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ABSTRACT

Siiri Lintunen: Uncertainty and ambiguity in techno-economic analysis
Master of Science Thesis
Tampere University
Industrial Engineering and Management
October 2025

Techno-economic analysis (TEA) is a tool for analyzing the economic feasibility of a technol-
ogy. TEAs have increased their importance as companies look to come up with cost-competitive
alternatives for emissions-intensive technology solutions. However, TEAs have been found to suf-
fer from a lack of transparency of assumptions, which limits their application in follow-up studies.
Lack of knowledge (LoK) is often assumed as one group of unknown things in the system. Thus, to
improve the transparency of TEAs, the LoK, that has an impact on the analysis should be analyzed
and reported. The LoK is particularly high in the early stages of the technology development, and
therefore a more detailed analysis on the LoK might provide interesting perspectives on decision
making with regard to new technologies.

The objective of this thesis is to build a TEA of a hydrogen production plant that produces
green hydrogen using concentrated photovoltaics (CPV) and anion exchange membrane water
electrolysis (AEMWE) technologies. There, a special focus is placed on the different types of LoK
within the system; uncertainty, ambiguity, and system-level LoK. Based on the reviewed litera-
ture on different types of knowledge, system engineering, technology commercialization, and cost
estimation, a framework for a new technology TEA formulation is developed. The framework is
applied in the formulation of a TEA for a green hydrogen production plant. The model structure
used in TEA is introduced and the values of the input variables and their uncertainty and ambiguity
are estimated. Thus, ambiguity and uncertainty in the system are analyzed and quantified.

The study shows that the LoK within a system can be quantified and that uncertainty and ambi-
guity can be separated from each other. Uncertainty and ambiguity are found to behave differently
through the technology development process; ambiguity decreases when the system knowledge
increases, but uncertainty remains unchanged. The variables with the greatest contribution to am-
biguity and uncertainty can be recognized through sensitivity analysis, which allows addressing
the most critical issues with regard to the LoK in the system. The quantification of ambiguity and
uncertainty is made through Monte Carlo simulation. As a result of the model, the levelized cost
of hydrogen (LCOH) is found to be between 27,87 and 96,35 euros, with ambiguity included, and
uncertainty is shown as a probability distribution. The calculated LCOH significantly exceeds the
LCOH of gray hydrogen and the LCOH of green hydrogen in other models found in the literature.
Thus, more work needs to be done to find ways to reduce the production cost with this system.

Keywords: techno-economic analysis, uncertainty, ambiguity, system engineering, technology
commercialization, green hydrogen, AEMWE, CPV

The originality of this thesis has been checked using the Turnitin OriginalityCheck service.
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Siiri Lintunen: Epävarmuus ja epäselvyys tekno-ekonomisessa analyysissa
Diplomityö
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Tuotantotalous
Lokakuu 2025

Tekno-ekonominen analyysi (TEA) on työkalu teknologian taloudellisen kannattavuuden ana-
lysoimiseksi. Tekno-ekonomisten analyysien merkitys on kasvanut yritysten yrittäessä löytää kil-
pailukykyisiä vaihtoehtoja päästöjä aiheuttaville teknologiaratkaisuille. Kuitenkin on huomattu, että
tekno-ekonomiset analyysit usein kärsivät oletusten läpinäkyvyyden puutteesta, mikä hankaloit-
taa niiden hyödyntämistä muissa tutkimuksissa. Tiedon puutteen (LoK) oletetaan usein olevan
yksi ei-tiedettyjen asioiden ryhmä. Siksi TEAn läpinäkyvyyden parantamiseksi tiedon puutteet tu-
lisi analysoida ja ilmaista määrällisesti. Tiedon puute voi olla erityisen merkittävää teknologian
kehityksen alkuvaiheessa, minkä vuoksi tiedonpuutteen yksityiskohtaisempi analysointi voi tarjota
mielenkiintoisia näkökulmia, kun tehdään päätöksiä uusien teknologioiden suhteen.

Tämän työn tarkoitus on rakentaa tekno-ekonominen analyysi vedyntuotantolaitoksesta, jo-
ka tuottaa vihreää vetyä käyttäen keskitettyä aurinkoenergiaa (CPV) ja anioninvaihtomembraania
hyödyntävää vesielektrolyyseriä (AEMWE). Analyysi keskittyy erityisesti erityyppisiin tiedonpuut-
teisiin systeemissä; epävarmuuteen, epäselvyyteen, ja systeemitason tiedonpuutteeseen. Kirjal-
lisuutta tarkastellaan erityyppisiin tiedonpuutteisiin, systeemisuunnitteluun, teknologian kaupallis-
tamiseen ja kustannusten estimointiin liittyen ja sen perusteella muodostetaan viitekehys uutta
teknologiaa arvioivalle tekno-ekonomiselle analyysille. Viitekehystä hyödynnetään muodostaessa
tekno-ekonomista analyysia vihreän vedyn tuotantolaitokselle. Käytettävän mallin rakenne esitel-
lään ja sen muuttujille annettavat arvot, sekä niiden epäselvyys ja epävarmuus estimoidaan. Näin
ollen, systeemitason tiedonpuute, epäselvyys ja epävarmuus analysoidaan ja määritetään.

Tutkielma osoittaa, että tiedonpuute systeemissä voidaan määrittää ja että epävarmuus ja epä-
selvyys voidaan erottaa toisistaan. Epävarmuuden ja epäselvyyden huomataan käyttäytyvän eri
tavoin teknologian kehityksen aikana; epäselvyys pienenee kun tieto systeemistä lisääntyy, mutta
epävarmuus pysyy samana. Muuttujat, joilla on suurin vaikutus epäselvyyteen ja epävarmuuteen
voidaan tunnistaan herkkyysanalyysillä, mikä auttaa puuttumaan tärkeimpiin ongelmiin. Epäsel-
vyys ja epävarmuus määritetään Monte Carlo -simulaatiolla. Tuloksena vedyntuotantokustannus
(LCOH) on 27,87 ja 96,35 euron välillä, kun epäselvyys on otettu huomioon, ja epävarmuus on
näytetty todennäköisyysjakaumana. Laskettu tuotantokustannus ylittää selvästi vastaavan luvun
harmaan vedyn tuotannolla, sekä vihreän vedyn tuotantokustannuksen muissa lähteissä. Näin
ollen vaaditaan lisää selvitystyötä, jotta tuotantokustannusta pystytään laskemaan.

Avainsanat: tekno-ekonominen analyysi, epävarmuus, epäselvyys, systeemisuunnittelu, teknolo-
gian kaupallistaminen, vihreä vety, AEMWE, CPV

Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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LYHENTEET JA MERKINNÄT

AM air mass

A ampere, unit of electric current

AEMWE anion exchange membrane water electrolysis

AWE alkaline water electrolysis

ai element in set A

A set of actions

BoP balance of the plant

bar bar, unit of pressure

CapEx capital expenditure

CPV concentrated photovoltaic

� C degree Celsius, unit of temperature

d day, unit of time

DNI direct normal irradiation

EUR Euro, currency

GHG Greenhouse gas

h hour, unit of time

IRR Internal rate of return

J joule, unit of energy

min minute, unit of time

kg kilogram, unit of mass

LoK lack of knowledge

LCOH levelized cost of hydrogen

l liter, unit of volume

m/s meters per second, unit of speed

m meter, unit of length

NPV Net present value

NASA National Aeronautics and Space Administration
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OAT one-at-a-time

OpEx operational expenditure

PEMWE proton exchange membrane water electrolysis

pij element in set P

PGM platinum group metals

PV photovoltaic

P set of payoffs

R&D Research and development

ROI Return on investment

sj element in set S

S set of elements in SoN

SoN state of nature

TEA techno-economic analysis

TRL technology readiness level

t ton, unit of mass

TMY typical meteorological year

USA United States of America

USD United States Dollar, currency

V volt, unit of voltage

Wh watt-hour, unit of energy

W watt, unit of power
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1. INTRODUCTION

1.1 Motivation for the study

According to R. J. Chapman (2016), "Projects are not created in a protective cocoon".

Therefore, each project or technology must be treated as something that is affected, pre-

dictably or unpredictably, by its environment. Furthermore, the ancient Greek philosopher

Aristotle stated that "the whole is more than the sum of its parts". Thus, the predictable

or unpredictable behavior in the project can also be due to the con�guration of the sys-

tem itself. Underestimating the complexity of the problem often leads to failure (Snowden

& Boone 2007). Disregarding the complexity is recognized as the most common rea-

son for cost overruns and schedule delays (Maier 2009). Complexity is the cause of

lack of knowledge (Snowden & Boone 2007), and has the besetting sins of project cost

estimation, uncertainty, and ambiguity as symptoms (Schrader et al. 1993). Therefore,

addressing the complexity of the system as well as its environment should be the starting

point for the cost estimation and the evaluation of its reliability.

When people in different �elds of science only talk to people in the same �eld in a lan-

guage that no one else understands, the development of communication between differ-

ent kinds of people is prevented, and thus the potential use of contributions in other �elds

of science is lost (Boulding 1956). An example of this separation is the traditional differen-

tiation of engineers and economists; engineers are often interested in a single technology

or separate physical processes, and economists are interested in complete plants, �rms,

or industries (Chenery 1949). A single scale analysis tends to undermine the complexity

of the system, whereas the analysis on different scales and various stakeholders helps

to address it (McEver et al. 2015). Therefore, while the economic evaluation of an in-

novation without considering the technology might seem tempting to someone without

technical background (Pinch & Bijker 1984), it is likely that the limited focus would cause

failure in their own �eld should they not recognize the potential complexity arising from

the combination of the two �elds.

To change the direction of climate change, it is very important to combine different �elds

of science because technology alone cannot solve the issue, but combined efforts from

different �elds of science are required. However, green technologies must reach cost

parity with more emission-intensive alternatives to become a viable option (Köveker et
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al. 2023). Techno-economic analysis (TEA) has the potential to act as an intermediary

between economic and technological considerations. However, TEAs have limitations

considering their transparency and usability in other TEAs (Bayon et al. 2018; Haarlem-

mer et al. 2012; Krey et al. 2019). TEAs are usually made by people who are experts

in technology, and therefore a more economic-focused point of view on techno-economic

modeling could provide an interesting outlook for TEAs and help to overcome the limita-

tions of transparency and usability.

1.2 Objective of the thesis

TEA of a new technology is a kind of cost estimation analysis, and due to the early stage

of the technology development, the complexity and limited knowledge can undermine the

realism of the analysis (Kerzner 2013). Therefore, during project implementation it is

often noticed that the cost estimations made in the early planning stage were overly op-

timistic (Maylor 2010). However, order-of-magnitude estimates made early in the project

are often used in budgetary and de�nitive estimations later in the project, without ques-

tioning the reliability of the cost analysis performed with less knowledge (Oberlender &

Trost 2001; Hobbs & Miller 1998). Unrealistic cost analyses cause projects that would

have the potential to never start and projects that would not achieve the objectives to pro-

ceed (Lovallo & Kahneman 2003). Therefore, it is of great importance to determine the

economic feasibility of a technology as early as possible. In that way, scarce resources

can be used for technologies that have the potential to become commercially successful.

