m
Surface temperature 17.1 °C
Surface temperature, uninsulated pipe 154.9 °C
Insulation nominal weight 0.7 | kg/m
CO2 reduction compared to uninsulated pipeline | 630.9 | t/a

The results for ten inch pipeline are provided in table 6.

Table 6: Report results of heat losses for 10 inch pipeline with 100 mm insulation
thickness.

Parameter Value | Unit
Heat loss 240 | W/m
Heat loss, uninsulated pipe 4065 | W/m
Surface temperature 13.3 °C
Surface temperature, uninsulated pipe 154.9 °C
Insulation nominal weight 2.9 kg/m
CO2 reduction compared to uninsulated pipeline | 555 t/a

Annual savings of the insulation renewal per meter and payback time of insulation
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renewal are provided in the contractor report. In addition, current heat losses per

meter and heat losses in case of renewal are provided. Results are provided in table 7.

Table 7: Results of contractor’s calculations of current heat losses, heat loss after
insulation renewal and payback time for financial costs of new insulation.

Pipeline | Current heat loss | Heat loss after renewal | Payback time
4 in 60 mm 111 W/m 59.5 W/m 2.6 years
4 in 80 mm 246 W/m 59.5 W/m 8,5 months
10 in 240 W/m 80.9 W/m 1.5 years

In the table 7, current heat losses and heat loss after potential insulation renewal is
presented. The insulation renewal decreases significantly generated heat losses with the
insulation installed during thermal imaging. Annual savings of four inch pipeline vary
significantly with the installed insulation. For four inch pipeline with 80 mm insulation
thickness installed, the annual savings from heat losses are multiple compared to 60
mm insulation thickness if the insulation is renewed. Reason for the difference is the
difference of calculated heat losses. When heat losses are high, annual savings after
insulation renewal are high regarding the association to heat loss rate. Lower annual
savings per unit of length are achieved when heat losses are lower. Annual savings for

ten inch pipeline are significant.

In this research, the pipelines and thermal insulation renewal is outside of the research
scope. Thermal insulation renewal costs are nevertheless calculated to perceive total
costs of possible investment costs in the length of the imaged pipelines. In addition,
repair or renewal costs provided in the pipelines are main factor in maintenance work
planning and execution. The renewal cost estimation is calculated based on the thermal
insulation contractor provider unit of length prices for thermal insulation material,
removal and installation. If the site where thermal insulation installation is executed
requires scaffold for workers to operate safely, the scaffold rent prices per square meter

are also included in cost estimation.

6.2 Thermal imaging report and interview

After thermal imaging of the pipelines at tank farm area and calculation report, the re-
port composer from external contractor company was interviewed. Interview included
observation of results of the report more comprehensively, possible observations or ex-
ceptions noted in the thermal imaging, calculation analysis and contractors suggestions

for the insulated pipeline renewal.

Thermal imaging results indicate that in the ten inch steam pipeline both thermal
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insulation and sheeting are extensively damaged. Condition of the insulation is poor
widely in the 82 meter length measured in the research. Hotspots, measurement points
in the thermal imaging where temperature level at sheeting surface increases to signif-
icantly high value, are detected widely in the measured length. Sheeting is damaged
and burned nearly the whole way from the measured line. In two short parts of the
pipeline new sheeting and insulation are applied, probably due to former detected leak.
In the renewed parts of insulation and sheeting hotspots or damages are not detected.
Most extensive damages in the insulation and sheeting are detected in the expansion
loop rising bends. In one of the rising bends, surface temperature rises to 91.4 °C,
the average temperature in the sheeting is 20-30 °C. It is noted that the hotspots with
high surface temperature are likely due to leak or gap between two insulation sheeting
that allows moisture and water access from the gap to the insulation. Moisturized

insulation has damaged the sheeting.

At the time of thermal imaging, outside temperature was approximately 7 °C and
velocity of ambient air, wind, is 3 m/s. The weather during the imaging is optimal for
the imaging. Measured length of the pipeline is nearly almost covered from the sun
by other pipelines at the bottom of a terrain between tank embankment and operating
units in the tank farm area. In small parts of the pipeline, radiation from sun light had
warmed the insulation sheeting. The sheeting warmed by the sunlight can counterfeit
results of the thermal imaging. In the parts of warmed sheeting, emissivity factor can
deviate from actual measured coefficient and the sheeting surface temperature deviated
from the radiating sheeting counterfeiting the actual surface temperature results. Sun
light warmed sheeting are detected in two parts of the sheeting, covering an area
approximately 20 cm? each. Area of the sun light warmed sheeting is relatively small

and is neglected in the calculation of heat losses in the pipeline.

