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The challenges of early-stage cost estimation are especially prevalent for complex technol-
ogies that lack historical cost and sales data to base estimates on. The purpose of this thesis
is to examine and analyze the capital cost structure and to develop a systematic approach for
estimating indicative pricing of wet-gas sulfuric acid (WSA) process plants. The wet-gas
sulfuric acid plant is considered as an integrated extension to a pulp mill, and special focus
is put into the scaling of cost for different scopes and capacities of the plant.

The study is conducted as design science research methodology, and it is divided into theo-
retical literature review and empirical data analysis accompanied by tool-building. The lit-
erature review introduces the WSA process and discusses early-stage cost estimation meth-
ods relevant for already commercialized yet nascent chemical process technology.

The empirical part of the study investigates current practices in the case company’s indica-
tive pricing and analyzes the cost structure of WSA projects. Additionally, a cost-estimation
model was created for the use of the case company. As a result, it is found that the cost
structure of the plant aligns well with studied chemical process plant cost literature, with
main equipment being the dominant cost category significantly affecting also the other costs
of the plant. The cost of the WSA plant and especially the main equipment cost is observed
to correlate with the total volumetric process gas flow of the plant. Additionally, in line with
the study’s objectives and based on the analyzed cost structure, the impact of elemental sul-
fur handling on the plant cost is examined. However, due to the limited amount of data avail-
able for emerging technology, more research is needed to comprehensively study and assess
scaling of the WSA plant cost.
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Varhaisen vaiheen kustannusarvioinnin haasteet ovat moninkertaisia monimutkaiseen ja
tuoreeseen teknologiaan perustuville tuotteille, joista on saatavilla vain vdhén historiallista
hintatietoa johon arvio voitaisin perustaa. Tdmén diplomityon tarkoituksena on analysoida
wet-gas sulfuric acid (WSA) -rikkihappolaitoksen pddomakustannusrakennetta, ja luoda
tyOkalu helpottamaan laitoksen indikatiivista hinnoittelua. WSA-laitosta késitellddn tyossa
sellutehtaaseen  integroituna  lisdprosessina, ja  tydssd  keskitytddn erityisesti
padomakustannusten skaalaamiseen eri laitoksen eri projektilaajuuksille ja kapasiteeteille.

Diplomityo toteutetetaan konstruktiivisena tutkimuksena (design science research), ja se
jaetaan kahtia teoreettiseen kirjallisuuskatsaukseen ja empiiriseen data-analyysiin, johon
liittyy myos hinnoittelutydkalun rakennus. Kirjallisuuskatsaus esittelee WSA-prosessin ja
kasittelee jo kaupallistetulle vield mutta tuoreelle teknologialle relevantteja varhaisen
vaiheen kustannusarviointimenetelmia.

Ty6n empiirinen osuus selvittdd case-yrityksen vallitsevia hinnoittelukéyténtojé, ja analysoi
WSA-projektien  kustannusrakennetta. Liséksi kohdeyritykselle rakennettiin
kustannustenlaskentatydkalu. Tyon tuloksena havaittiin  laitoksen kustannusten
ryhmittdytyvin samoin kuin alan kirjallisuudessa. Laitekustannukset ovat kustannuksiltaan
merkittdvin kategoria, ja laitteisto vaikuttaa merkittdvésti myds muihin kustannuksiin.
WSA-laitoksen pddomakustannuksen ja etenkin laitekustannusten havaittiin korreloivan
laitoksen prosessikaasun kokonaismddrdn tilavuuden kanssa. Tydssd tutkitaan my0s
laitokselle mahdollisen elementaalirikin prosessoinnin vaikutusta pddomakustannuksiin.
Tuoreelle teknologialle tyypillisesti analysoitavaa dataa oli kuitenkin saatavilla
vahéanlaisesti, minkd vuoksi WSA-laitoksen kustannusten skaalautuvuutta tulee tutkia
tulevaisuudessa lisdé kattavien ja luotettavien tulosten saamiseksi.
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SYMBOLS AND ABBREVIATIONS

Chemical symbols
(CH3)2S Dimethyl sulfide
(CH3)2S2 Dimethyl disulfide

CH3;SH Methyl mercaptan

CO, Carbon dioxide
H>O Water

H>S Hydrogen sulfide
H,S Hydrogen sulfide
H>S04 Sulfuric Acid

Na Sodium

NaxS Sodium sulfide
NaOH Sodium hydroxide
NaSOg4 Sodium sulfate

)} Oxygen

S Sulfur

SO Sulfur dioxide

SO3 Sulfur trioxide
Abbreviations

AACE Association for the Advancement of Cost Estimating
ADt Air dry ton [of pulp]

CEPCI Chemical Engineering Plant Cost Index



CNCG Concentrated non-condensable gas

DNCG Diluted non-condensable gas

EPC Engineering, Procurement, Construction
EPS Engineering, Procurement, Supply

ERP Enterprise resource planning

NCG Non-condensable gas

RFQ Request for quotation

SCR Selective catalyst reduction

WBS Work Breakdown Structure

WSA Wet-gas Sulfuric Acid
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1 Introduction

This chapter introduces the thesis by discussing the motivation and background behind the
study, the research questions it seeks to answer, and the methodology utilized for conducting

the research. Additionally, the two-fold structure of the thesis is presented.

1.1  Background

The price of a chemical process plant must be continuously estimated with increasing atten-
tion to detail as a sales project progresses, and the rounds of iteration come to an end only
when the project itself is sold. Despite developments in the field, the issues in cost estimation
and cost engineering persist throughout its history, with early-stage estimates being consist-

ently too low compared to the final total cost, while projects grow and vary in scope.

Precise estimates require a lot of both resources and design details about the potential project,
neither of which are feasibly available early on to a project which may not even materialize.
In the beginning or even before the official start of a sales project the indicative price is
needed fast and efficiently, utilizing the little data that is available. Several methods for cap-
ital cost estimation have been developed to feasibly tackle this issue, many credible ones
relying on the known scope and equipment list of the plant. The significance of documenta-
tion and systematic storing of historical data from previous projects is emphasized to enable

the use of these methods.

The wet-gas sulfuric acid (WSA) process was created to convert sulfurous emission gases
into common sulfuric acid (Rosenberg 2006). Often utilized in oil refining, petrochemical
and metallurgical industries, the WSA technology has been found to provide value in the
pulping sector as well, to combat the issue of odorous gases and advance the economics of

pulp mills (Mahecha-Botero et al. 2021).

The economics and cost structure of the WSA plant projects have received minimal research
attention, which this thesis seeks to tackle. The projects are complex in structure, unique and
international with both global supply chains and customers, making their costs challenging

to estimate. The WSA process is relatively new technology in the field of pulping, and —
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most relevantly for this study — to the case company, and therefore not a lot of historical
sales data is available for use. This further adds challenge to the defining of the cost structure
and its variable, and the price estimation of the plant. The price of the plant is heavily cost-

based, but naturally also affected by the current global markets and locational situation.

1.2 Research problem and scope

The purpose of this thesis is to examine and analyze the cost structure and estimate indicative
pricing of wet-gas sulfuric acid process plants. The study especially focuses on the effect
that the capacity of the plant and project scope — mainly possible addition of elemental sulfur
processing — have on the price. The thesis studies the wet-gas sulfuric acid plant as an addi-

tion to a pulp mill and it is conducted in collaboration with the case company Andritz.
The research questions of this thesis are:

How is the wet-gas sulfuric acid plant’s cost structure composed, and what factors affect the

cost the most?

Which wet-gas sulfuric acid plant parameter or parameters best correlate with the scaling

of the cost?
What are the fixed costs of the plant, and which costs scale and how?

In the empirical part of this thesis a tool for estimating capital costs and giving an indicative
price for wet-gas sulfuric acid plant is created. The target is to transparently and efficiently
construct a price and thus enable fast supply of a budgetary price, the study of feasibility and

comparison of different versions of the plant.

The research is limited to the wet-gas sulfuric acid process technology and its costs, and
cannot be extended to other types of sulfuric acid production plants. While the thesis studies
the WSA plant as an extension to a pulp mill, the results may be relevant to other industries
utilizing the technology as the economics of the plant are largely unexplored. The study
focuses on the total cost of a delivered plant as the basis for pricing, and financing costs,
bank guarantees, insurances and other similar financial categories are not thoroughly con-
sidered. Additionally, customer feasibility, including cash flow and operational costs of the

mill, are not considered in this study, and this thesis focuses solely on capital costs of the
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plant from the perspective of plant supplier. The study focuses on cases located in Europe
and South America and seeks to create generalizable pricing for those areas, other locations

and their effect on the economics are not considered.

1.3 Methods and data

The thesis is conducted as design science research, which as a research method concentrates
on making practical improvements on relevant practical matters (van Aken 2004). Johannes-
son (2021 p. 8) defines design science as the “scientific study and creation of artefacts as
they are developed and used by people with the goal of solving practical problems of general
interest”. An artefact is defined to be a human-made object created to address a practical
issue (Johannesson 2021 p.3). Design science seeks to develop knowledge especially for the
professionals in the field of the study in question (van Aken 2004), omitting from creating

very general knowledge.

The thesis is split into theoretical and empirical part. The theoretical part is again divided
into two themes: wet-gas sulfuric acid technology and the study of cost estimation, and it is
conducted as a literature review. The wet-gas sulfuric acid process theory utilizes available
relevant literature about the technology. The cost estimation theory focuses on well-refer-
enced studies, journals and books about early-stage cost estimation for already commercial-
ized yet still emerging technology. The empirical part of the thesis represents the method of
design science research, and it utilizes data analysis and unstructured interviews as a support.
The empirical part focuses on reviewing the WSA project structure and current estimation
practices, analyzing the available wet-gas sulfuric acid plant cost data, and building a tool
for estimating early-stage prices for future plants based on said data and existing cost esti-
mation methods. Thus, the new indicative pricing tool and cost structure analysis, will be

the design artefacts of this study.

The unstructured interviews with a sales manager of the product were held to gain under-
standing of the case company’s WSA projects and current early-stage estimation practices.
Cost data used for this study was collected from the case company, and includes 12 prepared
prices of projects and supplier quotations for three projects of approximately 700 pieces of
equipment and other items. Because the technology is not particularly mature within the case

company and the amount of data as a whole is small, the study utilizes virtually all data that
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was available. The data on which the study and analysis base on varies a lot in quality, and
process into structured sets was viewed as laborious. Building an extensible and accessible
database for storing individual item costs was in the interest of this study, among building

an approach for cost estimation.

1.4 Structure of the thesis

The thesis is divided into two parts: the theoretical part conducted as a literature review, and
the empirical part of data analysis and design science research. The theory is presented in
chapters 2 and 3. Former of those presents the concept of wet-gas sulfuric acid technology
and its relation to the pulping industry, with special focus on the equipment used in the pro-
cess. The latter chapter researches and evaluates existing methods for chemical process plant
cost estimation and scaling of costs, reporting and summarizing existing widely referenced
studies, with the purpose of presenting the relevant methods for utilizing the existing cost
data for future cost estimation. Chapter 4 presents the specific application of the wet-gas
sulfuric acid plant in the case company, and examines the structure of a WSA plant project
along with its current practices in indicative pricing and cost estimation process. In chapter
5, the process of data collection, artefact-building and results of the analysis are presented,
which most notably includes discussion about the cost structure of the WSA plant, along
with parameters and variables affecting the cost. Chapter 6 summarizes the study while dis-
cussing the conclusions and value of the thesis, and suggestions for further future research
are given. The structure of the thesis is demonstrated in the form of an input-output diagram

in Figure 1.
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Figure 1. Structure of the thesis in the form of input-output diagram

The input-output diagram visualizes the structure of the thesis by centering the table of con-

tents of the thesis, displaying the necessary information coming in into each chapter on the

left, and the outcome of each chapter on the right. The thesis establishes the research with

presenting its background and research questions, forms a theoretical framework, utilizes

said framework in the empirical study within the case company and finally seeks to answer

the research questions and draw conclusions.
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2 Utilizing Wet-gas Sulfuric Acid technology in pulp mills

In this chapter the wet-gas sulfuric acid (WSA) process is defined and discussed. The possi-
bilities of sulfuric acid production by the pulp mill are contextualized by introducing kraft
pulping, its sulfur-containing main chemical balance and the sulfurous non-condensable
waste gases of the process. After the wet-gas sulfuric acid process is introduced, the thesis
continues with bringing the focus into the utilized equipment and the case of WSA applica-

tion in the pulping industry.