Lehtola (2024) introduced a system that combines the use of concentrated photovoltaics

(CPV) and anion exchange membrane water electrolysis (AEMWE) for green hydrogen

production and proved its functionality by testing a laboratory-scale system. Additionally,

he conducted a TEA to calculate the production cost of hydrogen with that system. Al-

though the study of Lehtola provided valuable insights into the system con�guration, it

lacked suf�cient justi�cation for the TEA calculations performed and the reliability of the

results was not thoroughly addressed. Thus, to draw more speci�c conclusions from the

hydrogen production cost with this system, a more rigorous methodological approach for

TEA formulation is required.

This thesis has a particular focus on TEA, as Figure 1.1 shows. The shortcomings of

TEA of Lehtola are addressed in this thesis by gathering a comprehensive theoretical

background for TEAs. The system is not discussed as extensively as in the study of

Lehtola, but some introduction is needed to build the TEA. TEA is built through a well-

de�ned process, and in parallel the analysis of the reliability of TEA is carried out.
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Figure 1.1. The focus in this thesis compared to Lehtola (2024).

The use of TEAs is often limited due to the lack of transparency of the reliability of the es-

timation and the model used. All the unknown aspects of a technology and its economic

feasibility are often summarized as "uncertainty" even though that group might include

different types of lack of knowledge (LoK). The difference may be with respect to the

controllability of LoK (Saltelli, Ratto, et al. 2008), and therefore recognizing the different

types may allow the use of different kinds of problem-solving techniques in decision mak-

ing. Especially in the early stages of the development of a new technology, LoK is very

high (Kerzner 2013), but as the development proceeds, the knowledge increases and the

model can be improved accordingly. Thus, the objective of this thesis is. . .

. . . to develop and apply a techno-economic analysis framework to evaluate

the feasibility of a green hydrogen production plant, with a particular focus

on addressing uncertainties, ambiguities and system-level challenges asso-

ciated with new technology commercialization and related cost estimation.

A Finnish company is investigating the possibility of green hydrogen production in Finland.

In order to know which technology should be used and to attract investors and partners,

the feasibility analysis should provide a realistic and reliable picture of the prospective

investment. In the lack of standardized methods for the formulation of TEA, a more con-

sistent process was needed to provide stakeholders with a well-founded and realistic

analysis of the feasibility of the technology.

Chapter 1 introduces the thesis topic. In the chapter the motivation for the study is ex-

plained as well as the objectives the thesis aims to ful�ll. The second chapter discusses
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different kinds of LoK. The reason why the LoK exists and the related terminology used in

this thesis are discussed. In addition, system engineering as a discipline is combined to

the topic of LoK. The third chapter covers topics related to commercialization of new tech-

nologies and cost estimation. The challenges in technology commercialization and cost

estimation are acknowledged, and �nally techno-economic analyses, their purpose, and

limitations are discussed. The fourth chapter synthesizes the topics discussed in Chap-

ters 2 and 3 by analyzing in more detail the different sources of LoK within a system and

the differences in real-life systems as a source of LoK. Finally, a framework is composed

that summarizes the analysis of LoK in new technology systems.

Chapter 5 discusses the methodology used in the TEA formulation, and the case of CPV-

and AEMWE-technology system is introduced in Chapter 6. In that chapter, the case

challenges are explained, and the key technologies in the system are introduced. The

model is built and the values used in the model are estimated. The chapter concludes

with the results and their analyses. Then, the seventh chapter discusses the results, the

re�ection of the framework on the results, and future perspectives on the topic, and �nally

Chapter 8 discusses the conclusions of the thesis.
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2. LACK OF KNOWLEDGE WITHIN A SYSTEM

2.1 Complexity

According to Baccarini (1996), complexity can be seen as a product of differentiation of

things like tasks or components and the degree of interrelatedness of these things. Jones

and Deckro (1993) add a third factor, the instability of the assumptions upon which the

two latter factors are de�ned. Complexity is not related to the size of the system, a sys-

tem large in size can have relatively simple elements and low interrelatedness, whereas

a small system can have a complicated design and ambiguous objectives (Tatikonda &

Rosenthal 2000), and as Sommer and Loch (2004) state, interaction complexity is more

damaging than system size complexity. The ability to recognize the correct level of com-

plexity of the situation is crucial to address the issue with adequate measures (Snowden

& Boone 2007). Different levels of complexity are shown in Figure 2.1.

Figure 2.1. Different stages of complexity. Adapted from Snowden and Boone (2007).

The ordered side is the domain where most of the available management methods and

tools are designed to succeed (Dettmer 2011). Ordered contexts are assumed to follow

perceptive cause-and-effect relationships and therefore facts are enough to determine

the outcomes (Snowden & Boone 2007). Figure 2.2 shows the modeling tools that can

be adapted in ordered contexts. Simplicity means a small number of variables that are

related in predictable ways (Jackson 2019). Therefore, algebraic and differential equa-

tions can be used to de�ne the outcome (Jackson 2019). Unlike in simple contexts, in
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complicated contexts there may be multiple right answers, and thus it can be called the

domain of experts (Snowden & Boone 2007). Cause-and-effect relationships exist, but

contrary to simple contexts, they might require some expertise to detect them (Snowden

& Boone 2007).

Figure 2.2. Types of analytic models. Adapted from Wilson (1991).

However, on the unordered side; in complex and chaotic contexts, cause-and-effect re-

lationships are not apparent (Snowden & Boone 2007). Even if the same differential

equations in�uence the unordered contexts as in the ordered contexts, their integration

becomes too dif�cult when the complexity increases (Johnstone & Thring 1957). The

complex system means that the interaction between the constituents and with the en-

vironment is such by nature that the system cannot be fully understood by simply ana-

lyzing the parts (Cilliers 1998). Thus, complex and chaotic contexts are characterized

by the fact that they cannot be understood ex ante (Snowden & Boone 2007). In com-

plex systems, some patterns can be recognized afterwards and therefore it is useful to

experiment (Snowden & Boone 2007) and utilize statistics (Weaver 1948). In chaos, on

the other hand, such patterns do not exist, and thus it is not useful to experiment, but to

act to establish some order (Snowden & Boone 2007). Finally, in the middle of the four

quadrants, disorder means that it is dif�cult to recognize which of the four quadrants the

situation should belong to (Snowden & Boone 2007).

Abstraction is a tool for managing complexity. According to Schindel (1996), it is "a sim-

pli�cation for economic purposes". All science involves abstraction of the complexity of

the world into models that use simplifying assumptions (McEver et al. 2015). Simpli�ca-

tion means that only those characteristics that are desired for consideration are included,

which allows the recognition of commonalities that might have seemed unrelated (Schin-

del 1996). In models, this can be done by lumping the variables that are less important

to create a model with fewer variables (Saltelli, Ratto, et al. 2008). The advantage of sim-

plicity in models should be taken without diverging so far from reality that it cannot longer

predict the behavior of the system (McEver et al. 2015). Furthermore, as the complexity
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of the system increases, the risk associated with simplifying assumptions also increases,

and more advanced techniques might be needed (McEver et al. 2015).

Thus, different problem-solving techniques are required at high levels of complexity com-

pared to low ones. For simple and complicated systems, traditional techniques usually

work well; these techniques involve breaking the problem down into parts until the parts

are simple enough to understand (McEver et al. 2015). The solution can be designed, and

the parts can be reassembled to form a complete solution (McEver et al. 2015). Dettmer

(2011) calls this method analysis. This kind of process does not perform well in complex

environments because it does not allow one to recognize the unexpected emergent in-

teractions between the parts (Snowden & Boone 2007). Thus, the key is to abstract the

system as high-level as possible and then progressively reduce the level of abstraction

(Maier 2009).

In the nineteenth century began a sharp distinction between two separate mathematical

methods for treating a physical phenomenon, classical mechanics for sets of few parti-

cles that can be described with ordinary differential equations, and statistical mechanics

for sets of a great number of particles (Metropolis & Ulam 1949). However, when the

situation is something inbetween and involves a moderate number of parts, neither of the

traditional approaches is very practical (Metropolis & Ulam 1949). For this purpose, there

is the Monte Carlo method (Metropolis & Ulam 1949). It involves the model of a real-life

system and assigning each variable of the system a value according to a given proba-

bility distribution (Kroese et al. 2014). Then, the simulation gives a certain outcome and

when this process is repeated many times, the distribution of the outcomes with different

possibilities of variable values is found (Kroese et al. 2014). According to Damodaran

(2012), the most dif�cult part is that the Monte Carlo method is estimating the probability

distributions and parameters of the key variables.

2.2 Lack of knowledge

Donald Rums�els, the former US Secretary of State for Defense, said in February 2002:

`There are known knowns. There are things we know that we know. There are known

unknowns. That is to say, there are things that we now know we don't know. But there

are also unknown unknowns. There are things we do not know we don't know.' That is

a description of three different kinds of decision-making situations. In Figure 2.3 these

three categories are visualized along with one more category; unknown knowns. That is

a situation where it is not known that something should be known, but if it was, it would be

known. The categories in the upper level differ from the ones in the lower level in terms

of whether the problem is even known to exist. In the upper level it is, and in the lower

level it is not. Unknown-unknowns pose a great challenge, because it is impossible to

plan actions for something that is beyond the understanding of the decision maker (Pich
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et al. 2002). Often an unknown-unknown situation remains unnoticed, as the problem is

assumed to be simpler than it actually is (Sommer & Loch 2004).

Figure 2.3. Different stages of knowledge. Adapted from Dettmer (2011).

According to Conrath (1967), however, it would be useful to consider decision-making

situations in their broader aspects. Uncertainty is often assumed to be with regard to

the outcome, even though in many cases the inability to de�ne the outcome is due to

the inability to de�ne the environmental conditions, referred to as state of nature (SoN).

SoN is referred to as the set S with elements sj . Additionally, there is A, the set of

actions to choose from, with the elements of ai and �nally P , the set of payoffs, with the

elements pij . Figure 2.4 shows that for each SoN, actions, and payoffs, the group of

possibilities can be bounded, that is, known. In that case, if the outcome is also known,

it is a decision under certainty. In a decision under risk, the probability of occurrence

for each possibility is known, whereas in a bounded context, even the probabilities are

unknown. In most cases, however, the group of different possibilities is unbounded due

to insuf�cient knowledge.
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Figure 2.4. Different decision making situations. Adapted from Conrath (1967).