In the four inch pipeline, two insulation thickness are applied in the given length of 157
meter pipeline. First 31 meters of the pipeline, the thermal insulation has been renewed.
First bend to the expansion loop and one meter after the loop in renewed with 60 mm
insulation thickness, rest of the measured pipeline including the rest of the expansion
loop contains older thermal insulation and sheeting with 80 mm insulation thickness.
Thermal imaging was performed sufficiently. However, large part of the pipeline is
between of other pipelines and thermal imaging was performed from the road next to
pipeline package, which complicated sufficient imaging of the pipeline. Approximately
ten first meters of the pipeline were able to image from a walking bridge above the
pipeline package and operating valves. Rest of the pipeline is imaged from a longer

distance. For most accurate results, pipeline thermal imaging is suggested to perform
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near the measured pipeline. In the report from contractor, distance to the pipeline is
mentioned. Thermal imaging is suggested to image near the pipeline and in the terrain
with difficulties to access pipeline properly regarding imaging, imaging with drones is

one possible option.

In the four inch steam pipeline the comparison between new, excellent condition ther-
mal insulation and old, damaged insulation are seen in results of heat losses per me-
ter. Higher heat losses per meter are measured for old insulation with 80 mm insula-
tion thickness pipeline where damages have decreased the insulation quality. Pipeline
equipped with 60 mm insulation thickness the insulation sheeting and insulation ma-
terial are in preferable condition. Insulation and sheeting has been renewed and com-
pared to rest of the pipeline with old insulation and sheeting, the condition is excellent.
There are no hotspots, leaks or damages detected in the renewed thermal insulation
and sheeting. In this section of the pipeline, heat losses are minimal. However, the
insulation thickness in the renewed section is 60 mm. Compared to old section, insu-
lation thickness is 20 mm smaller. The renewed insulation thickness applied for the
pipeline deviates from the specification of the steam pipeline thermal insulation. While
the 60 mm insulation thickness provides cover to the pipeline, the insulation reaches
only good level of insulation condition measurement of the insulation standard. (PSK
Standardisointiyhdistys ry, 2021b) Smaller insulation thickness has probably been seen
as sufficient insulation to the pipeline. However, deviation from the standard and spec-
ification as well as the rest of the insulated pipeline shall be noted in the future. 80
mm insulation thickness is suggested to apply in the given pipeline with temperature
range from 120 to 150 °C.

In the section of the pipeline where old insulation and sheeting are applied, the insu-
lation thickness is 80 mm that is proper measured in the pipeline temperature range.
80 mm insulation thickness covers 126 meter from the measured pipeline, including
rest of the expansion loop after first 90 degree bend. In the measured length, both
thermal insulation and sheeting are damaged. Sheeting is burned comprehensively and
burned sheeting has lead to holes that collect moisture inside the sheeting and thermal
insulation. In addition, sheeting is partly misplaced in the expansion loop. Misplaced
sheeting or defective suspension of the sheeting allows moisture and water gather to
the sheeting bottom and to the thermal insulation. Water can build up at the bot-
tom of the sheeting which moisturizes the thermal insulation and in the long-term, the

pipeline can suffer from the moisture.

Reliability of results improves when imaging is possible to schedule according to weather

condition according to the thermal imaging contractor. Optimal seasons to perform
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imaging and achieve the desired weather is during spring or fall. In the winter, imaging
is not able to perform with as reliable results as during spring or fall. In addition,
snow and ice can prevent imaging the pipeline or other application fully. In addition, if
instant repair of thermal insulation and even pipeline are required winter season is not
optimal to perform the repair due to freezing and execution of the repair in the field.
In the summer, exposure to sun light can disturb the imaging in most of the days.
As sun light can warm up the pipeline sheeting significantly, imaging during in warm
periods and exposing most of the day to direct sunlight the imaging is not optimal to

perform.