2.1  The kraft process and sodium-sulfur balance of pulp mill

Kraft pulping is a chemical process that converts wood to wood pulp, a fibrous material
almost purely consisting of cellulose fibers. During the process, chipped wood is treated with
a high-temperature aqueous solution containing sodium hydroxide (NaOH) and sodium sul-
fide (NazS) in order to separate the fibers from the binding material known as lignin. (Gul-
lichsen et al. 2000.) The rest of the process after cooking contains washing, quality-screen-
ing, possible oxygen delignification, bleaching and drying (Suhr et al. 2015 p. 196-203). The
kraft pulping method accounts for approximately 80 % of the world pulp production (Suhr
et al. 2015 p. 195).

As the wood is cooked in a solution of which main compounds mainly consist of sodium
and sulfur, the ratio of sodium and sulfur (Na/S) is the most important balance in the solution
liquor circulation. It affects the pulp quality, yield, and process emissions. (Suhr et al. 2015
p. 214; Mahecha-Botero et al. 2021.) This Sodium-Sulfur-ratio varies between mills and
depends on the processes and raw wood material (usually options being softwood, hard-
wood, eucalyptus) used. The ratio is also known by the term sulfidity, and it can be calculated
with the equation 1. In modern pulp mills, sulfidity varies between 30 — 40 %. (Bajpai 2018
p. 333; Gullichsen et al. 2000.) Too high sulfidity and variability in the balance result for
example in raise in emissions and corrosion, so the balance is best kept under control and

within strict limits (Mahecha-Botero et al. 2021).
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NaZS
NaOH+Na;,S

Sulfidity (%) = x 100 % (1)

In addition to sulfurous cooking chemicals, sulfur enters the process in multiple other ways.
Small amounts of sulfur exist in wood, water and fuel, and larger sulfur inputs include chlo-
rine dioxide byproduct acid and in softwood mills, the sulfuric acid used in the tall oil plant
(Gullichsen et al. 2000 p. B142-144; Suhr et al. 2015 p. 214; Mahecha-Botero et al. 2021).
Similarly, sodium enters the process as well from magnesium sulfate in oxygen-delignifica-
tion, chlorine dioxide byproduct, and in lesser amounts from elsewhere the process such as
wood and water (Gullichsen et al. 2000 p. B144). Sulfur and sodium exit the process as
chemical losses, largest of which are the washing losses. Sulfur also exits in smaller amounts
via emissions into the air, various sludges and spillage. (Gullichsen et al. 2000 p. B142;

Suhr et al. 2015 p. 215; Mahecha-Botero et al. 2021).

The input streams of sulfur account to more sulfur in the process than necessary (Gullichsen
et al. 2000 p. B142), and decades of improvements and modifications to the kraft process
have decreased the chemical losses significantly (Mahecha-Botero et al. 2021). Modern pulp
mills strive to be more environmentally sustainable, and for achieving that, one solution is
so-called ‘closing of chemical loops’ (Andritz 2025). An example of closing the loops is
collection of sulfur-containing malodorous gases. These kinds of improvements in loss-pre-
vention, however, lead to increased sulfur amount and imbalance in the chemical cycle,
which is then often got rid of by leaching recovery boiler fly ash, which also leads to loss of
sodium on the side. Then, to make up for the lost sodium and to maintain the sodium-sulfur
balance, so-called makeup chemical of sodium hydroxide must be added to the solution.
(Suhr et al. 2015 p. 293; Mahecha-Botero et al. 2021.) Ash leaching does not fully replace
purging sulfur from the system, and the purchasing of NaOH is not economically feasible it
being the most expensive bulk chemical consumed by the mill (Suhr et al. 2015 p.215; Ma-
hecha-Botero et al. 2021). Because of this, other solutions for keeping the Na/S ratio bal-

anced while closing the chemical loops have been developed.

2.2 Concentrated non-condensible gases

As stated before in chapter 2.1, Modern pulp mills aim to be free of all malodorous gas

emissions, and a lot research has been conducted to address the issue, and to develop efficient
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and sustainable gas collection and treatment systems (Hovikorpi & Vakkilainen 2019; Gul-
lichsen et al. 2000 p. B191). These unpleasantly odored gases are caused by the pulp pro-
cess’s sulfurous byproduct compounds in several unit operations in the mill, and they are

known as noncondensible gases (NCGs) (Gullichsen et al. 2000 p. B191).
The main sulfur-containing compounds of the NCGs are:

- Hydrogen sulfide H>S

- Dimethyl sulfide (CH3)2S

- Dimethyl disulfide (CH3)>S»
- Methyl mercaptan CH3SH

The pulping process produces two types of separately collected NCGs: concentrated non-
condensable gases (CNCG, sulfur concentration over 5 g/Nm3) and diluted non-condensable
gases (DNCQG, sulfur concentration <0,5 g/Nm3) (Hovikorpi & Vakkilainen 2019; Suhr et
al. 2015). The two types of gases are collected separately to prevent the forming of an ex-
plosive mix (Suhr et al. 2015). The main sources of CNCG in the mill are the cooking plant,
evaporation plant and the stripping of foul condensates, whereas DNCG are mainly collected
from equipment in the fiber line, the evaporation plant, tall oil cooking plant and causticizing
plant (Suhr et al. 2015; Hovikorpi & Vakkilainen 2019). CNCGs contain sulfur in the range
of 2 -5 kg S/ADt (Suhr et al. 2015 p.215).

Noncondensible gases are generally eliminated utilizing thermal oxidation, in which the
gases are first collected and then burned to produce SO»-gas. This can be done either in a
recovery boiler, lime kiln or a dedicated NCG burner (Suhr et al. 2015; Valeur et al. 2001),
of which the recovery boiler is the typical one (Vakkilainen 2005 p. 7-1). It is also possible
to use absorption techniques instead of combustion, but it is mainly applied for the handling
of DNCGs (Suhr et al 2015). An additional option for handling the noncondensible gases is
to divert the CNCG from the current elimination process and instead use it as a feed for

producing common sulfuric acid on-site.

2.3  Wet-gas Sulfuric Acid technology

Wet-gas sulfuric acid (WSA) process is a desulfurization technology developed by Topsoe

in the 1980s for keeping the amount of sulfur in the chemical process within the permitted
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and wanted level, and to eliminate sulfurous waste gases (Rosenberg 2006; Serensen et al.
2015). The process captures sulfurous waste gases, which is then converted into a more eco-
nomical product, common sulfuric acid (Husnil et al. 2019). The product from the WSA
process is a strong sulfuric acid typically of 98 mass-%, and it is suitable for use in place of

traditionally produced sulfuric acid (King et al. 2013 p. 283).

Sulfuric Acid (H2SOs) is a clear liquid in the room temperature with the molar mass of
98g/mol, density of 1800-1840 kg/m3 and pH of 0,00 — 2,00. It is not combustible but may
react strongly with other chemicals causing a fire and an explosion, and it is strongly toxic
and corrosive depending on its concentration. (King et al. 2013.) Sulfuric acid is vastly used
in manufacturing a myriad of different products, and its market volume approximately was
approximately 260 million tons in 2022 (Agilelntel via Statista 2024). Sulfuric acid is largely
produced from elemental sulfur as a by-product of refinery processes (King et al. 2013), as

is the case also for the WSA plant.

The WSA technology can be successfully applied to a variety of plants of different industries
and sizes. Today, there exist over 180 licensed WSA plants (Andritz 2025), with a process
gas flow capacity varying from 2 600 Nm>/h to 1 000 000 Nm?*/h, and sulfuric acid produc-
tion varying from 11 to 1200 metric tons per day (Rosenberg 2006). Examples of industries
applying WSA technology include oil refining, non-ferrous metallurgical, petrochemical,

viscose (Rosenberg 2006) and pulping industry (Valeur et al. 2000).

The wet-gas sulfuric acid process uses SO as input raw material, similarly to traditional
sulfuric acid process. SO> is derived from burning waste gases containing sulfurous com-
pounds. (King et al. 2013. p. 295) Compared to conventional sulfuric acid process, WSA
technology requires no drying of gases, as it uses the aqueous humidity to hydrate the mid-
product SO; into sulfuric acid, hence the name Wet-gas sulfuric acid process (King et al.
2013; Rosenberg 2006; Serensen et al. 2015). The WSA plant also requires fewer process
components than its traditional counterparts (Rosenberg 2006), making its capital cost

slightly lower (Choi et al. 2014).

There exists roughly two types of wet-gas sulfuric acid processes that differ regarding the
final process step: 1) plants with sulfuric acid condensation, 2) plants with SO3; absorption

(Xicoy Almirall 2009). This thesis is interested in the former case, and it will be discussed
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in detail in the following chapters. The condensation-utilizing WSA process can be divided

into four main steps: combustion, catalytic oxidization, hydration and condensation:

1) Combustion: Sulfurous waste gas is oxidized into sulfur dioxide in the incinerator (only

the main reaction considered):
2 H,S +30, » 250, + 2H,0 (2)

2) Catalytic oxidization: Sulfur dioxide is catalytically oxidized into sulfur trioxide in an

exothermic reversible reaction:
250, 4+ 0, & 2505 + heat 3)
3) Hydration: Sulfur trioxide reacts with the water (g) in the feed gas to form sulfuric acid:
503 + H,0(g) = H,504(9) 4)
4) Condensation: sulfuric acid gas is condensed into liquid sulfuric acid:

H,50,(g) = HyS0,(1) (5)

WSA process and simulation has been researched to some extent, for example by Serensen
et al (2015), Al-Dallal (2014) and Choi et al. (2014). Some sources (King et al. 2013 p. 283;
Rosenberg 2006) do not consider the combustion as a major step in the process, but in the
context of this thesis and especially because of utilization of pulp mill CNCGs it is seen as
important and one of the main steps. Mahecha-Botero (2021), Valeur et al. (2001), Serensen
et al. (2015) and Xicoy Almirall (2009) considered combustion to be a major process step in
their research as well. In some research process descriptions (e.g. Mahecha-Botero et al.
2021) hydration and condensation steps are combined as third step of condensation, while
some (Rosenberg 2006; Husnil et al. 2019; Jahan et al. 2022) outline them as separate steps.
To paint a clear picture of the process, all four steps were presented as their own reactions

in equations 2, 3, 4 and 5.

The WSA process can achieve efficiency of over 98 % (Valeur et al. 2001). In addition to
sulfurous waste gases, elemental sulfur in molten form can be incinerated alongside it to
increase the sulfuric acid production capacity (King et al. 2013 p. 284). Research by Mahe-

cha-Botero et al. (2021) argued that solely burning waste gases with no addition of elemental
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sulfur can be ineffective and should not be the primary option, but that may be debatable and

dependent on the industry of utilization.

2.4 Wet-gas Sulfuric Acid process and equipment

Of the WSA process itself, the main focus of this thesis is on the machinery and equipment

used to produce sulfuric acid. The process and the most important main process equipment,

also including the equations presented in chapter 2.3, are visualized in Figure 2. The Figure

represents the WSA application supplied by Andritz specifically in pulp mill use, more of

which will be discussed in chapter 2.5.
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Figure 2. The WSA process as presented by the case company (Andritz 2024a)

If elemental sulfur is used in combustion, it needs to be in molten form. This leads to the

need to either purchase sulfur in molten form or to possess and utilize equipment for melting
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and filtering the sulfur before the sulfuric acid process (King et al. 2013 p. 280). First, the
solid sulfur is transferred from a transporting truck using conveyors towards the melting
which takes place in the sulfur melting tank. The molten sulfur is then filtered in batches and
transferred forward into the filtered sulfur tank. If the sulfur is purchased in the molten form,
it is unloaded from the trucks straight to the filtered sulfur tanks with a truck unloading

pump. From there it will be transferred to the incinerator. (Andritz 2024b.)

The sulfurous waste gas — in the pulp mill context CNCG - is transported from the millsite
to the burner using a vacuum pump system. Foul condensates are collected and sent back to
the mill with foul condensate system, and excess droplets are also collected from the CNCG.
Then, the CNCG and optional sulfur are combusted in the incinerator (burner) (equation 2),
which is connected to a combustion chamber (Andritz 2024b). In addition to the presented
reaction in equation 2, other combustion reactions also take place — as discussed in chapter
2.2 CNCGs contain multiple sulfurous compounds, which then convert into SO», H>O and

CO> (Mahecha-Botero et al. 2021).

After combustion the resulting SO»-containing gas — called process gas — is cooled in the
waste heat boiler which is a flame tube boiler. The produced steam goes to the connected
steam drum, from which it is added to the mill steam network and used in multiple applica-
tions throughout the mill as process steam. Optionally, the plant may choose to utilize a
catalytic Selective Catalyst Reduction (SCR) subprocess at this point of the process to con-

trol NOx emissions and to allow for higher process temperature. (Andritz 2024b.)

Next, (after the optional SCR,) is the catalytic oxidization reaction of SO> to SO3 presented
in equation 3 which takes place in the SO2 converter. The SO2 converter contains 1, 2 or 3
vanadium-based catalyst beds over which the oxidization takes place. (Andritz 2024b.) The
reaction is exothermic (King et al. 2013), and the reaction temperature is controlled with

interbed cooler (a heat exchanger) between the beds.