Even if the de�nitions of uncertainty vary between authors (Schrader et al. 1993) and

between different �elds of science (Ward & C. Chapman 2003), there is a consensus that

uncertainty refers to lack of knowledge (LoK). Chat�eld (1995) mentions three types of

LoK, which he calls uncertainty. However, for the sake of clarity, here only the random

variation in the variables is called uncertainty, as shown in Figure 2.5. Saltelli, Tarantola,

et al. (2004) calls such intrinsically uncertain factors uncontrollable uncertainty.

Figure 2.5. Sources of uncertainty. Adapted from Chat�eld (1995).

LoK about estimation of the model parameters is called ambiguity by Schrader et al.

(1993). However, they divide ambiguity into two levels, on the �rst of which variables are

known and the functional relationships are unknown. Saltelli, Tarantola, et al. (2004) call

that kind of LoK controllable. They mean that the value of the variable can be chosen at
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the moment, but it has a currently unknown optimal value, and therefore setting the value

now would risk choosing a suboptimal value. This aligns with the idea of Schrader et al.

(1993) about unknown functional relationships, because the optimal value can be dif�cult

to determine due to the complexity of the relationships with other variables. Thus, that

kind of LoK is here called ambiguity.

The highest level LoK introduced by Chat�eld (1995) is LoK about the structure of the

model. That highlights the issue that a true model does not exist. That is similar to

the second-level ambiguity from Schrader et al. (1993), where both variables and their

functional relationships are unknown. Here, the unknown variable means that it is not

known whether the variable is relevant, rather than that the mere value of the variable

was unknown. Even if also here the functional relationships are unknown similarly to

ambiguity, there can be found two levels that make the two types of LoK different. With

ambiguity, functional relationships are not known in the sense that the variables that have

a functional relationship with the analyzed variable are known, but the relationship is not

entirely known. However, with LoK about the model structure, it is not known which vari-

ables would have an impact on the optimal value of a variable and therefore all variables

might not be known.

There is a debate over whether LoK is a descriptor of the cues surrounding a choice, or

a characteristic of the decision maker, that is, whether it is objective or perceived (Gifford

et al. 1979). In other words, it is a question of whether something is unknowable or

merely unknown by the decision maker. Uncertainty and ambiguity are often considered

as one, even if there is a clear distinction (Schrader et al. 1993). Where uncertainty refers

to lack of knowledge about the outcome value of a variable, ambiguity means lack of

knowledge about the variables or the functional relationships between the variables and

possible values (Schrader et al. 1993). Thus, ambiguity means unclarity of the problem

for the decision maker. This unclarity can be due to the unfamiliarity of the cues with

the decision maker, the number of cues being too large, or contradictory cues (Stanley

Budner 1962). Figure 2.6 shows the relationship between uncertainty and ambiguity.
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Figure 2.6. Modeling at different stages of knowledge. Adapted from Schrader et al.
(1993) and Chat�eld (1995).

As Figure 2.6 shows, the level of ambiguity determines how models, mental or other

kinds, can be used in solution formulation. It shows that the level of uncertainty does

not have an impact on the usability of the model. Ambiguity, however, causes that the

model is un�nished and it has to be kept on building. When there is LoK about the model

structure, it is irrelevant whether there is ambiguity or uncertainty, if it is not known whether

the variable even exists in the model or to which other variables it is connected. Thus,

when ambiguity and uncertainty of the model are considered, the model is assumed to be

known. Nevertheless, the model LoK can be further analyzed by comparing the outputs of

different models (Chat�eld 1995). That would naturally require the existence of alternative

model structures.

2.3 System engineering

The general de�nition of a system is a set of things that have some relations to each other

(Klir 2013). For example, a group of people is a set, but a group of people organized in

line by their age is a system. Where many other disciplines involve mainly studying the

differences between things, systems science predominantly studies the ways things are

organized (Klir 2013). From the organization of things arise emergent properties (Check-

land 2000), as Figure 2.7 shows. They are the systemic features that the wholes possess,

but their parts lack (Bunge 2003). Broad (1925) sees emergent properties as some-

thing that cannot be explained by means of currently known principles of nature. Bunge

(2003) divides emergence into two different concepts. Firstly, ontological emergence, or



12

supervenience, which means the occurrence of qualitative novelty, and epistemological

emergence, which means unpredictability from lower levels.

Figure 2.7. Emergence. Adapted from Walden et al. (2023).

The principle of Occam's razor is often followed by science. The principle means that the

simplest explanation is the one that should be worked with, since those are only one, and

there are thousands of those explanations that are not the simplest (Checkland 2000).

However, this does not mean that the simplest explanation is always the best; Darwinian

evolution is a much more complex explanation for the way of current life compared to just

saying that everything is a product of a divine creator. Still, the �rst theory is better in

accordance with the evidence found. In a way, holistic thinking in the form of systems

science acts as a counterforce to the reductionist nature of classical science (Checkland

2000). Reductionism means reducing a phenomenon from one discipline to another,

such as reducing thermodynamics to statistical mechanics (Bunge 2003). Nevertheless,

sometimes complexity is needed to capture the emergent properties of the system (Klir

2013).

System engineering originates from large aerospace and defense projects (Grif�n 2010).

Jenkins (1969) de�nes system engineering as "the science of designing complex sys-

tems, by the ef�cient use of resources, so that the individual subsystems making up the

overall system can be designed, �tted together, checked, and operated so as to achieve

the overall objective in the most ef�cient way". The world, as well as the systems within,

became more complex and interrelated, and system engineering as an integrative dis-

cipline helps to understand and manage these systems (Walden et al. 2023). It is also

part of technological development because singular products rarely are transformative

any more. In contrast, large-scale systems with complex interactions not only have the

potential for radical changes, but are the backbone of advanced societies (Grif�n 2010).

Systems science is a tool for analyzing complexity (Simon 1962). Systems engineers

encounter systems with varying complexity, simple, complicated, and complex (Walden

et al. 2023). Nevertheless, systems are not wholly complex, some of its characteristics

can be complex, and some of them simple (McEver et al. 2015). Moreover, even relatively

simple systems can generate complex behavior (Walden et al. 2023). The growth of

complexity within systems is driven by competition, increasing client ambitions (McEver et
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al. 2015) and is enabled by technological progress (Schindel 1996). system engineering

approach chosen for the situation depends on the complexity of the system (Jackson

2019).

System engineering focuses primarily on identifying the separable components or mod-

ules within a proposed design, de�ning the intended interactions between them, and en-

suring that the �nal con�guration is built and functions as intended within its environment

(Grif�n 2010). One of the challenges in system de�nition is to understand what is a suf-

�cient level of detail to de�ne system elements and interrelations between the elements

(Walden et al. 2023). Figure 2.8 shows how different levels of detail are necessary in

different phases of the system design. First, the system is designed on a high level,

and then each part of the high level system is designed. Finally, the parts are again in-

tegrated as one system, keeping in mind the possible emergence between the system

parts. In a system hierarchy, each system is a subsystem of its subordinate system, until

the elementary-level subsystem is reached (Simon 1962). The elementary particle is the

simplest system of interest, rather than the simplest system that exists (Simon 1962).

Figure 2.8. System design as a V-model. Adapted form Walden et al. (2023), Forsberg
and Mooz (1991), and Nicholas and Steyn (2017).

Thus, the question remains, how can it be known whether a system will work? Grif�n

(2010) illustrates the situation by noting that system engineering today is in a similar po-

sition with respect to elegant design, as civil engineers did before the development of the

theory of strengths of materials. Back then, houses were built according to some "rules

of thumb" developed through past successes and failures, and handed down from mentor

to disciple. The good structures were those that did not fall down, similarly to nowadays;

a good system is one that works. There is no universal theory for the design of optimal

systems. The ultimate goal of system engineering is elegant designs (Grif�n 2010). It is

a design that achieves its intended purpose while maintaining robustness and ef�ciency,

all while minimizing unintended consequences (Grif�n 2010). Robustness means that the

system must avoid failure modes even when faced with a broad range of conditions such



14

as harsh environments, changing operational needs, and internal deterioration (Claus-

ing & Frey 2005). Ensuring robustness beforehand is challenging, because all possible

con�gurations cannot be reached in the test environment, or it could be unsafe (Grif�n

2010). Thus, the robustness of certain systems can be achieved through experience and

intuition, and although fragile systems are often recognized after they fail, there are no

quanti�able metrics to measure robustness (Grif�n 2010).

Unfortunately, reliability questions are too often considered an afterthought, which re-

sults in disastrous effects on performance and pro�tability (Jenkins 1969). Some possible

sources of unreliability are uncertainty, equipment failure, unavailability of resources in

the form of raw materials, and men to perform operating and maintenance tasks (Jenkins

1969). Failures typically occur at the boundaries and interfaces between elements due

to uncontrolled or unanticipated interactions between elements, which could even have

been assumed to be completely separate in the system (Grif�n 2010). Failure in system

engineering usually leads to more and more detailed processes. However, this makes

no sense; continuing to do the same things over and over while expecting a different out-

come. Thus, if system engineers are to achieve success through failure, the community

must be prepared to do something different (Grif�n 2010). Therefore, failure to identify all

the interface boundaries and interactions within those boundaries is a signi�cant risk to

the project (Walden et al. 2023).
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3. TECHNO-ECONOMIC ANALYSIS OF NEW

TECHNOLOGIES

3.1 Technology maturity and commercialization

Technological change, that is, innovation (Christensen & Bower 1996), is probably the

most powerful engine of growth of businesses, big or small, established or start-ups (Sood

& Tellis 2005). Product development serves as a vital means for many �rms to achieve

competitive advantage and enables organizational members to diversify, adapt, and trans-

form their companies in alignment with evolving strategies to achieve success, ensure

survival, and foster renewal, especially in dynamic or highly competitive markets (Brown

& Eisenhardt 1995). Scienti�c discovery, technological innovation, and exogenous events,

such as changes in legislation, can be seen as possible motives for technology develop-

ment (Small et al. 2014). Even if technology development and commercialization involve

risks and uncertainties, proactive product development can shape organizational compet-

itiveness, drive adaptation, and facilitate renewal (Brown & Eisenhardt 1995). In an ideal

situation, product development is the result of careful planning of a superior product for

an attractive market and executed by a competent and well-coordinated cross-functional

team with the blessing of senior management (Brown & Eisenhardt 1995).

Figure 3.1 shows the typical life cycle of a technology. In the emerging phase, there

are only a few pioneers that are ready to accept the risk of wasting money on research

and development (R&D) (Haupt et al. 2007). The speed with which this phase is passed

depends on the perceived competitive advantage of the technology, the uncertainty of

the outcome, barriers to adoption, and market awareness of the technology (Day 1981).

As the greatest technological and market uncertainties vanish, and consequently, R&D

risk decreases, new competitors appear (Haupt et al. 2007). This is the growth phase.