In this research, surface temperature on the pipeline is measured in the thermal imag-
ing. Camera films the area and presents the surface temperature. For the calculation in
the report, surface temperature is calculated as a average temperature in chosen length
in the film. Thermal imaging camera is set to chosen length in the image and the sur-
face temperature is calculated from given area. Hotspots are calculated separately.
In the report, images from the pipelines are obtained and present the obtained area
average temperatures. Total heat loss per meter are calculated based on the average

temperatures resulted.

The report provides analysis of hotspots, single small areas in the pipelines where ther-
mal imaging detected most varying results compared to average surface temperature.
Hotspot areas in the pipelines are usually detected in bends, supporting structures,
valves, in point of sheeting or other application fasteners and other components. When
moisture has been gathered to the thermal insulation, in the long-term damaged in-
sulation and sheeting may cause significant damage on the insulation in particular or
small area. The areas are seen in the thermal imaging as hotspots where surface tem-
perature raises significantly higher compared to overall surface temperature. Visually,
the pipeline sheeting can be damaged or misplaced but moisture can build up and

gather to the hotspot area from in the direction of possible pipeline fall.

Supporting structure and relation to the hotspots is seen in both investigated pipelines.
The supporting structures of a pipelines are one of the most common places to detect
hotspots or higher surface temperatures compared to overall pipeline. In both of the
investigated pipelines, hotspots were detected. In the 10“ pipeline rising expansion
loop, each supporting structure shows high surface temperatures. Old and damaged
insulation can be poor condition especially in the supporting structures and bends that

leads to higher heat losses.
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6.3 Sensitivity analysis and results reliability

Most crucial factor of thermal imaging in the outdoor conditions is weather during
inspection. Thermal imaging and results regarding calculation of heat losses can vary
in areas where pipeline, tank or other application is exposed to direct sun light during
inspection. Suggestion for timing of the imaging is during seasons where temperature
is approximately near zero degrees. Weather during the research imaging was optimal
for the imaging. While some spots of the ten inch pipeline were exposed to direct sun

light, area in the total measured pipeline was minimal.

Sensitivity analysis is conducted according to following list:

e Annual cost of pipe insulation K, when price of thermal energy ey, varies
e Annual cost of pipe insulation K, when lifetime of the investment n varies

e Payback time for insulation renewal £ when insulation installation and material

costs £ vary

Sensitivity analysis is conducted through chapter 4.5 equations for thermal insulation
economic analysis. Calculation is executed with Microsoft Excel editor. The results for
annual cost of pipe insulation and payback time are calculated with establishing initial
parameters. The price of thermal energy, lifetime of investment and costs for insulation
installation and material costs are changed to present the change of parameters in a
graph. Results of examined pipelines with installed insulation are demonstrated with
pipeline size and insulation thickness as definition of graphs. Annual costs of pipe

insulation and costs for insulation installation and material costs are presented.

Initial information for calculation and sensitivity analysis of annuity factor a,,,; and
energy price variation correction factor u with results of the calculated parameters are
presented in table 8. Reference value for insulation cost increase caused by shaped
parts k is chosen between 1,4 - 1,8 for process piping and 1,4 is set as reference. For
annual operating time 7, 8000 hours is set according to PSK-standardization. (PSK
Standardisointiyhdistys ry, 2021b)
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Table 8: Initial information for sensitivity analysis calculation of annual insulation cost
and performed calculation for annuity factor a,, /1 and energy price variation correction
factor w.

Parameter | Value | Unit

k 1.4 -

P 0.15 -

) 0.09 -

n 20 a

Ta 8000 h
Parameter | Result | Unit

() 0.1095 1/a
U 4.4056 -

—_—4" 60 mm

/ — 4" 80 Mm
—10" 100 mm

Annual cost of pipe insulation [€/m*a]

B
=]

50 60 70 80 90
e_L [€/MWh]

Figure 19: Sensitivity analysis annual cost of insulation [€/m -a] when energy price
[€/MWHh] varies.