The hydration of SO;3 to H2SO4 (g) presented in equation 4 also takes place in the bottom of
the SO, converter, after the previously resulting SO3; gas has cooled down. This reaction is
also exothermic, and the temperature is cooled down with a process-gas cooler (a heat ex-
changer) after the SO converter. The heat from exothermic reactions is collected to feedwa-

ter and boiler water systems. (Andritz 2024b.)
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After the SO; is converted to gas-form sulfuric acid (H2SO4 (g)), it is sent to the WSA con-
denser (a modular glass-tube condenser) to be cooled and condensed (Andritz 2024b). After
the condensation, the acid is pumped to the mill network for use, stored in the acid storage

tank.

The different systems mentioned mainly consist of generic chemical process plant equip-
ment: pumps, tanks, heat exchangers, fans and their related items. These are all equipment
often used in chemical process plants, making them well-researched from an economic per-
spective among other more technical aspects. Andritz, the case company of this thesis

providing the WSA plant works utilizes the technology from Topsoe (Andritz 2025).

In addition to the equipment, the materials have great importance to ensure the functioning
of the WSA process. Especially in the sulfur handling area and equipment dealing with sul-
furic acid, the adequate choice of material is crucial. For example, some equipment are fab-
ricated in 316L acid proof steel. In particulate the WSA condenser utilizes glass tubes and
acid-proof brick lining to withstand corrosive environment during condensation (Andritz
2024b). The piping which conveys the elemental sulfur needs to be double jacketed to ensure
the molten form. WSA plants typically have a long cycle, with the main factors reducing the
equipment life are load variations causing thermal cycling expansion, and corrosion caused
by cold spots in the process (Mahecha-Botero et al. 2021). In a process plant of even this
size and complexity there are a lot of variables and parameters to consider in the design. The

WSA plant equipment will be discussed further along with this study.

2.5 Wet-gas Sulfuric Acid technology in pulp mills

The WSA plant is by nature an extension to an existing pulp mill. The economic benefits are
especially prevalent in cases where the mill seeks to recover lignin from its process, but as
presented it has uses in other instances as well. (Andritz 2025.) In the context of kraft pulp
mills, the WSA process can be used to produce sulfuric acid from the collected odorous non-
condensable gases (Mahecha-Botero et al. 2021), specifically concentrated non-condensable
gases (Hovikorpi & Vakkilainen 2019), as CNCG functions as the sulfurous waste gas that
is used as the input in the process. Sulfuric acid is a beneficial and valuable end-product for
pulp mills, and it is used in several parts of the pulping process, as mentioned in chapter 2.1

—revenues and cost savings from produced sulfuric acid, which is then no longer needed to
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purchase is an asset for the self-sufficiency of the mill (Mahecha-Botero et al. 2021; Valeur
et al. 2001). When all sulfuric acid needed in the mill is produced on-site, there naturally is
no need for sulfuric acid transportation, further adding to the environmental benefits and

dodging transporting a potentially hazardous substance.

Pulp mill benefits from the WSA plant by gaining enhanced ability to control the So-
dium/Sulfur balance discussed in chapter 2.1. This also leads to the main economic benefits
— monetary savings due to decreased need for expensive NaOH makeup chemical (Andritz
2025). Instead of NaOH, a more economically feasible Na;SO4 can be utilized instead to
keep the sodium-sulfur relationship balanced (Mahecha-Botero et al. 2021). In addition to
sulfuric acid, the WSA process produces medium- or high-pressure steam on the side, which
can then be utilized in the pulp mill’s auxiliary processes (Gullichsen et al. 2000). The me-
dium-pressure steam is useful in cooking and evaporation, and the high-pressure steam could

be used in recovery boiler for soot blowing.

Utilizing the WSA process also improves the mill’s environmental and social sustainability
by reducing the amount of malodorous gases — this improves the general acceptance and
reputation of notoriously smelly kraft pulp mills (Suhr et al. 2015 p. 294; Hovikorpi & Vak-
kilainen 2019). Additionally, utilizing the WSA process avoids dumping of the recovery
boiler fly ash and its consequences for the environment such as eutrophication (Mahecha-

Botero et al. 2021).
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3 Cost estimation for chemical process plants

In the context of industrial implementation of technology and innovations, costs are the num-
ber one determining factor whether an implementation will take place or not. Likely for that
reason, estimating costs for chemical process plants is a well-researched field of study. In
this chapter, the concept of cost estimation is defined and introduced, after which the most
important methods and issues in the field of chemical process plant cost estimation are stud-
ied. Lastly, the typical cost structure of a chemical process plant project and the relationship

between costs and pricing are discussed.

3.1 Project cost estimation

According to the Association for the Advancement of Cost Estimating International (AACE
International) (2024) cost estimating is “the predictive process used to quantify, cost, and
price the resources required by the scope of an investment option, activity, or project. Cost
estimating is a process used to predict uncertain future costs. --“. The amount of research
made about cost management and estimation is gargantuan, which has resulted in an accord-
ant amount of different definitions, classifications, methods, and rules for the subject. To
form a firm basis for this thesis and to address this unambiguity, the most relevant terminol-
ogy and classification regarding cost management are presented here, referencing well-

known and widely referenced books and articles of the field.

This thesis focuses on fixed-capital cost estimation, which includes all the indirect and direct
costs needed to supply an operating plant and its facilities in the context of chemical process
industry. Working capital on the other hand represents the costs needed to operate the plant
(Peters et al. 2004 p. 158; Neilimo & Uusi-Rauva 2005 p. 58). According to Neilimo et Uusi-
Rauva, (2005 p. 58) direct costs are generally variable, and are clearly causally connected to
the product(s) and their manufacturing, whereas indirect costs are often — though not always
— fixed, and cannot traditionally be clearly allocated to be the products’ costs. Thus, to put
in simply, in the context of chemical process plant costs, indirect costs do not usually scale
with the production capacity while direct costs do (Silla 2003; Humphreys 2004 p. 77). The

capital cost estimation provides basis for the project budget and at a later stage, for
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comparing different options. Naturally, too high estimates can lead to overpricing and losing

the projects, and too low estimates can lead to underpricing and unprofitable projects.

As the project and plant design develop further and more details are known and confirmed,
the accuracy of estimations increases. However, more detailed estimation is also more ex-
pensive, and the ability to affect the costs of the project decreases as the projects move on-
wards (Kaérri et Uusi-Rauva 2003). There is a need for efficient estimating costs in the very
beginning of a project when potential customers inquire for quotations for a potential project,
and only few general design facts are known. These preliminary estimates and indicative
prices are used for determining whether a project should be considered further, and possibly
comparing alternative designs and solutions (Shabani et Yekta 2006a). For this thesis the
focus is on cost estimation methods intended to be used in chemical process plants and for
their equipment, and other relevant cost categories related to that field. The techniques pre-
sented — and later, used — originate in the vast set of literature related to chemical processes

economics.

Early-stage cost estimations have been historically plagued with being considerably lower
than the subsequent estimates and later, the final price (Uppal 1996; Sridarran et al. 2017).
Lack of maturity in the product to be estimated adds to more uncertainty to the estimation,
as estimation is naturally extremely challenging when only little to no historical data to base
the estimates on is available. It should also be considered that a positive error (the actual cost
being higher than the estimate) can theoretically be unlimited in value, but a negative error
(the actual cost being lower than the estimate) can reach just —100 percent (Kérri et Uusi-
Rauva 2003). Because of these issues, the estimate should be made as transparent as possible.
According to Uppal (1996) special attention should be paid to conducting a list of the (ex-
pensive) main cost items, in this context, the main equipment. After that, their costs should
be carefully estimated. The techniques and importance of equipment cost estimation will be

further discussed in chapter 3.3.

Association for the Advancement of Cost Engineering (AACE) International (2020) classi-
fies capital cost estimation methods into three or five categories based on the stage of project
maturity and method accuracy and purpose, and the five-level classification is presented in
Table 1. Various cost estimation methods exist and are needed for different purposes at dif-
ferent phases of the project, utilizing a level of data precision and detail which then corre-

sponds to the level of precision of the estimation.
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Table 1. Estimation Classification System (Modified from AACE 2024; Shabani & Yekta
2006a)

Estimate class | Estimate class name Use, phase of the project Expected accuracy

Class 5 Order of magnitude estimate | Concept screening, factoring, | L: -20 % to -30%
parametric models, judge- H: +30 % to +50%
ment

Class 4 Preliminary estimate Feasibility studies, concept L:-10 % to -20%
studies, schematic design H: +20 % to +30%

Class 3 Definitive estimate Budget authorization, feasi- L:-5%to-15%

bility studies, design develop- | H: +10 % to +20%

ment
Class 2 Detailed estimate Control or bid/tender L:-5% to -10%
H: +5 % to +15%
Class 1 Check estimate Check estimate or bid/tender | L: -3 % to -5%

H: +3 % to +10%

Early in the beginning of the project or even before it officially starts, the available data and
parameters are imprecise and scarce, leading to very rough estimates mainly based on pre-
vious projects or other available information. In Table 1, the column of Expected accuracy
represents the range of accuracy in which the estimate is expected to fall on compared to
final actual costs. The letter “L” in the column represents the lower scale of expected inac-
curacy, and “H” the higher — in other words, for example the class 5 estimates are expected
to be 20 to 30 percents too low or 30 to 50 percents too high compared to an actual project
cost. Class 1 and 2 bid/tender estimates are prepared as part of the project bidding process
and control estimates are prepared before construction begins. The more inaccurate estimates

are used for studying the solution concepts and their economics. (AACE 2020.)

Naturally, more detailed estimates are more resource-consuming to make, as they require a
more detailed design of the project. Because this thesis is limited to early cost estimation, at
a point of a project when only few design parameters and details are known, the focus is on
Classes 4 to 5 estimates. However, the wet-gas sulfuric acid plant concept is more refined
than a mere idea of a certain plant, and there is information available on an actual sold case
as well, which allows to raise the targeted quality of the estimate. Naturally the goal is to
create as accurate as possible methods and tools nonetheless with the available resources,

and to use these estimates for indicative pricing and evaluating of options. It is also worth
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noting that the distinction between early-stage cost estimates and more firm estimates tends
to gradually disappear as more detail is added to consideration and the project develops fur-

ther (Peters et al. 2004 p. 162).

The wet-gas sulfuric acid process plant market is project-like in nature, as a project is defined
to be a set of complex tasks that have defined timing, resources, costs and scope (Artto et al.
2006 p. 26). Project-based industries in general tend to face challenges with cost manage-
ment and estimation, these issues being largely defined by the complexity of the project.
Lack of knowledge, experience and maturity add significant complexity to the projects
among for example level of risk and project size. (Sridarran et al. 2017.) According to Kreutz

et al. (2020), project economics generally improve by:

1) utilizing economy of scale, which means the cost advantages a company obtains by scal-

ing up their production — as the output quantity increases, the cost per unit decreases

2) improvements in technological knowledge and understanding of processes, which is

gained by constructing multiple plants and observing the development in the industry.

This thesis seeks to enhance the project economics improvements in the case company by
creating a (faster) systematic tool for cost estimation and for keeping an accessible record of
project costs which in use turns into the user’s industry and cost development knowledge. In
order for a complex project and its management to be successful, dividing the project into
smaller manageable entities is essential (Rauzana et al 2015; Uppal 2003). To tackle that
especially for large construction and development projects, a vastly utilized tool is Work
Breakdown Structure (WBS), which breaks a project down into manageable components in
a structured order with logical alphanumeric codes and titles for all different costs of a pro-

ject (Uppal 2003).

WABS is a useful tool for budgeting, collecting, recording and collecting all financial project
data; utilizing the same structure from the beginning of the early-stage cost estimates to the
final stages of the project, and in all projects, is beneficial for the cost management process
as the costs are presented in a standard format and it is transparent how the costs are esti-
mated to be formed (Uppal 2003). In addition to that, introducing more categories and detail
into estimates tends to make them more accurate and transparent (Cerezo-Narvaez et al.
2020). The WBS structure consists of categories, which may have sub-categories, imple-

mented so that the upper category fully consists of the subcategories and the subcategories
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fully form the upper category (Cerezo-Narvaez et al. 2020). The WBS structure should be
modular and manageable, and at best it should also reflect on the organizational structure
and project responsibility areas (Kérri et Uusi-Rauva 2003; Cerezo-Narvéez et al. 2020).
The construction of the breakdown structure varies by company and is not entrenched to any
single style (Kérri et Uusi-Rauva 2003), and for example Tsagkari et al. (2020) studied cap-
ital cost estimation for plants utilizing a ‘process block build-up method’, where the total
capital investment (and plant) is divided into subsystems by the plant’s unit operations,
which is similar to the case company’s breakdown of work. A good WBS serves the func-
tions of cost estimation as well as project execution, and data collection in preparation for

future estimates.