According to Ernst (1997), where in the emerging stage the ratio between technologi-

cal progress and R&D efforts is low, in the growth stage it increases. In the maturity

phase, the technology progress-R&D efforts ratio goes negative again as there are no

more prominent technology advances, and innovations within the technology are merely

incremental (Haupt et al. 2007). In the saturation phase, only very little technological per-

formance improvement is possible, and even those require extensive R&D efforts (Ernst

1997). Sood and Tellis (2005) emphasize that technologies may not follow the shape of
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the s-curve. Furthermore, a new technology curve might start from any point and can

cross the old technology curve multiple times (Sood & Tellis 2005).

Figure 3.1. The S-curve concept of technology life cycle. Adapted from Ernst (1997) and
Sood and Tellis (2005).

As may be noticed, the technology maturity stages are not very precisely speci�ed. How-

ever, the attractiveness of a technology as an investment depends decisively on its cur-

rent stage of life cycle (Haupt et al. 2007). Especially coping with emerging technologies

has caused a high �rm failure rate (Srinivasan 2008). Therefore, multiple authors have

given their own de�nition of emerging technologies. Cozzens et al. (2010) de�ne emerg-

ing technology as "a technology that shows great potential but has not demonstrated its

value or settled down into any kind of consensus." According to Rotolo et al. (2015), an

emergent technology is "a radical technology that has relatively fast growth, coherence,

prominent impact, and some uncertainties and ambiguity involved". American Council

for an Energy-Ef�ciency Economy et al. (1998) has aimed for a quanti�able de�nition

with "emerging technology is not yet commercialized but likely to be soon, or is commer-

cialized but has only 2 % market share in an appropriate market". As the last de�nition

insinuates, an emerging technology does not have to be new, but only not yet widely com-

mercialized. This undermines the desire of some (e.g. Stahl 2011) to de�ne the duration

of the emergent phase of a technology. Furthermore, mature technology in some con-

text, such as domain, location, or application, can be emerging technology in a different

context (Halaweh 2013). According to Small et al. (2014), the emergency of a technology

does not have binary values, rather technologies can emerge in different ways and to

different degrees.

Technology readiness levels (TRL) in Figure 3.2 developed by NASA give a more detailed

look at the emergence stage of a technology. The concept is popular for the analysis of

the technological maturity of research and development projects (Buchner et al. 2018).
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When a technical system incorporates one or more emerging technologies, the use of

TRLs is helpful in designing a viable new system (Gao et al. 2013). The de�nition in

Figure 3.2 might be too vague and, therefore, the TRL criteria are de�ned in more detail

for a variety of sectors (Buchner et al. 2018). As can be seen in the �gure, the testing

scale increases progressively and similarly increases the resources used in testing.

Figure 3.2. Technology readiness levels. Adapted from Mankins (1995) and Zimmer-
mann et al. (2018).

The inherent value of technology remains unfound until it is commercialized in some way

(Chesbrough & Rosenbloom 2002). Commercialization involves promoting innovation

with the aim of turning it into a pro�table venture within the marketplace (Aarikka-Stenroos

& Lehtimäki 2014). The dif�culty in bringing technology commercialization is signi�cantly

dependent on the radicalness of innovation. Radicalness refers to the degree to which

innovation is based on a substantially new technology, relative to what already exists in

the industry (Govindarajan & Kopalle 2006). As described above, especially during the

growth stage, there are continuous incremental technology improvements. However, rad-

ical innovations are more disruptive and can potentially have a more dramatic impact on

competing companies (Story et al. 2011). In the commercialization of radical innovations,

internal capabilities have an exceptionally crucial status as commercialization challenges

are emphasized (Aarikka-Stenroos & Lehtimäki 2014).

Technical uncertainty is a function of the technology itself (the maturity and level of sci-

enti�c understanding of its characteristics and interactions) and of its external market

(Chesbrough & Rosenbloom 2002). Emerging technology begins with low technology

maturity with incomplete speci�cations and non-uniform standards (Halaweh 2013). The
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path to technological maturity holds great uncertainty (Adner & Levinthal 2002), Srini-

vasan (2008) say "only certainty with the emerging technologies is the high degree of

uncertainty associated with them." Uncertainties arise from variables such as govern-

ment regulations and time; time required for technology development, the time required

for the market to emerge, the time required for the competing technologies to evolve, and

furthermore, these uncertainties interact (Lynn et al. 1996).

However, generating value from technology involves more than just addressing technical

uncertainty, as there is also considerable uncertainty within the economic realm and in

the various ways the two domains can be interconnected (Chesbrough & Rosenbloom

2002). A common phenomenon, which Christensen (2015) points out, is that even the

best managers fail to give up old technologies in a timely manner and commercialize

new technologies successfully. Partially the reason can be that the team that created

and built the presently successful product is often the most competent for its incremental

improvements but rarely the most competent to create its replacement (Maier 2009). That

is why development work is often done by small start-ups and de novo efforts, who are in

a sort of relay race with the incumbent �rms. These de novo companies take care of the

cumbersome development process, but once the commercial potential of the innovation

can be recognized, the incumbent �rms become interested in either cooperating with

the small company or buying it (Srinivasan 2008). However, de novo companies can

and often try to commercialize their innovation by themselves (Srinivasan 2008) similarly

risking falling to the valley of death, shown in Figure 3.3.

Figure 3.3. Valley of death. Adapted from Markham (2002).
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The valley of death is what separates discovery from commercialization (Markham 2002).

Where incumbent �rms often lack the �exibility of start-ups in developing radical innova-

tions, they are likely to have extensive resources for commercialization (Srinivasan 2008).

However, this is often not the case with start-ups. The valley of death is the point where

a business has developed a working prototype for a product or service, but has not yet

developed enough to earn money through commercial sales (Commons Science & Com-

mittee 2013). This situation is often dif�cult to overcome because, while most companies

have resources, personnel, and organizational structures for technology development,

they often lack such resources for commercialization activities, such as marketing, sales,

promotion, production, and distribution (Markham 2002). That is why many new �rms fall

into the gap between technical invention and market recognition. This is due to the lighter

emphasis on commercialization at the beginning of the innovation process and the grad-

ual intensi�cation toward the end (Aarikka-Stenroos & Lehtimäki 2014). Hence, this is the

case that commercialization is often treated as a separate point at the late stage of an

innovation, even though in reality many decisions and activities already in the beginning

of an innovation process involve interaction with technical development and commercial-

ization (Aarikka-Stenroos & Lehtimäki 2014).

3.2 Project cost estimation

According to PMI (2004), a project is "a temporary endeavor undertaken to create a

unique product, service, or result". Projects are multifunctional efforts with a speci�c

objective to be achieved within certain speci�cations (Kerzner 2013). The main goal is to

ensure that the project achieves the best possible performance considering the purposed

objectives (Silva & Santiago 2009). Figure 3.4 shows the project management triangle.

The three constraints of a project; cost, time, and scope are represented in it. The triangle

form demonstrates how changing one constraint affects at least one of the two remain-

ing, but usually both (J. C. Taylor 2008). Thus, cost is not a separable whole from the

project, but an integral part of the project management. Therefore, the precision of the

cost estimation is likely to have a signi�cant impact on the overall pro�tability and success

of the project (Morris 2013). Estimation of project costs means the determination of the

resource costs needed to carry out project activities, such as labor, equipment, materials,

(J. C. Taylor 2008). If the estimation is too low, it might result in the need to ask for ad-

ditional funding later, but too conservative estimation might unnecessarily kill the project

before it has even started (Nunley 2016).
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Figure 3.4. Project management triple constraint. Adapted from J. C. Taylor (2008).

However, before any projects are undertaken, their lucrativeness needs to be established,

because each project is an investment. According to Gotze et al. (2008), investment is

"a series of cash in�ows and out�ows, typically starting with a cash out�ow (the initial

investment outlay) followed by cash in�ows and/or cash out�ows in later periods (years)".

Analogically, projects create outcomes that enable continued operations and additional

value-creating activities after the project phase has ended (Artto et al. 2016). Thus, to

create a comprehensive �nancial analysis of a project, it should include the estimation

of the size of the initial investment, capital expenditures (CapEx), operating expenditures

(OpEx) and revenues projections (Bailie et al. 2012), where CapEx usually includes items

such as equipment costs, piping and installationa and service facilities, and OpEx in-

cludes raw materials, utilities, maintenance and labor (Albrecht et al. 2017).

A professor of accounting has said "The only people who give reliable estimates are

depressed, or worse." (Maylor 2010). Indeed, over 80 percents of projects initiate with

underestimated budgets (J. C. Taylor 2008), overestimating how much can be achieved

within the project and underestimating how much it will cost (Maylor 2010). Overly opti-

mistic estimates are often inherited within project budgets, because lower costs can help

attract funding (Bertisen & Davis 2008) and allow the start of the project, even if there

were no adequate prerequisites (Lovallo & Kahneman 2003). This optimism is especially

high in de novo efforts, where there is, for example, a new technology or a new market

in question (Lovallo & Kahneman 2003) and it is higher with smaller projects, because

large projects are often subject to more control and are less likely to face resistance from

�nanciers (Bertisen & Davis 2008).

Using multiple estimation techniques usually improves the accuracy of the estimation

(J. C. Taylor 2008). Most estimations are performed as a variation of four estimation meth-

ods: expert judgment, analogous estimate, parametric, and cost engineering (Nicholas &

Steyn 2017). Firstly, expert judgment estimation means that an estimation is made by a

person who is recognized as an expert on that speci�c task (Jørgensen 2004). Analogy

estimation, on the other hand, means �nding an already completed project that has a de-
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scription similar to the project to be estimated and using the estimates of the completed

project to estimate the new project (Shepperd et al. 1996). Parametric cost estimation ex-

presses costs as a function of its constituent variables and this method can be used when

these variables are easily identi�able; thus this method requires relevant historical data

as a basis (Niazi et al. 2006). The project can then be parameterized by the unit whose

cost is known, and thus, when the number of units is known, the cost of the project can be

estimated (Maylor 2010). Finally, unlike the methods mentioned above that are top-down

methods, cost engineering is a suitable method for small projects, as it is a bottom-up

method in which costs are assigned to each part of the work breakdown structure (WBS)

(Nicholas & Steyn 2017).

Sometimes, the failure of project estimation results from the improper use of the estimates

(Maylor 2010). Early estimates should be used to merely assess whether the returns

are enough to justify the investment and only after detailed planning of the project and

estimation revision should the budget be formed. This estimate is called an order of

magnitude estimate, as Figure 3.5 shows. Nevertheless, there is typically a huge contrast

between the importance of early estimates and the accuracy of the de�nition of the project

usually available at that stage (Hobbs & Miller 1998). The early estimation becomes "call-

it-stone" and future estimates unrealistically agree with that (Oberlender & Trost 2001),

even though risks and uncertainties are particularly high during the pre-implementation

stage (Hobbs & Miller 1998), and the available data are not necessarily accurate for the

project (Kerzner 2013).