In figure 19, lowest annual costs of insulation are measured for four inch pipeline with
60 mm insulation thickness where heat losses are relatively low. When price of energy
increases, the annual costs of insulation increase significantly. In addition, interest
rate and unit price of thermal insulation material are significant parameters that can

increase the annual insulation costs.
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Figure 20: Sensitivity analysis for payback time [a] as investment costs [€] are varied
between -20 % to +20 %.

In figure 20, payback time for four inch pipeline with 60 mm insulation thickness is
the highest. For the 60 mm insulation thickness the payback time is higher compared
to 80 mm insulation thickness as the measured heat loss value is lower compared to
pipeline with higher insulation thickness. For the 80 mm insulation thickness, relatively
high heat loss level decreases the payback time as the financial costs for insulation
renewal. The insulation renewal for ten inch pipeline and four inch pipeline with 80
mm insulation thickness are more profitable as heat loss levels increase the costs of

insulation with the current heat loss levels.
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Figure 21: Sensitivity analysis for insulation annual cost K, [€/m -a] when lifetime of
investment n [a] is increased.

In figure 21, annual cost of insulation increases in increasing rate when lifetime of
insulation investment increases. Annual cost of insulation considers annual energy
cost. Annual energy cost is affected by energy price variation correction factor where
lifetime of insulation is one of the calculation parameters. As lifetime of insulation
increases, the energy price variation factor increases. Increase of energy price directly
increases annual costs for insulation and as minimal costs are desired the heat losses

shall be minimized through optimal insulation condition.

Reliability of the results ensures minimized measured errors, guarantees accurate esti-
mations of costs and the results can be utilized for follow-ups based on the accurate
results. Regarding the report, accurately calculated heat loss values and costs of both
heat losses and insulation renewal provide crucial information of the insulation energy
efficiency. Tank farm area and the refinery is a large, complex industrial plant where
the utilized amount of energy is plentiful. In the tank farm area and considering on
the pipelines, heat loss minimization alone can offer great cost reduction. Thereby, ac-
curate technical information of the investigated pipeline shall be provided to thermal
imaging provider. In addition, optimization of the imaging season shall be considered.
Surface temperature of the imaged pipeline and temperature of the utility the pipeline
transport are significant factors in the heat loss and cost calculation. From contrac-

tor interview suggestion of hand held camera measuring the temperature at the point
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of filming shall be used. With manual checkup of the temperature, accurate utility
temperature in the point of pipeline or other application can be assured. By assuring
temperatures, thermal imaging results of temperature can be compared and accuracy
specified more reliable. For example, during filming sun light can partly disturb imag-
ing and the manual measurement can detect if there is a change that the thermal

imaging camera temperature results deviate from the radiation of the sunlight.
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7 Discussion and analysis of insulation renewal profitability

7.1 Profitability and benefits of insulation renewal at refinery

The contractor report provided information of payback time of insulation material and
installation with given pipelines. Evaluation of payback time of the insulation renewal

in the tank farm area is expanded in this chapter.

Steam network in the tank farm area is selected as a target to estimate in which time
insulation costs break even in scenario in which pre-determined length of steam pipeline
insulation is renewed and annual savings from heat losses after material renewal is also
set to pre-determined value [€/m]. The value of annual savings is evaluated for the
entire length of the expansion evaluation. Established value for payback time is set as
three years. The costs of insulation materials and installation is the variable which is
examined within -20 % to 420 % compared to the insulation costs in the entire length
for the expansion. As a result, the graph indicates in which time the financial costs
break even as the insulation costs vary. In the expanded sensitivity analysis, payback

time for the investment and variation is presented in figure 22.
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Figure 22: Sensitivity analysis of payback time for evaluation of tank farm insulation
renewal when investment cost varies between -20 % and +20 %.

In figure 22, the insulation costs are varied from initial investment costs. In the sen-

sitivity analysis expansion covers specific pipeline sizes and from specific year or older
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based on year of the pipe network commissioned for operation. In the graph is shown
that payback time of the insulation renewal increases with 0.6 years, approximately
seven months, if investment costs for insulation material, installation and removal of
old material are conducted by unit prices from contractor. In this thesis, maintenance

and operational costs are neglected in addition to interest rate for economic calculation.