3.2 Data for cost estimation

Choosing a suitable method for cost estimation, and thus its class, depends on the available
data and its attributes such as its accuracy, source, relevance, and similarity to the items
which costs are to be estimated (Amos 2007). As discussed in chapter 3.1, in the beginning
of'a project or even before that, the available project data is scarce and rough, and the details
and amount of data increase in amount and quality as the activity continues. In order to make
preliminary estimates before inquiring and receiving any sub supplier quotations, data from
outside the upcoming project needs to be utilized. Actual paid cost data from previous pro-
jects and recent supplier quotations for relevant equipment and other cost categories are usu-
ally considered the most reliable and useful sources of cost data for building estimates

(Shabani & Yekta 2006b; Cheali et al. 2015).

Inquiring for new quotations for specified equipment needed for the project naturally adds
to the reliability and detail of the overall cost estimate, but inquiring them is time and re-
source consuming, and not always possible or sensible regarding company relations, which
is why it should be done only for the important and expensive major equipment at a sensible
point of the project (Humphreys 2004). There is also always a risk of compromising propri-
etary information, and in the case of getting new inquiries, the vendors should be let known
that the information needed is a budget quote and will be used for preliminary cost estimates
of a plant (Couper 2003; Humphreys 2004). Actual costs can also vastly differ from so-called

catalog prices that are offered for some quotations. Reasons for that include but are not
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limited to the nature and relationships in business-to-business (B2B) trade relationships, pur-

chasing material or parts in bulk and state of the economy. (Amos 2007)

In addition to the new quotations, a second good source of data is actual paid costs of similar
items from recent times (Shabani & Yekta 2006b). Company data on actual costs can be
especially useful and relevant in the case of highly unique or modified machinery, equipment
and components, as internal data reflects on these special properties (Humphreys 2004).
Quotations from previous projects are often useful as well, whether the project was com-
pleted or not. Generally, the newer the available data is, regardless of whether it is a vendor
quotation or project costs, the more reliable it is. However, company data, even when recent
and relevant, can require capacity and time ratioing and normalization before it can be ap-
plied to estimate current item’s costs. The accuracy of data is affected by the constantly
changing economics and changes in the industry. (Amos 2007) The appropriate scaling and

modifying for the changing parameters will be discussed in the upcoming chapters.

Examples of lower-grade data sources include open literature and online databases, profes-
sional industry journals and paid premium cost data from licensed software and other
sources. A lot of equipment and plant cost data can be found in open literature and online,
but a lot of it is outdated or otherwise poor in quality (Towler et al. 2013). Professional
industry literature and cost engineering journals offer more reliable data, but it can often be
old and modified (Couper 2003). It is also possible to purchase equipment cost data, and its
source should always be thoroughly revised before applying it (Humphreys 2004). There
also exist multiple software for cost estimation, which use data from various sources and
methods that are modified to fit the user needs, thus making them not very transparent (Sy-
mister 2016). Often in these kinds of datasets it is not clear what exactly is included in the
data, and the specifics are unclear. (Silla 2003.) These various lower-grade data sourcing
methods are usually utilized for the first economic studies of new solution concepts (Couper
2003), and thus not used in this thesis as the available material consists solely of actual pro-
ject data and supplier quotations — therefore these data sources will not be thoroughly eval-

uated or explicated.

Good documentation of projects and thus essentially creating a collection of datapoints as
the business evolves is a necessary foundation for applying some of the more advanced cost
estimation methods and overall creating more precise estimates (Sinha 1988). In the begin-

ning of a business venture of a new technology when there are little to few completed



30

projects, it would be beneficial to collect data and to establish databases also for sub-supplier
quotes and detailed project offers which were not won, as those can well be used for future
estimation in the lack of actual cost data, as stated before (Amos 2007). In the context of
chemical process plants and equipment, generally a useful equipment datapoint should have
at least the basic design parameters: size, generic style and material of construction (Sinha
1988). The size may be represented by certain dimensions, capacity, weight or flow for ex-
ample, or a combination of those (Humphreys 2004). To consider the economic perspective,
equipment price and the year from which the datapoint is from are necessary. The previously
discussed work breakdown structure should be utilized in the data storage to identify differ-

ent equipment and other items unambiguously.

3.3 Cost estimation of chemical process equipment

For chemical process plant projects, cost estimation is needed for evaluating whether it is
feasible or not to build a certain plant or extension (Tsagkari et al. 2015). Generally, one of
the most important attributes to be considered is the scope of the project, meaning deciding
on all that is included in the solution provided. Establishing the scope should be the first step
of the project, which in chemical process plant projects essentially boils down to a list of the
(main) equipment of the system (Uppal 1996). Equipment costs must be estimated with an
emphasized attention — they are usually the most expensive high-level cost category taking
up a big part of the total cost, and the cost of the main equipment is used as a base for
estimating other some of the project costs in many methods. According to Peters et al.
(2004), significant cost estimation errors are a result of compiling lackluster equipment lists
(especially missing auxiliary process facilities), rather than errors in costing process itself.
By putting a highlighted emphasis on equipment cost estimation, the pitfall of substantially
low order-of-magnitude estimates can possibly be avoided (Uppal 1996; Peters et al. 2004
p. 154). According to Sinha (1988), equipment list -based capital cost estimates are gener-
ally more accurate than estimates conducted before creating a process flowsheet and design-

ing equipment and their basic parameters.

The wet-gas sulfuric acid plant which the case company supplies is already a fully-fledged
solution, and the case company has already completed a project at the time of writing this

thesis, meaning that the basis for an equipment list already exists. The WBS hierarchy of the



31

plant in the case company is structured in a way that also supports the definition of necessary
equipment for the project since its beginning. In the case company, the scope of the WSA
plant is from the equipment perspective largely defined by the presence or lack of solid
and/or molten sulfur handling systems, and that should be a major consideration for the cost
estimation. Naturally, in a project-like business environment each project has its own scope
and characteristics, and there is a myriad of possibilities when it comes to what all can differ
in the scopes between projects — for example, the customer may negotiate to source all pumps
used in the project themselves. The specifics of the WSA project structure in the case com-

pany is further discussed in chapter 4.

Uppal (1996), Lang (1948), Hand (1958), Peters et al. (2003) and Sinha (1988) — among
many — highlight the importance of main equipment in the cost estimation process. The main
process equipment usually takes up a substantial portion of the overall fixed capital invest-
ment, for example Peters et al. (2003 p. 150) studied the main equipment cost to be 15 to 40
percent of total fixed capital investment. The equipment list and costs of the main equipment
are also often used to estimate the costs of other items, for example by factorial methods, as
proposed by Lang (1948) among the first. Because of this, an accurate equipment list and
good estimation of the main equipment costs are especially important and should be priori-

tized.

In this study equipment costs are estimated mainly based on previous project and quotation
cost data for similar or same equipment. The previous project plants and equipment however
vary in size, and therefore the effect of capacity must be considered and adjusted to fit the
current plant to be estimated. For this capacity adjustment and scaling estimation the well-
researched formula presented in equation 6 is used.

€= x (2) (6)

1

where C: is the costs of the new plant
C| is the cost of the old plant

Q: is the capacity of the new plant

Q; is the capacity of the old plant

and n is the capacity exponent.
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This presented equation 6 can be used either for roughly estimating a whole plant or scaling
individual equipment based on information of the same item in different capacity. The for-
mula is linear when plotted against log-log coordinates, and its slope is then the exponent n.
This method for scaling is old and well-studied, and multiple variations and precision-adding
modifications exists of it: various research has been conducted on what parameter should
represent the plant capacity for distinct types of equipment, and what the exponent » should
be. Chilton (1950) also established the six-tenths rule, which means that for equipment with
unknown specific exponent information, 0,6 can be used for adequate results. For the best
results in each individual company or entity, an analysis should be conducted to obtain spe-
cific and accurate value for n as well as the variable parameter. The value of n is usually less
than 1, meaning that larger plants tend to cost less per unit of product produced, a phenom-
enon known as economy of scale (Towler & Sinnott 2013 p. 313). For some items the expo-

nent is possible to be even over 1 or under 0,3 (Kérri et Uusi-Rauva 2003).

The equation’s accuracy decreases when the difference between capacities Q1 and Q2 grows,
and it has been stated that the method should not be used if the ratio of capacities is greater
than 1:5 (Peters et al. 2003; Humphreys 2004). To utilize the capacity exponent method, the
equipment must be similarly constructed with the same materials, and their temperature and
pressure operating range among other possibly relevant variables must be the same (Peters
et al. 2003 p. 165). If these parameters differ, they must be accounted for, for example by

utilizing some kind of multiplying factor.

In addition to capacity correction, the second principal estimation adjustment is the effect of
time, which represents the correction based on changes in costs over time and its effect (Xi-
coy Almirall 2009). While the term “inflation” is relatively consumer-based, and as a word
implies that all prices in an economy tend to simply continuously rise, the term “escalation”
takes into account that prices may increase for multiple reasons, including but not limited to
inflation, geopolitics, environmental issues, changing technology and supply/demand (Up-
pal 1996; Brown 2016), which is why the latter term shall be used. Escalation thus represents
the amount of increase in costs of equipment, material, labor and other categories due to the

continuous changes in prices over time (Uppal 1996).

Instead of using consumer-centric escalation factors such as inflation for adjusting for the
effect of time, a more specific cost index should be used for better results (Uppal 1996;

Remer et Mattos 2003). A certain popular and industry-specific cost index is the Chemical
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Engineering Plant Cost Index (CEPCI), published monthly in the Chemical Engineering
magazine and website, specifically made to reflect trends in chemical process industry and
plants, as its name suggests (Uppal 1996, Chemical Engineering 2025). The CEPCI takes
into account costs of equipment, machinery, supports, construction labor, buildings, engi-
neering and supervision including improvements in productivity (Uppal 1996; Chemical En-
gineering 2025). The inclusion of improvements in productivity is an important yet not the
standard approach within the cost indexes, which is one of the reasons for CEPCI’s high
popularity and experienced quality, another attribute being its timely publishing rate (Remer

et Mattos 2003).

Because chemical process plant projects are sizeable also in time — there can be and often is
many years between closing of the deal and finishing the project completely — a cost index
is often also utilized to make up for the insecurity and changes in the markets while the plant
is in progress (Remer et Mattos 2003). This means that certain costs/prices are tied to an
index factor, so that the provider of the equipment or plant does not get its whole profit eaten
by the changes in the costs and market, as a period of rising costs may also be a reason for
the estimate being too low (Peters 2004). For the purpose of estimating costs for upcoming
years, the index rate can be adequately estimated for the next few years based on shifts in

the available historical values and market forecasts (Brown 2016).

The methods and formulas by which the effect of time is accounted for varies, especially
when costs are tied to it, but the basis of accounting for the effect of time can be calculated

using equation 7.
CZ = Cl X 1_2 (7)
I

where C: is the new cost of the equipment
(7 1s the old cost of the equipment
1> is the value for the chosen index at the time the value of C> is to be scaled to

1; 1s the value for the chosen index from the time of the old equipment

In addition to changes in capacity and the effect of time, other generally recognized cost-

affecting equipment parameters subjectable for change include material of construction,
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process temperature and process pressure (Silla 2003; Cheali et al. 2015). Material of con-
struction is usually either carbon steel or stainless steel, of which stainless steel is approxi-
mately four times the price of carbon steel (Symister 2016). Cost of equipment increases
also when the process temperature or pressure grows (Amos 2007). These parameters are
estimated not to vary substantially in the context of this study and its equipment, and as the
tool will be solely used for WSA plants which equipment should have very little variation in
material, temperature or pressure between cases, these adjustments will not be explored fur-

ther.

Sources and origin countries of equipment also affect their price, and equipment providers
are individually chosen for each project. The country in which the future plant will be located
effects the sources of equipment and other items, often because of taxation and transport
costs, among others (McConville 1994; McConville 1996). McConville (1994; 1996),
Remer et Mattos (2003) and Brown (2016) among others have studied and published loca-
tion factors to estimate the effect of project location to the costs. It should be noted that due
to ever-changing world economics and industry-specific evolution, these published factors
are not relevant for a very long time (Couper 2003) and thus should be individually studied
and developed for use. Shabani & Yekta (2006b) studied the relationship between chemical
process equipment cost estimation and regional differences and came to result that a specific
model containing local data for each region or country should be utilized for best results —
“local data produces local models”. Additionally, with global companies and projects such
as this case’s, dealing with costs in varying currencies is also common (Couper 2003). Cur-
rency exchanges should be calculated when necessary, so that the values of different data-

points are comparable and reflective of the realistic value of the time.