If the environment is relatively stable, the uncertainties decrease as planning proceeds

(Jaafari 2001). As Figure 3.5 shows, the uncertainty decreases quite quickly as the project

develops, and the range of the upside �gures is typically wider as the downside �gures

(Morris 2013). Thus, readjustments to the initial estimations are often needed and would

improve the estimation accuracy, once the uncertainties are less, which is called an ap-

proximate estimate. Its accuracy is higher, as the project de�nition is more speci�ed and

more resources are used for the estimation to use more suitable data for the project at

hand (Kerzner 2013). Finally, while preparing the de�nitive estimate, detailed engineering

data are available and real vendor quotes and unit prices can be used (Kerzner 2013).

It can be dif�cult to know which data can be used for project cost estimation, because

each project is unique (PMI 2004). Reference projects are a source of data. According

to Lovallo and Kahneman (2003), this method includes identifying a relevant reference of

previous projects, acquiring access to their data to draw statistically meaningful conclu-

sions, and �nally comparing the current project with the data from the reference project.

However, it is challenging to de�ne the similarity of the reference projects, raising the

question of how much con�dence can be put in these analogy estimates (Shepperd et al.

1996). According to Lovallo and Kahneman (2003), however, neither looking at some

other company using similar technology nor looking at different projects of the same com-
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pany provides perfect answers, but are nonetheless very useful. Another source of data

are speci�c cost ratios. They are widely available and relate the cost of a task to its size

or magnitude (Palluzi 2005). However, the ratios require careful use and experience, be-

cause it is important to be aware of all the details that are valid in each situation in which

the engineer seeks to apply the cost ratios (Palluzi 2005).

Figure 3.5. Estimation accuracy in different phases of the project. Adapted from Kerzner
(2013).

To account for uncertainty, an amount called a contingency fund or budget reserve is

added to the original estimate (Nicholas & Steyn 2017). It is money that is expected

to account for problems, so there would be no need for additional funding each time

a minor problem arises (Nunley 2016). The larger and more complex the project, the

higher the cost overrun can potentially be (Nicholas & Steyn 2017), and thus in more

complex projects, the contingencies are also greater. In reality, contingencies are not only

for uncertainty, but also for ambiguity in the project, because the size of contingencies

also depends on the precision of the project de�nition (Nunley 2016), and some of the

contingencies can be due to the limited data available from the project (Palluzi 2006). It

is a good practice to assign each part of the contingency to what it is actually used for,

because excessive lumping of the contingencies makes it dif�cult to accept the amount

of money (Palluzi 2006) and, moreover, makes it dif�cult to estimate a proper level of

contingency.

According to Pich et al. (2002), contingencies are meant for such sources of uncertainty

that there is adequate information on known unknowns. If the event or causality lies

beyond the understanding of the project team, it cannot create a plan to avoid it and

attempting to do so usually leads to failure (Pich et al. 2002). A reserve included in
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project budgets for such unknown events is called the management reserve, but not all

organizations have a separate contingency reserve and management reserve (J. C. Taylor

2008). Cost escalation, on the other hand, is a tool to account for the expected increase

in overall price level, due to in�ation, for example (Nicholas & Steyn 2017).

3.3 Techno-economic analysis

To explain the difference between technology and economics Beveridge (1921) says: "If

— — one is considering the building of a house, the question whether the roof should

be made of paper or of some other material is a question not of economics but of the

technique of house-building." In contrast, the question of the pay logic of the employees

is an economic decision. As Mayer (1956) put it, the problem of technology is one end

and multiple means, whereas the problem of economy includes multiple ends and means.

The reason why all the ends are not achieved is the scarcity of means (Robbins 1932), but

also the tendency of economics to take those means as given (Chenery 1949). Another

difference is the interest in different levels of the system. Economists are interested in

complete plants, �rms, or industries, while engineers are mainly concerned with lower-

level systems with less complexity, such as separate physical processes (Chenery 1949).

However, the division becomes unpractical. The decisions of new technologies are based

on the interconnections between production functions, their associated technologies, the

expectations of future output prices, future factor prices, and future production scales

(Auerswald et al. 2000). However, when a technology is seen from an economic analysis

point of view, which often means that at the plant, �rm, or industry level, the situation is

as Pinch and Bijker (1984) put it, “In the economic analysis of technological innovation,

everything is included that may be expected to in�uence innovation, except any discussion

of the technology itself”. Thus, economic analysis usually has a certain cost for some

production function, but the problem here is that this value is dif�cult to derive (Chenery

1949). In practice, this means that technical factors are assumed to be given instead of a

variable and economics merely concentrates on the best allocation of resources (Knight

1934). This is problematic because there is no visibility as to how the change in the

material cost, for example, should translate into the cost of the production function yield.

Thus, economic analysis often produces a static overview with regard to technology.

Techno-economic analysis (TEA) provides a shared language to support interdisciplinary

work, as it links engineering and economic evaluation (Burk 2017). It is an economic

assessment based on data collected from a technology (Buchner et al. 2018). TEA differs

from life cycle costing, because TEA is often limited to the boundaries of a cradle-to-gate

system (Mahmud et al. 2021). However, TEA can be extended to also cover later stages

of the life cycle (Mahmud et al. 2021).
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There is no precise moment or person who came up with techno-economic analyses, but

the Nobel Prize winning tool, input-output analysis created by Wassily Leontief in 1973

(Outreach 2025) was surely one development step. Input-output analysis quanti�es how

the outputs of one sector serve as the inputs of another sector in a complex economic

system, which allows the disentanglement and accurate measurement of indirect effects

(Leontief 1986). The economic system can refer to any system that involves economics,

such as the whole world or a single company. Input can be quanti�ed in physical units, but

more often in value terms (Leontief 1986). The assignment of values instead of physical

units can simplify complex technological decisions, but risks missing important nuances

(Leinfellner et al. 1997).

The general methodological framework for the formulation of TEA is presented in Figure

3.6. TEA is crucial for scaling innovations to commercial levels (Eloka-Eboka et al. 2023),

as it allows a less costly simulation before actual implementation and can reveal possi-

ble enhancements in process con�gurations (Mirkouei et al. 2017). In process simulation

tools such as Aspen, Hysys, or CHEMCAD (Eggeman & Elander 2005; Lepage et al.

2021; Mirkouei et al. 2017; Mandade & Nimdeo 2022) are often used to produce pro-

duction functions that are used as a derivative for the calculation of operating costs such

as raw materials, utilities, labor, and maintenance. This information alongside the capital

cost related decisions on equipment and facilities is used to estimate a production cost

considering different �nancial assumptions, parameters, and sensitivity analysis. The size

of the equipment is based on the balance of material and energy and scaled to industrial

capacity (Mandade & Nimdeo 2022).
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Figure 3.6. A general methodological framework for techno-economic assessment of a
new technology. Adapted from Mandade and Nimdeo (2022).

As TEA helps estimate total and component-level costs early in a project (Eldrup et al.

2018), it is a good tool to assess the economic feasibility and potential of a new technology

(Burk 2017). The different parts that are usually included in TEA are shown in Figure 3.7.

The �gure shows that even if the TEA indicators are the output of TEA, all the assumptions

that have an impact on it should be reported, as well as the assessment of the reliability

of the result. Comparability of the results is important, because the potential of a new

technology is often de�ned in relation to other technologies (IEA 2012).
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Figure 3.7. Required parts for TEA. Adapted from Keller et al. (2022).

TEAs can be made for various reasons and in different stages of technology maturity.

Table 3.1 shows some characteristics of various TEAs from different industries. There, it

can be seen that the purpose of TEA can be to compare different technologies (e.g. Nier-

mann et al. 2019; Volk et al. 2021), to evaluate the feasibility of a new technology (e.g.

Rouwenhorst et al. 2021), or to optimize a technology (e.g. Martínez Ceseña et al. 2020).

In data sources, the most used are different simulation tools, literature with regard to the

technology under analysis, or technologies with similarities and more information avail-

able. Literature sources are either about the technology under analysis or from similar,

more mature technologies. Often, the more mature technology is included in the analysis

for comparison with the newer technology (e.g. Rouwenhorst et al. 2021).

The different key metrics in each TEA represent the unique nature of the TEA, which

makes their comparison challenging. TEAs often use the literature as a reference, but

recognize challenges in it similarly. Comparison was found dif�cult due to differences in

applied methodology, level of detail, and key assumption with regard to economic factors

and market prices (Bayon et al. 2018; Haarlemmer et al. 2012). Therefore, Krey et al.

(2019) found it irrelevant to compare certain technologies with technologies in other mod-

els and the comparison can only be done within the same model. That seems to cause
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a great amount of work, since the ability to utilize previous analyses is limited, and the

same efforts need to be repeated due to the lack of transparency.

Based on the information collected in Table 3.1, sensitivity analyses are a fairly common

part of TEA, but uncertainty analyses seem to be more an exception than the rule. Sen-

sitivity analyses are generally conducted so that each variable that is considered to have

the potential for variation are compared when they are reduced and increased by a cer-

tain percentage and the effect on the key metrics are compared to �nd the most sensitive

variables (e.g. Chen et al. 2024; Y. Li et al. 2020; Geleynse et al. 2018). However, the lack

of uncertainty analysis may diminish the potential of the models for use in other TEAs,

when uncertainty is not explicitly mentioned and analyzed.

TEA consists of process models, capital and operating cost models, and cash �ow anal-

ysis (Burk 2017). The purpose of TEA is to use laboratory and pilot scale data to predict

full-scale process feasibility (Mandade & Nimdeo 2022), and the more mature the technol-

ogy analyzed in TEA is, the closer the simulated situation can be to full-scale operation,

as Figure 3.8 shows. According to Buchner et al. (2018), the TRL can be seen as a

measure of data availability with respect to technology. Furthermore, information on new

technology can also be insuf�cient up to the current TRL due to con�dentiality reasons

and potential competitive advantages in a small market with only a few players (Holst et

al. 2021). The data in TEA can either be derived from the tests made for the new tech-

nology, or it can be projected data estimated in some other way. When the maturity of

the technology is low, there are no bottom-up calculations available from the operations

required on the larger scale, and therefore these calculations are not available.

Figure 3.8. TEA projects the data from lower scale to the full-scale operation with the
help of data from analogous technologies.
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As Figure 3.8 shows, the TEA of a new technology is based on data available on current

TRL, and other more mature analogous technologies. In the �gure, for the new tech-

nology, TEA is made from a simulation of a relatively low-scale operation, which means

that the maturity of the new technology is likely to be low. However, analogous technol-

ogy has a higher maturity, and the simulated operation is on a larger scale, closer to the

commercial, full-scale operation. As Figure 3.9 shows, the lower the maturity of the new

technology, the higher the estimation error of TEA. That is because a higher portion of

costs need to be projected from similar technologies, and at the same time data from

current TRL is likely to be less accurate in the commercial stage. Therefore, both the TRL

analysis and the uncertainty of the analysis are highly important parts of TEA.