Energy price and variation shall be considered in the heat loss calculation. Energy
price can act as incentive to invest into thermal insulation in the industrial sector
to minimize energy costs. In addition, heat losses shall be reduced with insulation to
reduce energy waste in the operation. In the tank farm area production tanks and wide
utility network maintenance is a significant part of the maintenance budget. As asset
owner perspective, cost reductions and improvement targets for maintenance sector
shall consider the potential of thermal insulation. Steam pipeline network is crucial
for operation and preparation for large-scale repair is a complex process increasing
the work load. However, investment on pipeline network with properly dimensioned

thermal insulation increases lifetime of pipeline operation if old insulation are renewed.

Thermal imaging contractor report offered heat transfer calculation results of the heat
losses and financial costs of the losses. In addition, if insulation renewal is applied,
payback time for new insulation considering material, installation and removal work

costs offer the information of the time when costs are fully compensated.

Thermal imaging can be applied in insulation condition evaluation. The report from
contractor offers comprehensive images of the investigation targets. The images illus-
trate temperature variation and support the heat loss calculation results that indicate
high temperatures in certain points of the pipelines. The report images and supporting
explanation offer the reader more comprehensive perception of heat losses with calcu-
lated results. The report can offer more information for all employees regarding the

heat losses in the insulated pipelines.

When thermal imaging is applied for insulated pipeline, operating equipment or tank,
the condition of the insulation shall be visually detected . Compared to relatively new
insulation or operating target where operating issues are not detected, the thermal

imaging is unnecessary.

Financial costs examination and payback time method is a simple method to evalu-
ate the profitability of the insulation costs. If more advanced calculation is desired,
for example net present value method or internal rate of return (IRR) method shall

be applied. The methods consider interest rate for the investment. Investment cost
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evaluation and examination of interest rate value shall be applied when comprehensive
investment decision making is desired. In this thesis, payback time of the insulation
renewal is seen as a suitable method to examine financial costs. The payback time
based on the contractor report results corresponds to literature of the insulation finan-
cial cost research where payback time is typically less than five years for a examined
target. However, the scope of the thesis is generalized in the examination of the tank
farm insulation financial costs. The generalizations are made for the interest rate and
heat loss results in unit per meter. The calculation is applied for certain heat loss and
interest rate. In more comprehensive examination, tank farm pipeline heat losses are

individually calculated.

7.2 Discussion of benefits of insulation renewal in refinery operations

If more detailed investment calculation is applied, parameters for economic calculation
shall be determined. The calculation can provide more detailed information of costs
that shall be financed from the maintenance budget. However, allocating assets for
thermal insulation renewal shall be seen as profitable and beneficial improvement in

operation, energy use and energy efficiency improvement perspective.

A challenging factor in insulation and sheeting condition evaluation is ability to esti-
mate the profitability for renewal visually. The thermal imaging provides calculated
information of current heat losses and how much costs are reduced annually through
heat losses when insulation is renewed which can be one directing factor in decision
making. The insulation jacket and cladding condition of the insulation can be visu-
ally detected as desirable and potential leaks in the piping or damaged insulation in
long-term damaging the pipeline remain undetected. Material and operational costs
for new insulation are available which allows to direct the costs when budget for the
work is confirmed. The insulation shall be renewed when sheeting is extensively mis-
placed and insulation has collected moisture. Thermal imaging offers information for
insulation renewal decision making for the maintenance sector but the imaging is not
executed regularly and is applied for exceptional site from a request. In daily operation
and maintenance operations, the personnel’s expertise to recognize possible defective
insulation materials furthers to detect the sites and execute the required repair work.
Whilst it is required to visually examine the pipeline and insulation after the insulation
removal, the workload to remove the insulation materials and install again for examin-
ing the pipeline is not profitable to execute. Work load and budget for insulation and
pipeline condition evaluation is not profitable to utilize for examination of the condi-
tion in every potential case. Instead, the main factor is the proficiency to evaluate the

insulation condition renewal profitability.
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When costs of insulation renewal materials and installation are compensated within
less than a year to 3.5 years, the insulation renewal shall be considered as profitable en-
ergy efficiency improvement measure in the refinery operation. From examined steam
pipelines the financial costs for thermal insulation material installation, removal and
material costs of contractor are covered in the evaluation of payback time. Payback
time was the scope of cost evaluation of insulation renewal. While internal rate of re-
turn or net present value calculation methods offer more comprehensive analyzation of
the investment costs, payback time method was appropriate method when the exami-
nation of insulation renewal costs was targeted on the contractor prices for the work.
The analysation of costs does not cover possible repair work at the site that shall cover
maintenance and operational costs in addition to the insulation material and installa-
tion costs. When maintenance and operational costs are included, maintenance sector
and asset management shall target budget for the entire project including maintenance

planning, material and execution of the repair with operational requirements.