3.4 Cost estimation of chemical process plants

Chemical process plant cost estimates can be divided into two classes: grass roots and bat-
tery-limits estimates. Grass roots (or greenfield estimates) estimate covers the costs of an
entire facility erected on a new site, including costs of land, site development, battery-limit
facilities and equipment, and auxiliary facilities. Battery-limits estimates represent costs
solely inside an imaginary physical boundary surrounding the process area to be estimated.

(Couper 2003; Silla 2003) Battery-limits estimate is often used to describe estimating costs
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for an extension to an existing plant (Peters et al. 2003), which is the relevant approach in

the context of this thesis.

Many cost estimation methods rely on the (estimated) price of the main equipment to come
up with the price for other plant costs, as was stated in chapter 3.3. Going further, the concept
of adjusting cost estimation for different equipment variables was also discussed. In the root
of multipliers and factorial techniques are methods for estimating the cost of a whole plant
utilizing the main equipment cost alone. Lang (1948) was one of the first to introduce the
style of cost estimation based on the major equipment costs, and this original factorial
method is rather simple, including only a factor of 3,1 (for solid processes), 3,63 (for mixture
of solid and liquid processes) or 4,74 (for liquid processes) with which the cost of the total
major equipment is multiplied with to get the estimation for the whole plant. The method
has then gained critique and provoked multiple modified versions of the logic by various
researchers. Another well-studied and often cited factorial method is the Hand method de-
veloped by Hand (1958). While the Lang method composes a factor that the sum of main
equipment prices is then multiplied with, the Hand method multiplies each piece of main
equipment with an individual installation factor, and then adds it all together to get the cost
of the whole plant. There originally exists eight individual Hand factors for eight different
types of equipment, and they are presented in Table 2.

Table 2. The Hand factors (Hand 1958)

Equipment type Hand factor
Compressors 2,5
Distillation columns 4,0
Fired heaters 2,0
Heat exchangers 3,5
Instruments 4,0
Miscellaneous equipment 2,5
Pressure vessels 4,0
Pumps 4,0

The Lang and then Hand methods can be seen as a foundation towards more and more de-
tailed and broken-down factorial estimation methods — dozens of different factorial methods

exist today, a few of which are well generalizable and used, and many which have gained
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critique for only being suitable for very specific conditions or even a certain company (Van
Amsterdam 2018). While the research value of company-specific factors is arguably low,
creating one’s own factors can ensure that they are based on relevant, current data and are
tailored to work for more unique types of equipment (Brown 2016). Multiplying factors are
often used for scaling the costs for different locations and materials of construction, for ex-
ample, as stated in chapter 3.3. As the effect of these changes on the costs is often highly
individual, creating customized factors should work better than using potentially irrelevant

or old information.

Another well-studied cost estimation method is the parametric cost estimation model, in
which major design parameters (including also locational information) are utilized to derive
a mathematical relationship between the total capital cost and its key parameters (Van Am-
sterdam 2018). Shabani & Yekta (2006b) vouch for the parametric model, and especially its
possibilities for handling the variety in the location -parameter. The parametric models han-
dle the costs as a big entity instead of breaking it up to detail, and model the relationships
with linear, logarithmic or exponential equations, which traditionally require vast amounts
of data. They have gained critique and are not very popular in use, especially compared to
the similar factorial techniques which van Amsterdam thoroughly discusses in their study

(2018).

Finally, as presented in chapter 3.3 and equation 6, the capacity exponent method can be
utilized for whole plants as well as equipment. Table 3 presents a collection of values for the
exponent n for the capacity exponent method for sulfuric acid and desulfurization plants, as

studied by a variety of authors.

Table 3. Various values for the capacity exponent method exponent for sulfuric acid- and
related plants

Plant Exponent n Source

Sulfur-catalytic sulfuric acid plant 0,65 Peters et al (2003)
Contact-process sulfuric acid plant 0,63 Couper (2003)
Contact-process sulfuric acid plant 0,66 Humphreys et Wellman (1996)
General sulfuric acid process 0,78 Humphreys et Wellman (1996)
Catalytic desulfurization (old) 0,80 Humphreys et Wellman (1996)
Hydrodesulfurization (recent) 0,57 Humphreys et Wellman (1996)
Hydrodesulfurization of gases 0,75 Humphreys et Wellman (1996)
Desulfurization of gases 0,41 Humphreys et Wellman (1996)
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Despite the availability of extremely quick calculation methods, generally, the reliability,
accuracy and transparency of a cost estimate improve as it is divided into more categories
and details (Towler & Sinnott 2013 p. 330, van Amsterdam 2018), which is why the costs
of a chemical process plant project should be broken into smaller pieces, main equipment
costs being one (and arguably most important) of them. The portions of material and work,
and the scaling of cost-capacity relationship vary a lot between different parts of the plant
project, which is why they should be estimated separately (Kérri et Uusi-Rauva 2003),

though still considering the resources designated for the estimation.

3.5 Cost structure and scaling of chemical process plants

In addition to the price of main equipment, the total cost of a delivered plant also includes a
significant amount of other costs. Even when the plant cost estimation is divided to smaller
categories and not approximated as a lump sum, the cost and other parameters of main equip-
ment are often utilized for many other areas of cost. Methods that focus on deducing indi-
vidual cost categories’ costs based on the cost of main equipment is thoroughly studied by

many researchers, such as Peters et al. (2003), Garrett (2012) and Hand (1958) among many.

As defined before, costs are generally divided into direct and indirect costs. Direct costs are
generally assignable to the process or product, and usually scale with the capacity rate of the
plant, whereas indirect costs cannot be clearly allocated to the product and tend to remain a
fixed constant (Silla 2003; Humphreys 2004 p. 77). Fixed costs refer to costs that do are not
directly related to production and remain constant, whereas variable costs scale with the
production rate. The classification of costs into direct and indirect for chemical process
plants varies in literature. Variation can also be found in literature about the division of costs
into fixed and variable, or direct and indirect, some sources using either or, and some sources
using both to define the costs in even more detail. A lot of the existing research refer to Peter
et al’s (2003) division of direct and indirect costs, in which direct costs include purchased
equipment, instrumentation and electrical systems, piping and insulation, installation of
those equipment, building, yard improvements, service facilities and land, and indirect costs
include engineering, management, supervision, construction expenses, contractor’s fee and

contingency.



38

This thesis focuses on the costs of wet-gas sulfuric acid process plant, which — as discussed
before — may in addition to CNCGs burn elemental sulfur. The additional burning of ele-
mental sulfur increases the capacity of the plant, thus increasing the direct cost. However,
adding extra subprocess to the plant naturally also adds to the indirect cost of the plant as
well. Thus, some indirect costs of the plant are affected by the changes in the capacity of the
plant, if the capacity increase is done by burning elemental sulfur, making the indirect cost
not entirely fixed, which is why this thesis chooses to define costs by both direct/indirect
and variable/fixed cost category divisions. The thesis seeks to study and analyze the nature
of various costs related to the WSA plant to find which costs are fixed and which are not in
this rather complex context. The most typical cost categories besides main equipment are
presented in this chapter, among with their estimated portion of either the total plant cost or
the cost of main equipment. This thesis studies the costs of a battery-limit addition plant,
meaning that not all chemical process plant capital cost categories are applicable in this
study. The cost structure of the WSA plant will be studied and presented in chapter 5.2 based

on the theoretical framework established in this chapter.

A straightforward example of a main equipment-based cost is the price of installation, natu-
rally especially equipment installation. The price of certain equipment installed can be cal-
culated as a factor of the equipment price as studied by Hand (1958), among the first. Instal-
lation cost, however, is notoriously difficult to successfully estimate because the work will
be 1 to 2 years after the plant has been sold, and the huge amount of design details as well
as the markets can change along the way (Amos 2007). If previous installation cost data is
available, it can be utilized for estimation with scaled scope and other variables. It can be
often useful to calculate a so-called “rule-of-thumb” estimation of installation cost per
weight unit of equipment or material to be installed, and weight-based estimates are common

for the field of installation (Barg et al. 2018; Amos 2007).

In a lot of cost estimation literature (e.g. Peters et al. 2003 p. 150; Garrett 2012 p. 30; Couper
2003) majority of installation costs are usually presented together with the items to be esti-
mated — especially piping, electrical systems and instrumentation costs are often presented
on the installed basis. While the cost of main equipment is usually approximately 15 to 40
percent of total fixed capital investment, Peters et al. (2003) found the total equipment in-
stallation cost to be 25 to 55 percent of purchased all equipment costs, and 6 to 14 percent

of total fixed-capital cost. Garrett (2012 p. 29), who combined research of many authors
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found the average installation cost of equipment to be 63 percent of the equipment cost.
Different types of equipment naturally have variance within the installation costs, depending
on the complexity of work, and the most transparent and precise estimate can be done with
estimating each equipment’s cost and installation cost individually, again highlighting the

importance of equipment list.

Piping costs are largely affected by the materials: carbon steel, stainless steel and the need
for corrosion-proof materials (Garrett 2012 p. 30). Solid processes generally require less
piping than fluid ones (Lang 1948; Garrett 2012). Naturally piping installation is another
major part of the piping costs, according to Peters et al. (2003 p. 155) even half of the total
installed piping costs. Peters et al. (2003 p. 140) found the installed piping cost to be 4 to 17
percent of fixed-capital cost or “up to 80 percent of total purchased equipment costs”, and
Garrett (2012 p. 30) as well as Towler et Sinnott (2013 p. 252) estimate piping in installed
basis to be 15 to 70 percent of total purchased equipment costs. However, Sinha (1988)
argued that the amount and cost of process piping would rather depend on the total volume
and amount of equipment. With piping as well as some equipment insulation should be con-
sidered and it is dependent on the surface area to be insulated (Sinha 1988), and the total
cost of insulation takes around 2 to 8 percent of total purchased equipment costs (Garrett

2012 p. 29).

Electrical systems include wiring, transformations, lighting, service and controls (Peters et
al. 2003 p. 246; Garrett 2012 p. 30), and their installation costs. Peters et al. (2003) found
the total cost to be 2 to 10 percent of fixed-capital cost, or 15 to 30 percent of total purchased
equipment costs, while Garrett (2012 p. 30) found it to be 10 to 15 percent of total purchased
equipment costs. Similarly, Peters et al (2003) found the total cost of instrumentation on
installed basis to be 2 to 8 percent of fixed-capital cost, while Garrett (2012 p. 29) found it
to be 10 to 35 percent, and Towler et Sinnott (2013 p. 252) 10 to 20 percent of total purchased

equipment costs.

Steel structures, buildings, service facilities and other similar items vary in construction and
price vastly between different projects and plants, usually also strongly influenced by local
conditions. They are dependent on the area and height they occupy (Sinha 1988). The broad
range of 10 to 60 percent of fixed capital cost (Peters et al. 2003 p. 150) should cover those

costs as a whole.
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Similarly to installation cost, the cost of freight for equipment and materials is often strongly
related to their weight (Moneta 1959). Freight in literature is usually accounted for within
the costs of the cost category in question (Peters et al. 2003; Garrett et al. 2012). Silla (2003)
approximated the cost of equipment freight to be 10 to 25 percent of purchased equipment

cost, though likely on the lower end of the spectrum.

Engineering and management costs cover the cost of designing and engineering (including
procurement and engineering of different subprocesses and areas) the plant, in addition to
managing and supervising the project (Sinnott 2014 p. 252; Peters et al. 2003). These costs
are very project-dependent, and can be estimated to take approximately 10 to 45 percent of
the purchased equipment cost or 3 to 10 percent of the total plant cost (Garrett 2012 p. 33;
Peters et al. 2003 p. 177). Contractor’s fee, when specified, usually costs 1,5 to 6 percent of
total capital cost according to Peters et al. (2003 p. 178), and 3 to 10 percent of total capital
cost according to Garrett (2012).

Contingencies are costs set by the plant-supplier included in the pricing and used to prepare
for costs exceeding the estimate by utilizing statistics. The reasons for preparation include
limited information and data received, short estimation time, and multiple uncertainties and
project risks. The amount of contingency depends on the company and individual project,
and their willingness to take risks. Too low contingency can too low price and negative
project total, whereas too high contingency is a vein capital commitment which causes un-
necessary cost of capital, and increases the price of the project which can then seem over-
priced to the customer. Contingency is usually set to be 5 to 20 percent of total capital cost.

(Peters et al. 2003; Garrett 2012.)