Figure 3.9. Estimation error on different TRLs. Adapted from Buchner et al. (2018).

Figure 3.9 shows only a reference as to how the estimation error develops as technology

matures. Each technology involves different amounts of uncertainties that are affected in

different ways when maturity increases. Therefore, it is important to assess the reliability

of the TEA in each case individually, in order to avoid the risk of putting too much empha-

sis on a highly uncertain estimate. The reason why uncertainty is often poorly analyzed

can be the lack of transparency with respect to the input of the analysis, the increased

complexity of the analysis, and the lack of standardized methods for calculating uncer-

tainty. The complexity arises from combining the two domains; physical and economic,

which even alone could cause signi�cant complexity (Chesbrough & Rosenbloom 2002).
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4. LACK OF KNOWLEDGE IN TECHNO-ECONOMIC

ANALYSIS OF A NEW TECHNOLOGY

4.1 Lack of knowledge within a system

Each system in an experiment is restricted by its boundaries that separate it from its sur-

roundings. It also delimits the variables that are under the experimenter's control (John-

stone & Thring 1957). These boundaries de�ne the system of interest, as the decision

maker of the system is known. Figure 4.1 shows a system with boundaries, and the SoN

outside of the system and its element sj . As the �gure shows, system elements are ac-

tually subsystems, that are simply chosen to represent on a higher level in the system of

interest. External systems are here considered as an environment for the sake of simpli-

�cation. The combination of the action of the system ai and the impact of the element of

the SoN sj results in payoff pij of the system context visualized as an arrow.

Figure 4.1. A system, its boundaries and the environment. Adapted from Conrath (1967),
Schindel (1996), and Tushman and Murmann (2002).

Knowledge about the system can vary. Firstly, it can be unknown, which elements inside

the system or in the environment are relevant or to which other elements of the system

they are connected to. This system-level LoK is shown in Figure 4.2. Secondly, the LoK

can mean ambiguity. That means that the element is known to exist, but it is not known

what the element is like or what the relationship is like to other elements it is connected
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to. Finally, the LoK can mean uncertainty, in which case there is a random variation in the

value of the variable.

Figure 4.2. Levels of LoK in a system.

Even if ambiguity and uncertainty are different levels of LoK in a system, they can still

exist at the same time and be analyzed separately (Schrader et al. 1993). A visualization

of different states of knowledge in system elements is shown in Figure 4.3. When there

is both ambiguity and uncertainty in an element, there are on the �rst hand different

alternatives for the subsystem of the element, and on the second hand, each alternative

can also have uncertainty in its related values. Thus, ambiguity could be described as

qualitative LoK and uncertainty as quantitative LoK, which can exist independently of each

other.
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Figure 4.3. Ambiguity and uncertainty in system elements.

Figure 4.4 illustrates these different states of knowledge within a system. The system

represents a system with the ambiguity and uncertainty of the systems in Figure 4.2.

Here, the elements in SoN have an impact on the system, known or unknown, and the

combination of SoN and the activities within the system makes up the system payoff p,

which is affected by both the ambiguity and uncertainty of the elements in the system and

in SoN.

Figure 4.4. The components of the payoff variation.

Due to the LoK in the system and its environment, it is not possible to �nd one "true"

value for the system payoff, but rather some range of possible values. That range can

also follow some probability distribution, if the probability distributions of the uncertain and

ambiguous factors are known or estimated. However, that overall variation does not take

a stand on the type of LoK it is caused by. Therefore, since the uncertain and ambiguous
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elements are known and their uncertainty and ambiguity are somehow quanti�ed, the

uncertainty and ambiguity of the payoff can also be separately quanti�ed.

4.2 Sources of data for techno-economic analysis of new

technology

Historical data is often used in cost estimations. Historical data can be of past projects

of the same organization or projects of other organizations that are based on a similar

technology or are analogous in some other way (Lovallo & Kahneman 2003). The more

similar projects that have been done in the past, the more likely it is to �nd relevant infor-

mation to help in the cost estimation of the current project. However, not all technologies

have been through the scale objective before, which forces to use either the information of

other similar technologies that are more mature, or to use information acquired about the

new technology in smaller-scale tests. These different sources of information are shown

in Figure 4.5. As shown in the �gure, the distance from the analyzed technology can be a

result of differences in scale or differences in technology or other project characteristics.

The target of the �nancial analysis is usually the commercial plant or the pilot plant. It

does not seem customary to make a �nancial analysis of the laboratory bench.

Figure 4.5. Different sources of �nancial information.

Lack of speci�cation, lack of experience due to novelty, complexity, limited analysis of

processes and possible occurrence of events that impact the activity can limit the avail-

able information about the project (Ward & C. Chapman 2003). As the maturity level of

a technology increases, more information is usually available. However, similarly grow
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the technology-speci�c investments made (Mankins 1995). Therefore, possible issues

should be recognized and addressed as early as possible in the process. To facilitate

that, technology goes through different scales of production during its life cycle, as Figure

4.6 shows. The data collected on a smaller scale is used in larger-scale systems. The

aim of the whole process is the commercial scale plant, and therefore the objectives that

testing has on each scale is supposed to support that idea.

Figure 4.6. The production scales at different points of development process. Adapted
from Berg and Cleary (2011).

Each project is different and not all technologies go through all different production scales.

Although the process of obtaining information in the laboratory is relatively inexpensive

and quite expensive on the pilot scale, it is nothing compared to the cost of obtaining

information on the commercial scale (Gertenbach & Cooper 2009). Thus, testing should

always be done on a as small scale as possible (Berg & Cleary 2011). The ultimate goal

of spending time and money on a pilot plant is to reduce the risk of the commercialization

process (Gertenbach & Cooper 2009). What is piloted and on which scale depends on

the recognized knowledge gaps of the technology (Berg & Cleary 2011). Due to these

differences between technologies, each pilot project is unique.

The amount of production is not the only difference between laboratory, pilot, and com-

mercial scales. Table 4.1 summarizes these differences. The commercial scale of pro-

duction comes with continuous and steady production and maintenance, long service life,

and commercial conditions. Conversely, on laboratory scale production is very low or non-

existent, because testing can consist of mere equipment rather than the whole process.

The key objective is data collection for the pilot and commercial stages instead of produc-

tion as such. In addition, the conditions are laboratory conditions instead of the real-world

environment. As an intermediate level between laboratory testing and commercial pro-

duction, is the pilot stage. The key objectives range from developing and demonstrating

new process concepts, producing samples for market development, or compiling basic

data of a commercial manufacturing process (Berg & Cleary 2011). These different objec-
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tives can result in the need to pilot on multiple scales, possibly using multiple approaches

(Berg & Cleary 2011).

Table 4.1. Comparison of different production scales. Adapted from Martin (2019).

Factor Commercial Scale Pilot Scale Laboratory Scale

Key Objectives Continuous
generation of
on-spec product(s)

Process knowledge
and understanding,
Operational
observations,
Scale-up data

Equipment testing

Scale Tonnes per hour Kilograms per hour Small

Operation Continuous,
maximizing up-time

Continuous
campaigns lasting
up to several weeks

Individual batches

Design Life Tens of years Between one and
ten years

Short

Maintenance During operation, as
much as possible

Between campaigns -

Operational Mode Steady state Chasing steady
state

No steady state

Data Acquisition
and Control

As needed to
maintain steady
state

To obtain steady
state and the
necessary process
data for scale-up

Data for pilot

Operating
Temperature and
Pressure

Commercially
optimal conditions

Beyond
commercially
optimal conditions
(to establish
optimum)

Beyond pilot optimal

Capital Project
Timescale

Several years One year ?

Figure 4.7 shows the advantages and disadvantages of using cost information from dif-

ferent sources. As the differences are diverse between the different scales, moving to a

larger-scale project does not mean simply acquiring new or larger equipment and pro-

ducing more, and thus scaling up the laboratory apparatus (Gertenbach & Cooper 2009).

Neither is a pilot plant a perfect scaled-down version of the commercial plant; some equip-

ment can be the same as in the commercial plant, whereas some equipment can be found

in a smaller-scale version (Nunley 2016). Thus, pilot plant apparatus are only partially

relative to the scale. The differences between the analyzed project and an analogous

project can be more manifold and should be carefully considered before they are used in

new contexts.
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Figure 4.7. Advantages and disadvantages of different sources of �nancial information.
Adapted from Martin (2019), Berg and Cleary (2011), Nunley (2016), Gertenbach and
Cooper (2009), and Mankins (1995).

As the �gure shows, the distance both in scale and in technology represents more dif-

ferences compared to the analyzed technology. It makes the predictative power of those

sources lower in the analysis and therefore that information should be treated with more

caution. That means that it should be analyzed whether certain information can be used

in the �rst place and, if it can, how reliable is that information in the analysis of the new

technology.

4.3 Analysis of lack of knowledge in techno-economic analysis of

a new technology

Testing and the gradual increase in scope is to increase the knowledge with regard to

the system behavior and its environment. Figure 4.8 shows how knowledge increases

throughout the commercialization process. Knowledge about the system increases as

technology matures. Similarly, ambiguity decreases as the relationships between vari-

ables become more apparent. However, uncertainty does not vanish during development

because it represents the random variation of a variable. Thus, the increase in estimation

accuracy is due to the decrease in ambiguity and the increase in knowledge about the

system.
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Figure 4.8. Knowledge accumulation through system development.

Building TEA begins by de�ning the system to which the data in TEA are chosen to be

projected. References to this system can be found in the current development stage of the

system, as well as in the systems used in similar technologies, as Figure 4.9 shows. Due

to the known or unknown differences between those systems and the analyzed systems,

the de�ned system may not be accurate to the actual system that would be built in the

future. Thus, there is LoK with regard to the model, and the system structure could

change as the technology matures.
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Figure 4.9. Smaller-scale system and analogous system as a reference for analyzed
system design.

As Figure 4.8 shows, the development stage of the analyzed system can be used as a

reference for the accuracy of the estimation in TEA. The reason why data from a smaller-

scale system might not provide accurate data for a larger-scale system are the differences

in the two systems. The same applies to data acquired from analogous technologies.

Differences in the system can be expected to make the data of that system less reliable

in the analysis. To analyze these differences, the analyzed system, the smaller-scale

system, and the analogous system can be visualized as Figure 4.9 shows.

Figure 4.10 shows the framework for analyzing LoK in TEA. The analysis can begin with

determining the current approximation of the system that represents the commercial plant.