Maintenance and operative sector require budget to apply steam network insulation
renewal. Comprehensive survey of current steam network workload shall be applied to
examine financial costs for investment of the project. However, when poor condition
insulation removal is applied, the piping condition detection is possible to examine
for necessary examination of pipe condition. If pipe network requires repair work for
operating equipment or the pipeline, maintenance budget and workload increases. The
workload increases material and labor costs while operative sector requires resources
to maintain pipeline in condition to execute the repair work at the site. Allocated
budget for steam network repair work can offer significant financial benefits and heat

loss reductions while increasing operational lifetime of the network.

Maintenance instructions can enhance decision making of insulation renewal, direct
the renewal process to optimal time period for the maintenance and operative team,
increase pipeline lifetime and overall improve insulation renewal process. Clear deter-
mination that is applied in the tank farm, as well as production lines, allow to estimate
truthful work load and costs required for the work. Maintenance and operative sector
can estimate resources required for work and allocate the pipeline insulation renewal
or repair work in the maintenance schedule. For asset owner, precise cost and time
estimation of the process allows to direct room for the work from maintenance budget

based on precise.

Currently, internal standardization or instructions for production sector for insulation
renewal does not exist. For further investigation and operative improvement tool cre-

ation, supportive proved instructions shall be considered to construct. The affecting
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factors shall be more comprehensively assessed and determined to create instructions
that apply in industrial sector with regulatory directions as well as own operational

target achievement.

Pipe network that operate in outdoor conditions with maximum operation time are
prone to operational risks when the pipe network lifetime increases and in situation
where thermal insulation condition is damaged. The damaged insulation increases
significantly risks for water to penetrate within the insulation jacketing. In addition,
water penetration travel from insulation to piping. The presented safety and health
risks of severely damaged insulation shall act as a decisive factors to improve the
insulation condition of the steam network. Operation of the network can increase
risks for employees exposing to injure whilst operating in the pipeline surroundings.
Pipe network damages and leaks increase waste of the utilities or other products while
contaminating the ambient environment. Financial costs and workload can increase

when leaks are detected depending on the scope of the defect.

In energy demanding processes and according to heat transfer laws, losses of produced
energy are made in every process. In steam network where defects or leaks are not
detected, losses form in every operation. Condition of the steam network is in vital
role to minimize undesired losses through insulation and piping. Aging and exposure
to weather changes gradually but with proper management of the steam network con-
dition large-scale defects are able to decrease. In this thesis, generalizations are made
in steam pressure and temperature. The steam network in the examined pipelines is
assumed to operate in 5 bar pressure and 155 °C. The accurate values for pressure and
temperature of the steam in measurement points of the pipelines is neglected. Varia-
tion of the steam pressure and temperature can be significant in certain points of the
pipe network connected to the unite steam network. Length of the network, damages
or aging of the equipment can increase pressure and temperature variation in the net-
work. Thermal imaging was executed successfully. In the four inch steam pipeline, the
imaging was executed with relatively long distance between thermal imaging camera
and the imaging target, the insulated pipeline in certain points due to terrain of the
pipeline. While results of imaging are reliable, the distance of the imaging targets shall
be more close as in imaging of ten inch pipeline. In addition, contractor suggestion to
support the temperature value accuracy is to measure temperature of the insulation

surface manually with thermometer.