Whether a certain cost category scales or not when the capacity of the plant is scaled, is a
complex issue and for certain results, should be investigated individually by category. As
previously stated, indirect costs are generally seen as fixed and not scaling, but as the cate-
gorization and allocation of costs is extremely company-dependent and variable, there is no
certain answer to this. In addition to that, changes in capacity may be a result of changes in
project scope or amount of subprocesses and equipment (which is relevant in the case of the
WSA plant), which would naturally further require more engineering and piping, for exam-
ple, even when engineering costs are usually categorized to be indirect. The capacity expo-
nent method presented in equation 6 is researched to be used for individual equipment (Pe-

ters et al. 2003 p. 153; Humphreys et Wellman 1987 p. 10 — 15; Towler et Sinnott 2013 p.
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322), modules or cost groups of a plant (Kérri et Uusi-Rauva 2003) or whole plants (Peters
et al. 2003; Couper 2003; Humphreys 2004 p. 68). Value in utilizing the method as it is for
piping costs, for example, is unclear and should likely be avoided, though it is likely that
significantly larger capacities would require scaling up in pipe sizing, and piping is viewed
as a variable direct cost. Scaling cost categories for changes in the scope should also be

thoroughly investigated and customized to fit individual companies’ needs and work.

Weight-based material costs, such as often piping and steel structure materials, can be ac-
counted for the effect of time simply by using the new cost per weight unit for the amount
of material (or dividing the total cost with the original price per weight and then multiplying
the result with the new one) — the logic being essentially same as in utilizing a cost index,
given that the material costs are well-documented from previous projects or other sources.
Costs of some other materials not priced per weight among other small items and equipment
could potentially be scaled similarly to equipment or by the material cost of the dominant

material.

For many types of labor or work the cost is often based on manhours used to complete the
work task. Examples of costs usually calculated by manhours include engineering (which
again includes for example equipment engineering, piping engineering, layout engineering
etc.), project management, quality assurance, commissioning and site management. Ac-
counting for the effect of time is usually straight-forward for hour-based costs, as the total
cost of the certain cost category can be calculated for the present time using the same (or
scaled) amount of hours but an updated hourly pay — similarly to weight-based material
costs. There also exists specific cost indexes created for different cost categories, such as

engineering and management (Remer 2003).

The effect of location plays into the cost estimation of items other than equipment as well.
Estimating costs in global projects tends to get complex, as the costs are not only dependent
on the salary and/or sales price, but also variables such as effectiveness, safety, standards,
infrastructure and availability of resources (McConville 1994) — many of these challenges
are especially prominent in cost categories other than main equipment. The effect of location
could be accounted for by using a location factor or utilizing local data when possible, for

example.
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Cost categories that stem from inside the plant-providing company, such as often the engi-
neering work and management work, should be generally easier to estimate, have more data
available to back up these estimates and the estimates should be more secure. Naturally,
estimating costs for items from outside the company, such as outsourced work and subcon-
tracted materials, are more difficult to estimate and rely on more variables. Good documen-
tation of unit prices and other cost data is essential for success in cost estimation, as was also

highlighted in chapter 3.2.

3.6 Pricing and its relationship with costs

A company prices its products so that it can achieve its financial targets and successfully
compete in the markets among its competitors. In order for the business to be profitable, the
target price of the product must be high enough to include the costs of the producing the
product, and also the target profit level set for the business. (Neilimo & Uusi-Rauva 2005 p.
158.)

Cost-based pricing is, as its name suggests, pricing based on the costs to produce the plant,
and it is generally used for individual make-to-order products and unique projects. Even
though cost-based pricing highlights covering the costs of the product, market-pricing still
has some effect on the price of the product as competition in the field is prevalent. The price
is be affected by non-financial targets of the company as well: getting a reference project or
going for a new market (location- or product-vise) may prompt a price lower than usual
whereas a competitor having their production capacity full or otherwise being unable to mo-

mentarily compete may push the price up. (Neilimo & Uusi-Rauva 2005 p. 185-192.)

As the cost estimation develops to be more precise as the project progresses, the sales price
will also evolve in similar way due to the dependent relationship between the cost and price.
Budgetary prices are usually given and used early on to the project, to give initial value for
the potential customer’s budgeting purposes as the name suggests. A firm price is the final

fixed price provided by the supplier for which the project will be eventually won or lost.
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4  Review of current indicative pricing practices

In this chapter, the company-specific application and projectization of the wet-gas sulfuric
acid plant of the case company is presented. Unstructured interviews were conducted to gain

understanding of the current practices in the WSA projects and indicative pricing.

4.1 Wet-gas Sulfuric Acid plant system definition in the case company

A WSA plant is by nature an extension to a pre-existing plant, meaning that the cost estima-
tion will be done for inside battery limits. In the pulp mill context, WSA plant’s main pur-
pose is to bring down the operational cost of the mill, and thus lower the cost per dried
cellulose ton (EUR / Adt). All pre-existing construction, conditions and framework of the
mill must be considered when planning, estimating and selling an extension plant, which
makes the projects quite unique in comparison with each other, making the estimation chal-
lenging. The customer may be presented with a few different versions of the solution, which
all need to be estimated, and then compared with each other in addition to the existing base

casc.

Wet-gas sulfuric acid plant provided by the case company may have significant variation
between different projects and project scopes. The possibility of processing elemental sulfur
on-site to enhance production of sulfuric acid would naturally to be the main parameter af-

fecting the cost structure, and the case company offers three types of WSA plants:
1. Sulfuric acid produced solely from CNCGs

2. Sulfuric acid production enhanced with burning elemental sulfur that is bought and

transported to the plant in molten form

3. Sulfuric acid production enhanced with burning elemental sulfur that is bought and
transported to the plant in solid form and processed to a molten and filtered state on-

site

Thus, the plant may or may not have equipment for first melting the solid sulfur, and then

filtering and utilizing the molten sulfur, which naturally largely affects the scope of the
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project. Equipment list and scope of work have emphasized importance in early-stage cost
estimation, as stated in chapter 3.3 and studied by Sinha (1988), Uppal (1996) and Peters et
al. (2003).

A specific work breakdown structure exists for the WSA plant’s equipment in the case com-
pany. In the WBS, the WSA plant is divided into 11 subsystems to break the main equipment
into small, more manageable components. The WSA plant WBS structure is modularly
structured and based on the subprocesses of the WSA plant itself, similarly to the ‘process
block build-up method’ as studied by Tsagkari et al. (2020) The structure can be roughly
perceived from the technical description of the whole process provided in chapter 2.4. This
structure represents also the basic equipment list of the WSA plant, based on which the

equipment cost estimation will be built.

The modular WSA WBS structure includes two individual subsystems dedicated solely to
1) molten sulfur processing and 2) solid sulfur processing. If the plant processes solid sulfur,
it needs both the solid sulfur system and the molten sulfur system with their related equip-
ment (approximately 15 unique equipment more per system), both of which have their re-
spective higher-level WBS categories. If the plant buys its sulfur molten, only the equipment

from the molten sulfur category is needed.

It should be noted that the WSA WBS is only used for main equipment and their costs, and
for example engineering and piping conform to the company-wide general WBS, and thus
their costs are not divided into subsystems but are rather given as less detailed bigger sums.
This can be seen as a challenge to the cost analysis of the plant. It is in the interests of this
thesis to study how these kinds of costs divide between the subsystem separation, especially
paying attention to the effect the changes that molten and solid sulfur handling cause to the
costs outside the main equipment, as those are not particularly transparent in the prevalent

cost structure.

This thesis is interested in the total cost of a delivered WSA plant, which form the basis for
the cost-based pricing. The total cost of a delivered plant consists of main equipment, equip-
ment installation, engineering and management, piping, hand valves and insulation, electri-
cal and instrumentation costs, other installation costs, civil work, buildings and steel con-
struction cost and transportation cost. The cost structure and division of costs between these

categories is studied in chapter 5.2.
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4.2  Current practices in indicative pricing

An unstructured interview was held with a project manager of the case company’s WSA
plant to gain information on the structure of sales projects and current indicative pricing of
the plant. As discussed throughout the thesis, it was highlighted in the interview that the wet-
gas sulfuric acid plant is by nature an extension to an existing chemical process plant. A
WSA process is not exactly necessary to successfully run a pulp mill, but instead it is an
upgrade that could improve the mill’s self-sufficiency and economics. Because of that, mar-
keting and pre-sales work is necessary and includes preproposals, customer feasibility stud-
ies and showcasing the different WSA plant options available and discussing what would

best suit the plant.

After pre-sales, a WSA plant sales project can be seen to start from when a potential cus-
tomer sends a request for quotation (RFQ) inquiry, often through a third-party consultant
company, to the case company. The salespersonnel then familiarize themselves with the con-
tents of the inquiry, and have a meeting with the potential customer to discuss and ask ques-
tions about the potential project. Often in the discussion the case company wants to deviate
from some specifics in the request, because the inquiry is usually made to fit all the suppliers,
but technology-specific requirements may apply. Next, the technical proposal (including the
equipment list and scope of supply) is created and then presented and reviewed through item
by item with the potential customer. After that the commercial proposal containing a budg-
etary price is created and presented to the potential customer. Simultaneously, during the
budgetary pricing, the case company sends RFQs and negotiates with some of its most im-
portant potential subcontractors and equipment providers. The budgetary price is then dis-
cussed and reviewed multiple times, until the potential customer requests for a firm price, at
which point the case company studies risk assessment, payment conditions and other multi-
ple necessary approvals. The final negotiations usually last for a few days and are acted out

against the top competitors who are also trying to win the project.

According to the interviewee who often makes the first budgetary price estimates of potential
projects, the current early-stage pricing process relies mostly on the personnel’s experience
and requires them to go through each cost item for evaluation, as typically only the main
suppliers are contacted at this stage. The current process could be more efficient, as the same

tool for final very detailed pricing is utilized also for these very preliminary estimates, and
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it is not in itself used to store historical data. In general, the lack of a structured cost database
for such a new product slows down the cost information retrieval, resulting on cursory and

one-dimensional estimates.

While the costs of actual completed projects are stored in the company’s enterprise resource
planning (ERP) system, and the actual purchased order documents such as equipment are
stored in a database of purchase orders, they might not be readily available for quick use.
Supplier quotations and quotes are systematically preserved in the cloud-stored project fold-
ers of each project for which the quotations were originally requested, but the preservation
has issues in stability, as the quotes are in various file types arranged around various sub-
folders and attachments, and naturally prone to human error. The quotations were in princi-
ple not stored in a comprehensive and up-to-date, meaning it can be time-consuming to uti-

lize this information in future estimations.

According to the interview, the salespeople and estimators have a high workload, and a lot
of potential projects to be estimated and offered. Preliminary estimation is usually done by
the sales team together with the estimation team, whereas the later-stage detailed and more
precise estimates rely on the estimation team, and support from dedicated personnel from
the various subfunctions of the project such as piping and engineering. A good budget price
may have a positive effect for the later tendering, which further adds to the importance of

well-made early-stage cost estimation.

From the possible improvement areas detected from the current indicative pricing process,
and general requirements for the new tool, the main objectives of the cost estimation study

and tool are derived and presented:

1. Three modular scope base cases (no elemental sulfur, molten sulfur, solid sulfur)

with initial cost estimations for each case based on multiple reference points

2. Accessible way to store supplier quotation data so that information from projects that

don’t necessarily materialize can also be utilized easily

3. Deducing and establishing possible factors, multipliers, “rules of thumb” and other

calculation means from the available data for the initial cost estimation

The three listed objectives together with the theoretical framework form the base for the

planning and execution of the cost estimation tool artefact.
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5 Analysis of WSA plant cost structure and scaling

Derived from the objectives stated in chapter 4.2 and the theoretical framework formed
throughout chapters 2 and 3, the purpose of the practical part of this thesis is to build a
working tool for creating cost estimates and through that, quick indicative pricing. The tool
should consist of base-case equipment list adjusted for the three different sulfur-scopes,
equipment cost estimates and cost estimates for all other cost categories relevant for a bat-
tery-limits addition plant that a WSA process by definition is. Additionally, a structure and
first version of a database to which supplier quotation data can be stored, and which can
continue to grow as the amount of data increases. Last, it is in the interests of this thesis to
create a plan for the continuous use and development of the indicative pricing tool and re-
view current shortcomings. According to Sinha (1988), equipment list -based cost estimates’
accuracies range between +/- 35 % compared to the final project cost. The target accuracy
of this thesis and tool was set to be +/- 30 %, which thus is adequately in line with the
theoretical possibilities. With the creating of the tool naturally comes analysis of the cost
structure of the WSA plant is in the focus of this thesis. The cost structure of the plant is not
a well-researched area; Xicoy Almirall (2009) studied the economics of a WSA plant in their
thesis, but the study was limited to the cost estimation based on a simplified equipment list
and cost data available on literature and the internet. This thesis seeks to more carefully

dissect the costs of the WSA plant based on actual relevant data.