There, as a reference, smaller-scale systems that are tested in the current development

stage can be used, and analogous systems that include the use of similar technologies.

Similarly, the differences between the smaller-scale system and the analyzed system and

the analogous system and the analyzed system are de�ned. These differences determine

the reliability of the information taken from the smaller-scale system and an analogous

system for the analysis of the system with the new technology.
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Figure 4.10. Framework for LoK analysis in TEA of a new technology.

The available knowledge about the TEA system is further analyzed. That means that for

each recognized element the type of LoK is de�ned and quanti�ed. If it is not known,

what would be the most optimal alternative for the element's qualitative characteristics,

and because of the unknown relationships with other elements, the element is ambigu-

ous. However, if the value related to the element is quantitatively unknown, which means

that it has some random variation, the element has uncertainty. Ambiguity and uncer-

tainty are not exclusive options, and thus each element can be unambiguous and certain,

unambiguous and uncertain, ambiguous and certain, or ambiguous and uncertain.

An element can either be inside the system or in the environment of the system. The

elements in the system environment impact the entire system or some elements of the

system. The combination of the impact of the elements in the environment and the el-

ements of the system creates the system payoff. If there is uncertainty or ambiguity

recognized in the system, it means that the system payoff is not a singular value, but

rather a range of possible values, possibly with a probability distribution. That range in-

cludes both uncertainty and ambiguity in the system and only those two. Therefore, that

overall variation of the system payoff can be divided into the variation caused by system

ambiguity and the variation caused by system uncertainty.
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5. RESEARCH METHODOLOGY

5.1 Model formulation

A model demonstrates some phenomena of the real world (Giereheller 2004), although

the model is inevitably a "small world" representation of the more complex reality (Knud-

sen et al. 2019), and the more complex the real-life system, the more dif�culties expected

to occur when the model is built. Thus, the model can be considered as an approximation

of the real world and can be evaluated based on how well it represents its real-world target

system counterpart (Hausman 2023). However, a "good presentation" of the real world

might not mean showing every detail precisely as they are, because more important is the

signi�cance and relevance of the depicted properties in the underlying context (Knudsen

et al. 2019). As the model describes the real world, it does so based on some theory and

thus acts as an intermediary between the two (Skyttner 2005). Thus, the model aims to

represent the real world, but inevitably ends up being imperfect. Figure 5.1 shows a gen-

eral process for module formulation, where the model is �rst used to create and estimate

the real world, and then the goodness of the model with the result is analyzed to draw

comprehensive conclusions from the model.

Figure 5.1. Process for model formulation and interpretation. Adapted from Saltelli,
Ratto, et al. (2008).
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In the estimation phase, for each variable, its best estimate, the type of LoK it has, and

the information needed to estimate its distribution are estimated. According to J. R. Taylor

(1997), the best estimate is the midpoint of the estimated range of probable values and

(measured value of x) = xbest � �x; (5.1)

where xbest is the best estimate and �x the error. The output of the model with the

best estimate parameter values can be selected as the output of interest. The output

of interest should be in a single well-de�ned quantity that represents the most accurate

information the model is intended to provide (Saltelli, Ratto, et al. 2008). The input data

means anything that can cause a variation in the output of the model (Saltelli, Ratto, et al.

2008). At the end of the estimation, the values of the "best" parameters as well as the

distributions of the variables are known (Saltelli, Ratto, et al. 2008).

Each of the factors of the output Y consists of can either have no uncertainty, and thus

cause no variation in the output, it can have controllable LoK, or it can have uncontrollable

LoK. Y = f (X 1; X 2; : : : X k) represents a mathematical or computational model, where

k is the number of factors whose variation is of interest (Saltelli, Tarantola, et al. 2004).

Furthermore, it is recommended that the model has as low complexity as possible, and

therefore the Occam's razor can be used to eliminate parts that appear to be irrelevant, or

lump some parts for the sake of simpli�cation (Saltelli, Tarantola, et al. 2004). Thus, lump-

ing factors with controllable and uncontrollable LoK for the sake of simpli�cation results in

one factor with both types of LoK.

Uncertainty analysis is carried out by propagating uncertainty through the system, sam-

pling the parameters based on their respective distributions (Saltelli, Ratto, et al. 2008).

Figure 5.2 shows the distributions that can be used for different types of factors based on

their LoK. In the case of controllable LoK, the optimal value is known to exist between a

minimum and a maximum value, but it is not possible to assume that one option is more

likely than the other, and therefore the distribution is assumed to be uniform between

those values. However, uncontrollable LoK, is assumed to follow normal distribution, due

to its widely agreed on explanatory power for the most natural phenomena (Lyon 2014).

Due to the "hierarchy" of LoK shown in Figure 2.5 those variables with controllable and

uncontrollable LoK are assumed to �rst follow the uniform distribution and then contain

an error that follows the normal distribution.
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Figure 5.2. Parameter distributions according to the type of LoK.

Each category requires different information about the distribution. Variables with con-

trollable uncertainty require knowing the minimum and maximum value of the parameter,

whereas variables with uncontrollable uncertainty require knowing the best estimate of

the parameter and its standard distribution. Variables with both types of uncertainty re-

quire minimum and maximum values, as well as the standard distribution. Knowledge

about the uncertainty of these factors can be based on measurements, expert opinion,

physical limits, or analogy with factors for similar compounds (Saltelli, Tarantola, et al.

2004).

5.2 Uncertainty and sensitivity analysis

Sensitivity analysis should go hand in hand with uncertainty analysis (Saltelli, Ratto, et

al. 2008), but they are mentioned more frequently than practiced (Saltelli, Tarantola, et

al. 2004) and therefore their meaning and methodology must be speci�ed. Uncertainty

analysis here means "LoK analysis", but it is called uncertainty analysis. In investments,

for example, the uncertainty analysis quanti�es the potential loss for the investor and

the sensitivity analysis identi�es the relative importance of each source of risk (Saltelli,

Tarantola, et al. 2004). Therefore, both analyses provide important information in addition

to the output of interest computed from the model; uncertainty analysis shows how much

the output can vary due to the uncertainty of the inputs, and sensitivity analysis shows

which input variables are the most in�uential in the uncertainty of the output.
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One approach to conducting uncertainty analysis is through Monte Carlo simulation. This

method involves examining the probability distributions of the input variables, which are

derived from prior estimations (Saltelli, Ratto, et al. 2008). Saltelli, Ratto, et al. (2008)

has outlined the process. It begins with a parameter x that follows a normal distribution:

x � N (x� ; � x ), which means that after estimation, x is assumed to be normally distributed

with mean x� and standard deviation � x . Similarly, other parameters such as y, z, etc. are

treated in the same way. For simplicity and despite potential dependencies, these vari-

ables are assumed to be statistically independent. Random samples from their respective

distributions are generated for each parameter. This results in a set of N sample vectors:

2
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x(2) y(2) z(2) � � �
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(5.2)

The model is then evaluated for each of these input vectors, producing a corresponding

set of N output values Y (j ) :
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(5.3)

After these steps, the average output of the distribution can be plotted and other informa-

tion, such as standard deviation, percentiles of the distribution, and con�dence limits, can

be calculated (Saltelli, Ratto, et al. 2008). 90th percentile, for example, shows the value

that is the maximum output value with 90 % probability (Saltelli, Tarantola, et al. 2004). In

uncertainty analysis variables that do not have any LoK, for example physical or mathe-

matical constants or internal model variables, are not allowed to vary and therefore they

do not cause variation in the analysis output (Saltelli, Ratto, et al. 2008). Furthermore, to

analyze only the uncertainty in the output caused by controllable uncertainty, only those

variables with controllable uncertainty can be allowed to vary while the others remain con-

stant, or if only uncontrollable uncertainty is analyzed, only variables with uncontrollable

uncertainty can be allowed to vary through the sampling.

In general, the objective of the sensitivity analysis is to quantify the effects of parameter

variations on the calculated results (Cacuci 2003). In this way, priorities can be set on

the factors that require better determination and which factors propagate the most vari-

ance in the output (Saltelli, Tarantola, et al. 2004). Sensitivity analysis can be done for all
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variables or only for some selected variables (Cacuci 2003). The choice of the sensitiv-

ity analysis technique depends on the desired precision of the sensitivity estimates, the

expected complexity of the relations linking the inputs to the output, and the total number

of model runs that can be performed for the sensitivity analysis (Girard 2014). Most sen-

sitivity analyses in the literature are based on derivatives, where the derivative �Y j =�X i

of an output Yj versus an input X i can be thought of as a mathematical de�nition of the

sensitivity of Yj versus X i (Saltelli, Ratto, et al. 2008).

A practical way to avoid excessive numerical problems in sensitivity analysis is to perform

one-at-a-time (OAT) sampling, which means that the analyst changes one input at a time

to test its effect on the output (Saltelli, Ratto, et al. 2008). The advantage of using OAT in

a deterministic model is that the analyst can determine exactly what effect is caused by

changing the parameter when the other parameters remain the same (Saltelli, Ratto, et

al. 2008). Equation 5.4 shows how OAT sampling can be performed according to Saltelli,

Ratto, et al. (2008).
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In the equation, each parameter X i only takes two distinct values, which are 0 and 1

here to simplify the equation (Saltelli, Ratto, et al. 2008). The quantity yi = yi +1 � yi

represents the estimate of changing X i from 0 to 1 (Saltelli, Ratto, et al. 2008). Here,

0 represents the variable's default value, which is now the best estimate value, and 1

represents the variables upper or lower boundary. That boundary can be the same for all

variables; for example, the low value can be 0; 8 � xbest and the high value 1; 2 � xbest.

However, that does not take into account the LoK each variable includes. There could

be variables where a small variation would have a great impact on the output, but that

variables is likely to have only very small variation, or a variable could be such that the

variation does not have a great impact, but the LoK with regard the variable is so high

that in reality the variation in the output is high. Therefore, the upper and lower limits here

follow the expected variation of each variable.

One of the most common used of sensitivity analysis is the factors' prioritization setting,

which means organizing the variables so that the variable with the highest priority is the
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one that would lead to the greatest reduction in the variance of the output Y if that variable

were �xed to its true but unknown value (Saltelli, Ratto, et al. 2008). Hence, the variables

can be ranked in importance order, from the highest yi to the lowest. Selecting 0 and 1

values for each parameter X i is relatively simple in the case of controllable uncertainty,

because the minimum and maximum values can be used to analyze the variation caused

by this range to the variation of the output. For uncontrollable uncertainty the normal

distribution is used, and that does not have minimum or maximum values. Therefore, a

range can be chosen in which a reasonable portion of the values are likely to lie. That

could be, for example, 90 %, so that values within the lowest and highest 5 % are left

outside the analysis.
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6. CASE STUDY

6.1 Case background

6.1.1 Green hydrogen production

In the 19th century, fossil fuels were discovered, helping to industrialize the world (Huber

et al. 2006). However, now fossil fuel resources are declining (Huber et al. 2006), the

world population has grown by 2 billion in a single generation, causing increasing energy

needs especially in emerging economies (Kannan & Vakeesan 2016). United Nations

have agreed on limiting global warming to 1,5� C, which would mean that the decline in

greenhouse emissions would grow by 43 % between 2025 and 2030 (UNFCCC 2015).