Energy price and energy price deviation is found as relevant factor in heat loss cost
calculation of the assessed standardization method. The energy price deviation in the

calculation is observed with energy price variation correction factor u that implements
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the costs of insulation annually. The correction factor is affected by lifetime of the
investment and annual increase of energy price. As lifetime of the investment or an-
nual increase of energy price are increased, the energy price variation correction factor
increases and annual costs of pipeline insulation are higher. The energy price is signifi-
cant in relation to the purchased amount of steam for the tank farm operation. Crucial
operating pipelines and units are required to heat as product quality and operational
safety shall be met. Thereby, functional insulation is crucial investment decision for
protecting the operating equipment from weather condition variation in the Northern

atmosphere, to increase operation lifetime and decrease damages in the equipment.
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8 Conclusions

The aim of this thesis was to investigate chosen pipeline condition in the refinery
tank farm area. Most important factors regarding thermal insulation dimension, heat
transfer and heat loss results were assessed. Thermal insulation condition can increase
significantly heat losses emitting to the atmosphere and energy utilization efficiency
decreases in the operation. While thermal insulation poor condition can indicate leaks
in the pipeline, insulation can be damaged due to weather condition or age. Thermal
insulation shall be renewed when damages are detected continuously through pipeline

to minimize damages on pipeline and decrease costs of repair.

Thermal imaging can be implemented in investigation of thermal insulation condition.
The imaging shall be scheduled to spring or fall when optimal results from imaging
are provided. Weather conditions affect imaging and by avoiding direct solar radiation
can increase results reliability. Rain, high air velocity around the pipeline ambient
surroundings and snow shall be avoided to provide accurate imaging and heat loss
calculation results. In addition, suitable terrain to image the target closely offers

reliable results.

Heat losses in damaged insulated steam pipelines remain relatively high throughout the
four inch diameter steam pipeline with severe damages. However, piping with similar
diameter with preferable condition insulation achieves relatively low heat losses. While
heat losses are low, the thermal insulation thickness is 20 mm lower. In the pipeline
section where heat losses are not measured, the insulation thickness increase can of-
fer even greater results regarding heat losses. For ten inch diameter steam pipeline,
damaged insulation are detected throughout the investigated pipeline. Moisture has
reached the insulation in ten inch diamater pipeline and four inch diameter pipeline
where 80 mm insulation thickness is applied. In long-term, pipeline can suffer damages
from the moisture and high surface temperatures were detected. Insulation renewal
shall be executed in these pipelines. The four inch pipeline and investigated part with
60 mm insulation thickness does not necessarily require insulation renewal as heat
losses are at an acceptable level. In all points of the investigated pipelines, in points of
supporting structures the thermal imaging detected possibility for higher heat losses.
The supporting structures are areas where heat losses are typically higher and with
relatively low temperature increase to the rest of the pipeline thermal imaging results
does not require actions. However, for certain piping diameter shall be applied with
insulation required by applied standardization or regulation. To certain point, pipeline

insulation can be increased or current installed insulation with weakened condition can
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be replaced for minimizing heat losses.

Calculation of heat losses is based on PSK-9 Handbook that is standardization applied
in the industrial sector. The standardization is constructed by SFS-EN ISO 12241:2022
regarding industrial installations calculation rules. The standardization is comprehen-
sive tool to dimension thermal insulation and apply affecting parameters for thermal

insulation financial costs estimation in addition to heat losses.

In the expansion of the calculation methods, generalizations were discovered in the
heat loss calculation parameters. In addition, PAROC Calculus program for the ther-
mal insulation heat loss per unit of length is based on the SFS-EN ISO 12241:2022
which is the fundamental method in this examination of the thermal insulation heat
transfer calculation. The PAROC Calculus program provides guidance for solving heat
losses of insulation. In case where heat transfer, heat loss and economic analysis of
the thermal insulation is requested the calculation based on SFS-EN ISO 12241:2022
is suitable method. The standardization covers widely affecting parameters, including
solar radiation, that offer expanded information of the heat transfer rates in the insu-
lated pipelines. In outdoor conditions where sunlight is addressed as a significant factor
for the reliability of the heat transfer calculation results, the affect can be calculated
through the SFS-EN ISO 12241:2022.

For assuring results accuracy, in situation when pipeline is imaged with thermal imag-
ing measurement of the pipeline surface temperature manually with thermometer is
efficient and supports examination to ensure the correct temperature. The temper-
ature at the insulation surface will ensure accurate temperature value for the heat
loss calculation. Although deviation in temperature level with few degrees does not
distort the results accuracy with significant amount, precise information supports the
heat loss and financial cost estimation while ensuring the imaging provider of the work

execution.
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