The tool seeks to support saleswork by simplifying and streamlining the work required for
doing first, indicative price estimates. This way, the tool should also enable instantly identi-
fying profitable and not-profitable projects. Both objectives target to reduce the resources
required to currently create and evaluate tenders. The tool will be solely used for early-stage
indicative pricing, as a tool for comprehensive estimation exists already. It is also in the
interest of this thesis to find the most important parameters and variables of different cost
groups, and how different costs scale between plants of different capacities. For items and
categories that cannot be straightforwardly scaled or factorized, some useful rules of thumb

should be estimated to lighten the workload of preliminary estimation process.
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5.1 Data collection and analysis

Data for the tool and estimation were collected from 12 different prepared prices given to 9
customers (meaning that some had a few different versions of the plant offered with different
capacities and scope), which were given during different project phases and to a varying
quality between years 2022 to 2024. Three of these projects and offers include multiple sup-
plier quotations for multiple pieces of equipment, materials and work, while most are esti-
mated mainly based on intuition and quotation for key equipment from the suppliers with
large scope. The former three projects were conducted to the best quality out of the bunch,
and two of them are as-sold prices. One of those two is a nearly completed project in South
America which includes the solid and molten sulfur handling system, and which actual costs
could also be utilized in some categories, while the other is a very recently sold project in
Europe which includes molten sulfur handling system. The third detailed price includes solid
sulfur handling and is located in South America. The data used for this project is only up to

three years old at the moment of making this thesis and cost estimating tool.

The pricings include detailed breakdown of the project costs of each project, organized with
the form of work breakdown structure. A generic WSA project total cost of a delivered plant
breakdown is presented in chapter 5.2. Supplier quotations are mainly inquired for the main
pieces of equipment. The equipment quotation data includes approximately 700 datapoints
for a variety of equipment, including for example approximately 50 for all different fans,
150 for tanks and 70 for pumps. The data also includes quotations for the key equipment for
all the 12 projects. Two quotations were also available for installation costs and a few for
some materials. The mainly unstructured nature of the data was seen as challenging regard-
ing the process of data collection and analysis. The data from the completed project was
mainly in structured form available from the company’s ERP system as an MS Excel file
output. The data from given plant prices were in the pricing excel tool templates, and the
supplier quotations data was often unstructured, in the form of scattered saved emails, excel
files and pdf-files. Currencies and document languages among other features varied between

the files.

The collected information included the parameters that were deemed important based on the
literature review conducted about cost estimation. These included when possible: equipment

name and WBS-number, price, year, vendor, size, weight, quotation revision number, project
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and equipment location. The importance and availability of certain parameters varied be-
tween datapoints, especially when it came to sizing. The most important sizing or capacity
attributes are for example weight, flow, diameter and height, depending on the equipment.
These relevant sizing parameters and representatives for capacity were decided on based on
available literature, particularly research done about capacity exponent scaling method and
suitable scaling parameters for each type of equipment, such as Peters et al. (2003), Hum-

phreys et Wellman (1996) and Sinnott (2014).

Substantial changes made to the WSA WBS hierarchy brought challenge and required a lot
of manual work when creating the tool and handling the available data. The changes brought
a lot more WBS numbers and categories, in addition to completely changing the logic and
logical alphanumerical codes and titles for all equipment. Relevant to the issues in the WBS
hierarchy, it was found that the WBS for molten sulfur area could be further improved be-
cause the structure represents all the areas of the process in which the sulfur is in molten
form rather than the areas needed in the case where the sulfur is bought molten. Thus, there
was a need to create another layer to the hierarchy to mark the equipment necessary in the

case of molten sulfur scope.

The tool and database for past sub-supplier quotations — which are created as a design arte-
fact of this thesis — was created as a Microsoft Excel file, as MS Excel is largely used in the
case company for this type of work, and it is easily modifiable. Many different main types
of equipment (pumps, tanks, fans, casings, heat exchangers, process-specific equipment,
etc.) were to have their own tabs/sheets, as opposed to having one big database table: the
important parameters vary by equipment type, the amount of data will grow, and it will be
beneficial to browse through the data, and that is simplest done by creating different tables
for different equipment. In addition to the supplier quotation data, a table for project data
including for example project name, date, process gas flow, molten sulfur flow, solid sulfur

amount, engineering contract type, location, sulfuric acid production capacity was created.

Cost data was scaled for the effect of time utilizing available data on past and current unit
prices for materials and work. Naturally many costs, especially regarding engineering and
management, can have multiple different unit costs, which lead to the need to individually
decide whether to use a dominant unit price or calculate and use an average or median one.
Additionally, the CEPCI index presented in chapter 3.3. was used to scale the costs to the

effect of time. A table representing the evolution of the index was naturally added as the part
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of the tool. A part of the data were in different currencies, and necessary conversions — while

considering the date of the data — were performed to convert the data into euros.

For the pricing tool, standard scopes were defined and utilized to enable feasible, normalized
and transparent estimation, which could then be modified in the estimation process. Im-
portant parameters include the sulfur scope (three options), engineering contract type, pro-
ject location and plant capacity represented by the sulfuric acid production or gas flow in the
main equipment. Based on these parameters, the tool composes a preliminary equipment list,
utilizes the available data to calculate adequate costs for each equipment and other cost cat-
egories, scaling the values to be appropriate accounting for the effect of capacity and time.
The results are naturally modifiable by the user, because as discussed, the projects may have
plenty of variation between them. The basic structure of cost estimation part of the pricing

tool which composes the total cost of a delivered plant is visually presented in Figure 3.

Input parameters Results

—_—_— e — ——

Total process gas flow Preliminary equipment list
and cost of each
Molten sulfur flow

1
1
1
1
1
Solid sulfur amount —_—
1
1
1
1

I
I
I
I :
[Supplier quotations] : _scaling | equipment
[Project data] I Preliminary costs of other
Plant location [Sales data] ! categories
[Indexes and currencies] |
o I
Engineering scope | | *Modifiable by user*

Figure 3. Basic structure and calculation-logic of the new indicative pricing tool

For estimating a future plant project’s cost, scaling equipment price to changing capacity
was implemented in the tool utilizing the capacity exponent method presented in chapter 3.3
and equation 6. In this first version of the tool, the costs are scaled using the gas flow of the
plant as the parameter. For the categories of costs which are not seen to correlate well with
the capacity of the plant, average and median values are calculated and used. The correlation

between costs and capacity is studied and discussed in chapter 5.3.
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5.2 Cost structure of Wet-gas Sulfuric Acid plant

The cost structure of the wet-gas sulfuric acid plant was studied based on the available pric-
ing data for all three sulfur scopes. The structure of the costs is for the purpose of this thesis
re-categorized to resemble ones presented in literature such as Peters et al. (2003) and Garrett
(2012), to enable comparison and transparent relation to relevant studies, as in the case com-
pany the costs are divided differently. A comparison of the cost structures of the three cases

is compared to the framework derived from literature and demonstrated in Table 4.

Table 4. Comparison of case company’s WSA plant’s cost structure for three different sul-

fur-scopes against Peters et al (2003) theoretical cost structure for general chemical process

plants
Component Peters et al. Solid sulfur Molten sulfur No sulfur
(2003)

Main equipment 15-40 within higher end of | within higher end | within higher end
the range of the range of the range

Equipment installation 6-14 slightly lower slightly lower slightly lower

Engineering and man- 4—20 within range within range within range

agement

Piping, hand valves and | 4 —17 within range within range within range

insulation (installed)

Electrical and instru- 4—122 within range within range within range

mentation (installed)

Other installation costs 4-17 within range within range within range

Civil work, Buildings 10 — 60 within range within range within range

and steel construction

Transportation - - -

The figures compared are very close to each other in all categories. Peters et al’s (2003)
typical percentages of fixed-capital investment values for different costs were chosen to rep-
resent theoretical side for straightforward comparison, their book being well-cited in the
field, and a lot of literature refer to it. The cost divisions studied fall into the ranges estimated
by Peters et al. (2003) well. As the cost of the main equipment is at the higher end of the
range at of total capital cost, it is logical that the other categories are left to be significantly

smaller. Equipment installation cost is the only category slightly left outside the theoretical
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range, as Peters et al. (2003) studied it to be 6 to 14 percent of total capital cost, but this case

analysis showed a little lower for all three different project scopes.

A typical WSA plant project has parameters and potential variables that affect the final price.
In addition to the discussed usual sulfur scope varieties, capacity changes and engineering
scope that affect the costs, several other cost-affecting factors rose to relevance when stud-
ying the plant costs for the company. The customer may choose to omit parts of the usual
supplier-scope and obtain it somewhere else; such examples in the studied cases were the
omitting of nearly all electrical systems and work, or all process pumps. The layout of the
plant also has an effect on the costs, as an inconveniently shaped space reserved for the plant
or having to include a pipe-bridge may cause extra work on layout engineering, piping and
installation among others. The global nature of the projects also creates variety to the project
costs: certain costs vary from one country to another, for example depending on taxation,
distances, financial situation of the country and available resources, as studied by for exam-
ple McConville (1994) and discussed in chapter 3. The nature and effect of these different

project parameters have on the costs will be further studied in chapter 5.3.

5.3 Cost scaling for Wet-gas Sulfuric Acid plant

Mahecha-Botero et al. (2020) who studied wet-gas sulfuric acid process, stated that the main
parameter affecting the capital costs of an acid plant is the total gas volumetric flow. Based
on their statement, the total process gas flow should best represent the plant’s capacity (in-
stead of for example sulfuric acid production capacity) in cost estimation methods such as
the capacity exponent method presented in chapter 3.3. Burning sulfur in the incinerator
along with CNCGs to enhance the production of sulfuric acid naturally increases the process
gas flow (Mahecha-Botero et al. 2020), and in the studied data the plants utilizing sulfur

seem to generally have the highest total process gas flow.

The relationship and correlation between delivered total plant cost and process gas volumet-
ric flow were studied utilizing the available project data to review Mahecha-Botero et al.’s
(2020) claim and to choose a parameter to best represent the plant’s capacity for cost scaling.
Pearson's product moment correlation coefficient between the total plant cost and process
gas flow and R-square value were studied, both implying strong correlation. The relationship

is visualized in Figure 3 in both regular and log-log coordinates. The slope of trendline in
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the log-log coordinate figure would represent the exponent for the WSA plant for the capac-
ity exponent were to be derived from this study. However, as was presented in the theoretical
half of this thesis, breaking the plant cost down to different categories results in a more
transparent, reliable and accurate estimate, and a capacity exponent for the whole plant will

not be discussed further in this study.

Correlation between total plant cost and sulfuric acid production capacity is also relevant
with correlation coefficient and R-square values implying correlation, but slightly less so
than with the process gas flow. Sulfuric acid production capacity is strongly correlated with
the total process gas flow which further takes away from the analysis. Plants processing solid
sulfur are naturally more costly in total cost of a delivered plant cost than plants solely uti-
lizing molten sulfur, which in turn are more expensive than plants only burning CNCGs. The
difference in capital cost between the solid and molten sulfur handling WSA plants likely
evens out when operational costs are considered, which this thesis does not extend to ana-

lyze.

art
=

Total manufacturing cost (eur)
n{Total manufacturing cost (eur) )

Process gas flow (Nm3/h) In (Process gas flow (Nm3/h) )

Figure 4. The relationship between WSA total delivered plant cost and process volumetric

gas flow on regular and log-log coordinates

Additionally, different cost categories and their relationship to process gas flow were studied
as well. The cost of main equipment (uninstalled) correlates with the process gas flow the
most strongly among the categories presented in chapter 5.2. The relationship between main
equipment cost and process gas flow is demonstrated in Figure 4 in both regular and log-log

coordinates. Pearson's product moment correlation coefficient between the main equipment
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cost and process gas flow was found to be quite high as well as R-square value, both imply-

ing strong correlation.

Main equipment cost (eur)
®
In{Main equipment cost (eur) )
@

Process gas flow (Nm3/h) In (Process gas flow (Nm3/h) )

Figure 5. The relationship between WSA main equipment cost and process volumetric gas

flow on regular and log-log coordinates

The correlations studied and demonstrated in Figures 3 and 4 further affirm the use of pro-
cess gas flow as the main parameter defining the capital cost of the wet-gas sulfuric acid
plant equipment. However, it should be recognized that the dataset available and used for
this study is extremely small, and the datapoints are not necessarily independent from each
other as one case may be strongly based on other. Thus, the values of the correlation coeffi-
cient and R-square should not be given too much research value. The same applies for the
speculative exponent value of the plant — with this little data, the value is very subjectable to
even smallest changes, and it would be different for example if even a single datapoint was
left out of the study. However, it can be stated that there is a correlation between WSA plant

process gas flow and capital costs.

The set of supplier quotation data was deemed unsuitable for good-quality statistical analysis
as well, mainly because the amount of data is very small, lacking completely in certain areas
of the project and vastly cross-dependent between various data points. Equipment prices also
vary largely between different projects and suppliers. With these limitations in mind, from
the available data it was not possible to determine how exactly to scale individual item costs
to capacity, in other words, to come up with new exponents and decide on parameters to use
for the capacity exponent method. Because of these issues and limitations, more research

weight was put onto researching the effect the changes in sulfur-scope have on the costs and
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cost structure. For the estimation tool, known values for the exponent of different equipment

from literature were used for cost-capacity scaling for now.

Comparing plant pricings with different sulfur scopes leads to some observations about the
main equipment costs, which are visualized in Figure 5. The figure seeks to illustrate how
the equipment costs of the plant change when the amount of CNCG burned stays the same,
but additional sulfur is handled and burned in the plant. Equipment solely utilized when solid
sulfur is processed accounts for a significant portion of the total main equipment cost in
cases where solid sulfur processing is involved. Together, all the molten and solid sulfur
handling equipment account for approximately under a fifth of total main equipment cost in
such cases. Naturally, equipment utilized for molten sulfur handling accounts for a higher
percentage of the total main equipment cost when only molten sulfur is handled. The total
cost of general equipment was observed to be lower in cases which do not process and utilize
elemental sulfur. As the additional input of sulfur increases the process gas flow and capacity
of the plant, this discovery seems in line with the previous observations. Naturally, increas-
ing the amount of sulfur to be burned also affects the sizing and cost of the equipment solely

utilized for sulfur handling.

Main equipment cost

Case with solid sulfur Case with molten sulfur Case with no sulfur

Other equipment cost Molten sulfur equipment cost M Solid sulfur equipment cost

Figure 6. Effect of molten and solid sulfur handling subprocesses to the WSA equipment

cost
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As studying the exact scaling of the costs for changes in capacity was deemed not possible
with this dataset, the main focus was shifted to studying how changes in sulfur-scope affect
other cost categories as well, and whether the costs scale with capacity at all. As is discussed
throughout this thesis, the scope of the project defines the basis for the cost estimation, and
the same applies to cost items other than the main equipment as well. The presence or lack
of elemental sulfur handling subprocesses trickles down to affect the costs in other cost cat-
egories than equipment as well — naturally there will be less piping, installing and engineer-
ing, for example, when the amount of subprocesses and equipment is smaller. These effects
challenge the division of costs into fixed and variable, as traditionally indirect costs such as
engineering increase with the addition of sulfur handling making the cost indirect but varia-
ble, whereas some costs remain fixed throughout the different plant versions. The exact ef-
fect these three standard sulfur-scope options and their differences have in the different cost
categories is in the focus of this chapter. Another important general scope factor is the type
of engineering contract of the project: often-used contract types include EPS (Engineering,
Procurement, Supply) and EPC (Engineering, Procurement, Construction). Also, the project
may or may not include assisted operation and/or civil works to be supplied by the plant
supplier. Additionally, the effect of location relating to the theoretical part of this thesis was
also analyzed. As was presented in the theoretical part of this thesis, a chemical process plant
project usually has several different variables affecting its costs. It should be noted that the
discussion revolves solely around the case company as the plant-provider; naturally some

entity will supply the customer with the items missing from the supplier scope.

The sulfur-scope was studied to influence many categories outside main equipment as well;
in a WSA plant that utilizes solid sulfur, piping solely used when solid sulfur is processed
contributes to a significant amount of the plant’s pipe weight. Molten sulfur piping takes up
a lesser amount of pipe weight, again with higher values being relevant in the case of solely
processing molten sulfur in the plant. Literature describes solid processes to require less
piping than liquid ones, and the amount of piping required for the solid sulfur case is ex-
plained by dust collection system and transportation of on-site-melted sulfur around the plant
through filters and other processes that molten-bought sulfur does not need to go through.
The cost of piping, hand valves and insulation did not seem to correlate with capacity for the
full dataset, but when two outliers were removed — neither of which were very advanced-

phase prices —, some correlation could be found. Piping is often affected by the layout and
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placement of the equipment as well as other variables. More data and expertise is needed to
properly study the forming of piping costs for the WSA plant, but the effect of sulfur pro-

cessing gives some indication on the amount of piping.

For a solid sulfur processing plant, the installation of solid sulfur equipment takes a good
part of the equipment installation cost. In total, equipment installation for a plant with molten
sulfur processing costs slightly more than for a plant without elemental sulfur, and for a plant
with solid sulfur processing equipment installation cost is again higher than for a plant with
molten sulfur. Changes in capacity were not seen to explain the installation costs well in
general, and there was no significant correlation found between them. Literature defines
constructions expenses and general non-equipment installation to be indirect costs, proving
the studied lack of scaling to be in line with previous research. For estimation, equipment
installation cost is handled by determining a unit cost range in euros per kilogram for the
installation work, deriving relevant equipment from the equipment list and utilizing their

weight estimates for estimation.

Project management and engineering are generally more expensive when solid sulfur is in-
volved, especially project purchasing cost is higher. The cost of site supervision is also sig-
nificantly higher when the solid sulfur subprocess is involved. However, no significant cor-
relation could be found between the process gas flow and the Engineering and management
-cost category when the effect of sulfur handling was ruled out. That is typical for this type
of cost and well in line with the studied literature which stated these to be indirect costs. For
cost estimation, the category was broken down into smaller subcategories, and average and

median values are utilized to represent costs of these categories.

The transportation cost data seemed to slightly reflect that with solid-sulfur processing plants
the amount of equipment to be transported is higher. However, other variables than capacity
likely explain the forming of the freight cost better. To estimation, an average or median of

the freight cost together with a location factor should serve adequately.

The cost of electrical systems varied extremely heavily within the dataset, and it is usually
defined by the scope that the customer wishes to purchase, rather than plant capacity in the
case company. The cost of electrical systems and instrumentation is therefore very difficult

to estimate based on no information about the project.
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Location factor is seen to have a substantial effect on many cost groups, but especially to the
categories containing civil works and piping. As discussed, the engineering contract type of
the project defines whether installation, civils works and/or commissioning is be included in
the project scope. Civil work is usually only carried out for projects in South America
(EPCC-projects), while European projects only include installation of the plant (EPC-pro-
jects). Piping was found out to be done utilizing a different standard in South America
(ASME standard) and Europe (EN standard), resulting in South American WSA plants hav-
ing substantially thicker piping, making the piping more material-heavy, making it naturally
more expensive. The wall-thickness of piping in one South American plant is significantly
more than one in Europe. It was also noticed that the scope of electric systems and instru-
mentation is significantly larger in South American projects, likely due to demand for more
advanced systems. Transportation costs were noticed to be slightly higher in European than
in South American projects. Installation work was found to be more expensive in Europe

than South America as well.

For many cost categories, their subcategories and datapoints, it is still difficult or impossible
to confidently state whether differences in cost between projects and quotes stem from ca-
pacity scaling, sulfur processing or something else. The study of scaling is challenging to
conduct as well, as it was stated that the additional processing of sulfur generally adds to the
capacity of the plant, making the categorization of costs hard. As a cost estimation tool was
developed as a part of this thesis, continuous development including both a growing amount
of now-structured data and heuristics from professionals in the company will be applied to

tackle these challenges.
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6 Discussion and conclusions

The purpose of this thesis was to compile and analyze the cost structure of the wet-gas sul-
furic acid plant, paying special attention to the effects of solid and molten sulfur handling to
the costs, and to estimate indicative pricing of the plant. Theoretical framework for the study
is twofold and conducted as a literature review, examining and discussing both wet-gas sul-
furic acid process and fundamentals of early-stage cost estimation. The material for the lit-
erature review was gathered from various previous studies and literature, varying in age and
scholarly recognition. The empirical part of the thesis was conducted as design science re-
search, aiming to create a design artefact estimation tool and cost database to utilize for
estimating indicative price for the WSA plant, and to study its cost structure and scaling. The
empirical analysis was conducted utilizing data provided by the WSA plant providing case

company Andritz.

Three research questions were identified to drive the thesis. First question was “How is the
wet-gas sulfuric acid plant’s cost structure composed, and what factors affect the cost the
most?”. The cost structure of the wet-gas sulfuric acid plant was thoroughly studied utilizing
the available data from the case company. The total plant cost composes with the main equip-
ment being the costliest category taking up a significant percentage of the cost. The other
costs were divided into categories according to the theoretical framework: “Equipment in-
stallation”, “Other installation costs”, “Engineering and management”, “Piping, hand valves
and insulation (installed)”, “Electrical and instrumentation (installed)” and “Civil work,
Buildings and steel construction” and “Transportation”. The percentages that each category
takes up of the total delivered plant cost were reviewed and compared to theory, and majority
of the costs are in line with the literature reviewed in the theoretical part of the thesis. Only
the cost of equipment installation was witnessed to be slightly lower than the theoretical
range. The costs of the plant are affected by the project scope, especially the processing of
elemental sulfur on-site, capacity of the plant, and a few other recognized variables such as
project location, engineering contract scope and standards. The highlighted importance of a
defined equipment list was derived from the literature review and deemed extremely relevant
for this type of plant, and the presence or lack of solid or molten sulfur processing form three

appropriate base cases for the equipment list of the WSA plant. The three varieties of “sulfur
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scope” for the plant were seen to greatly affect the plant cost, especially main equipment

cost, but not much the percentual cost structure.

Further, the study successfully demonstrates the use of process gas flow as the main param-
eter representing the capacity of the plant, and for defining and scaling the total capital cost
of the wet-gas sulfuric acid plant, and especially its main equipment. It can thus be answered
to research question number two “Which wet-gas sulfuric acid plant parameter or parame-
ters best correlate with the scaling of the cost?”, that the volumetric flow of the process gas
best correlates with scaling of the WSA plant cost, especially cost of main equipment. The
found strong correlation between plant and equipment cost and process gas flow reinforces
previous studies’ findings regarding this relationship. Additionally, the presence of solid and
molten sulfur subprocesses had witnessed to have a cost-increasing effect on several cost

categories of the plant, especially main equipment cost.

The subject of cost-capacity scaling leads to the answer on the third research question “What
are the fixed costs of the plant, and which costs scale and how?”. It was found that the cost
of main equipment of the plant scale and correlate with the capacity of the plant especially
well. The exact scaling of the cost could not reliably be studied within the limits of the avail-
able data. The scaling of other cost categories was studied as well, along with research on
other variables affecting different costs, and the study was finalized with a varied success.
Literature often defines engineering, management and supervision as fixed indirect costs,
and no relevant scaling could be found in this study either. The cost of piping was viewed to
be more impacted by locational factors rather than capacity, and the same could be stated for
civil work. In conclusion, more data and further research is needed to study the scaling of

the WSA plant costs.

The empirical part of this thesis was conducted with a small dataset consisting of a dozen
given plant prices, and a set of supplier quotations mainly for equipment for three sales cases.
The datapoints are not necessarily independent from each other, and a small amount of data
naturally reflects even small nuances and changes on a dramatic scale. It is likely that the
results are not universal or generalizable for wet-gas sulfuric acid plants universally, as the
dataset used is small and origins from the case company, and the study generates value to
the case company. This is a general issue within this field of research, as was stated by Brown
(2016) and van Amsterdam (2018), among many. Thus, no generally applicable capacity

exponent or definitive statistical analysis could be generated. However, the more general
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study of the WSA plant cost structure and study of using gas flow as the parameter for cost

scaling can be stated to be successful.

In the future, more data will be available and costs scaling can be studied more thoroughly.
A good subject for future research within the case company would be to study the scaling of
individual equipment, especially those specific for the WSA process and not yet well-re-
searched. Other cost categories besides equipment should be further studied as well to en-
hance the cost estimation process. For the first version of the estimation tool, all equipment
cost is scaled using the total process gas flow. It could be worth studying how the correlation
and scaling changes, if instead of the total volumetric value, the specific gas flow value from

the exact point of the piece of equipment was used.

In general, the economics of the wet-gas sulfuric acid process have been studied to only a
small extent. Coming up with a single capacity-cost scaling exponent for the WSA plant
would be an interesting subject to research further, given that a large dataset suitable for the
study would exist. This study explored the capital costs and cost estimation of the WSA plant
from the point of view of it being an addition to a pulp mill, which may be reflected in the
data analyzed. This application of the technology in question is a relatively niche version of
the WSA plant, and comparing the formed cost structure to a plant in a different industry
setting could be an interesting subject for research. This thesis was also limited to the anal-
ysis and estimation of capital costs of the plant. Operational costs and feasibility from the
point of view of the plant owner would add an interesting and complementary perspective
to the study. Overall, the economics of wet-gas sulfuric acid technology is a vast research
subject, to which this thesis builds a foundation and which offers a vast field of research for

future studies as well.
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