As Figure 6.1 shows, a large growth is expected in the use of hydrogen and hydrogen-

based fuels. They are needed to �ll the gaps where electricity cannot easily or econom-

ically replace fossil fuels and where limited sustainable bioenergy supplies cannot cope

with demand. This includes using hydrogen-based fuels for ships and planes and hy-

drogen in heavy industries such as steel and chemicals (IEA 2021), such as ammonia

and methanol (Szulejko et al. 2022) and in the desulfurization or upgrading of petroleum

(Szulejko et al. 2022). Furthermore, Finland is an interesting country to study in this re-

gard because Finland has great ambitions for green hydrogen production. Finland's goal

is to become the European leader in the hydrogen economy and produce up to 10 per-

cent of green hydrogen in the European Union in 2030 (Ministry of Economic Affairs and

Employment of Finland 2023).

Figure 6.1. The projected growth of green hydrogen. Adapted from IEA (2021).

98 percent of hydrogen is made with fossil fuels (Lepage et al. 2021), and most of it is

made with steam methane reforming (Turner 2004), which causes around 900 Mt of CO2
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emissions per year worldwide (Ajanovic et al. 2022). Its popularity can be explained with

the low cost of the method compared to other alternatives (Turner 2004). This production

of hydrogen with fossil fuels is called gray hydrogen (Ajanovic et al. 2022). Different hydro-

gen types are shown in Figure 6.2. As the most signi�cant competitor of green hydrogen

at the moment can be seen blue hydrogen (Ueckerdt et al. 2024), which is also made with

fossil fuels but has fewer greenhouse gas emissions than gray hydrogen because blue

hydrogen includes the capture of carbon emissions (Ajanovic et al. 2022). However, car-

bon capture and storage is not a suf�cient solution to decrease CO 2 emissions, because

it does not eliminate all CO2 emissions (Taibi et al. 2020).

Figure 6.2. Colors of hydrogen. Adapted from Ajanovic et al. (2022).

To make green hydrogen more economicly viable, it would require a signi�cant drop in

production cost or putting a price tag for CO2 emissions (Bosch 2023). McDonald (2020)

reported, that key hydrogen leaders are unsure about the customers' willingness to pay

the green premium of hydrogen made with renewable energies, or they might be willing

to pay it only partially, but not the entire premium. However, even if some customers

would be willing to pay the green premium, it is not likely to be enough to reach cost

parity (Köveker et al. 2023). This is problematic because reducing the costs of green

hydrogen to the level of gray hydrogen will take years, and the customers' unwillingness

to accommodate the current higher prices delays the conversion to green hydrogen.

Hydrogen can be produced with any technology that produces electricity; solar, wind,

nuclear or thermal energy (Turner 2004). However, solar power is considered the most

promising source of renewable energy (Kannan & Vakeesan 2016). This is due to its

superior abundance, inexhaustibility, and cleanliness (Parida et al. 2011). Existing solar

energy technologies include solar heating, solar photovoltaic, solar thermal energy, and

solar architecture (Singh 2013). Thus, �nding ways to use solar power is equally im-

portant in addressing the increasing need for hydrogen. Hydrogen can also expand the

possibilities of renewable energy because hydrogen as an energy storage system can

balance the �uctuation in generation of energy from weather-dependent energy sources

and the requirements of the energy demand (Jang et al. 2022).
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Green hydrogen requires the use of electrolysis of water, thermal chemical cycles that

require heat, or biomass processing (Turner 2004). Electrolysis is suitable for large-scale

production Koponen (2020), and has the advantages of availability, �exibility, and high

purity, but the disadvantages of poor energy ef�ciency, safety, durability, operability, porta-

bility and, above all, high installation and operation costs (Zeng & Zhang 2010). However,

electrolysis requires only water and electricity as input to the system and has oxygen and

hydrogen as output of the system (Taibi et al. 2020).

Achieving the goal of hydrogen being an important energy commodity on a global level

would require signi�cant improvements and cost reduction in production, storage, con-

version, transportation, and end-use technologies (Barreto et al. 2003). Although green

hydrogen production is more expensive than other types of hydrogen, its costs are de-

creasing, mainly due to the decreasing costs of renewable energies (Taibi et al. 2020).

According to Ueckerdt et al. (2024), green hydrogen prices are likely to fall when elec-

trolyzer sizes increase, serial production is established, and renewable electricity costs

drop, but the timing of these events is still uncertain and might occur at different times at

different places. According to Taibi et al. (2020), the most important strategies for reduc-

ing the cost of green hydrogen are to reduce the cost of the electrolyzer and the cost of

electricity, and to increase the ef�ciency of the electrolyzer.

Levelized cost of hydrogen (LCOH) is often used for the comparison of different hydrogen

production technologies and means the critical monetary value per kilogram of hydrogen

that allows an investor to break even in terms of discounted after-tax cash �ows over

the useful life of the electrolyzer (Glenk et al. 2021). LCOH with different technologies is

shown in Table 6.1. LCOH represents the price of hydrogen production, and not costs

related to transportation and distribution, for example. Thus, the system boundary in the

LCOH analysis is well-to-gate, as shown in Figure 6.3.

Table 6.1. Low temperature water splitting electrolysis methods.

Hydrogen production tech-
nology

LCOH (USD) Reference

SMR (gray) 1,00-2,00 Nyangon and Darekar
(2024)

SMR with carbon capture
(blue)

1,25-1,75 Nyangon and Darekar
(2024)

Electrolysis from grid electric-
ity (yellow)

3,50-6,00 Nyangon and Darekar
(2024)

Electrolysis from renewables
(green)

3,40-7,50 Nyangon and Darekar
(2024)
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Figure 6.3. Typical system boundaries used by fuel life-cycle analysis methodologies.
Adapted from IEA (2024).

According to Taibi et al. (2020), with rapid scale-up, green hydrogen can become compet-

itive with blue hydrogen in 2030. According to Curcio (2025), the effect of the reduction in

cost in the scale-up of the plant size is greater with green hydrogen production technolo-

gies, compared to blue or gray hydrogen production technologies. Increasing the plant

size from the current typical size, 1 MW, to 20 MW would result in a cost reduction of

more than a third (Taibi et al. 2020). According to Becker et al. (2023), there should be

TW scale electrolyzer deployments, instead of MW scale.

6.1.2 Case challenges

The case company is investigating the potential of anion exchange membrane water elec-

trolysis (AEMWE) and concentrated photovoltaic (CPV) technologies in green hydrogen

production in Finland. The motivation for the project is on the one hand to �nd sustainable

and economically viable ways to produce green hydrogen and on the other to utilize solar

power. To prove the economic viability of the system, a comprehensive economic analysis

is required. Setting up such a plant would require investors who would want to know the

value and riskiness of their investment. To �nd partners and investors for the project, the

economic feasibility of the plant must be documented. The analysis would also indicate

whether it could even be possible to attract any investments. Possible bottlenecks in the

economic feasibility of the plant should be discovered to �nd the economic limitations of

the technologies.

Rare metals create problems for businesses because of their high prices, availability is-

sues, and moral questions related to child labor, for example. A business that relied on

such rare materials would suffer extra volatility because of uncertainties regarding the

future with regard to these metals. Minimizing their impact would enable for a more sta-
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ble environment. The dependence on the rare metals limits the commercial potential of

proton exchange membrane water electrolysis (PEMWE) technology in hydrogen produc-

tion. Therefore, CPV and AEMWE were chosen as technologies for the analysis because

these technologies allow hydrogen production with a lower need for rare metals. How-

ever, the lower use of rare metals may have to be replaced with the use of less mature

technologies.

The technologies are tested in laboratory settings on a small scale to test the system

and to compare the results with the values given by the manufacturers. AEMWE and

CPV technologies are in a different stage of maturity and AEMWE has not yet been

commercialized, whereas CPV has been used on a commercial scale. This leads to the

different amounts of information available for these technologies. For AEMWE, there are

laboratory data collected by the case company and laboratory data from other sources,

which leads to a knowledge gap between currently available information and information

from a commercial-scale plant. Conversely, for CPV there is a generous amount of data

from a commercial scale. However, CPV output is known to vary signi�cantly depending

on the location, and therefore different locations need to be compared, since the plant

location is not yet decided.

The case company had initially been in contact with some companies that could be in-

terested in some collaboration in the project, but political turbulence caused their retreat.

Especially, the war between Russia and Ukraine since 2022, and the selection of Donald

Trump as the President of the USA in 2025 have caused uncertainty and reluctance for

new energy investments in Finland. Lack of partners with their data, knowledge and plans

undermines the concreteness of the project and leaves the de�nition of the project very

broad. Thus, even if Finland has ambitious goals for hydrogen in the future, there are

many obstacles to overcome to boost hydrogen production in Finland.

Figure 6.4 concludes the challenges faced in this case. On the one hand, limited data

on reference projects and the use of technologies with low maturity cause the limited

available data about the system in the commercial scale. On the other hand, early project

phase and the lack of partners cause that the project de�nition at this stage is vague.

Furthermore, the limited data about the commercial scale also have an impact on the

project de�nition accuracy, as the limited information about the system causes that the

project de�nition remains broad.
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Figure 6.4. Sources of lack of knowledge in the case.

Thus, techno-economic analysis (TEA) built from the system with CPV and AEMWE has

signi�cant lack of knowledge (LoK). Since the intention is not to create new knowledge

about the system, this LoK cannot be removed, but instead it has to be dealt with and

included in some way in TEA. Disregarding LoK in TEA could cause TEA results to seem

more reliable and certain than they actually are.

6.2 Key technologies in hydrogen production system

6.2.1 Concentrated photovoltaic system for renewable electricity

production

There are different alternatives for renewable electricity sources for the production of

green hydrogen. Renewable energy sources are hydropower, biomass and geothermal

energy, solar, wind, wave, and tidal energy (Panwar et al. 2011). The photovoltaic effect

is considered the most important solar energy technology (Goetzberger et al. 2003), by

directly converting solar radiation into electricity without harming the environment (Singh

2013).

Most photovoltaic devices are formed with a semiconductor p-n junction (Green 2002).

Figure 6.5 shows a typical example of a solar cell with a semiconductor p-n junction.

In semiconductors the electrons are in the normal state on the valence band but energy

carried by a photon from sun radiation can excite an electron to the conduction band (Kitai

2019). This difference in the energies of the two bands is called the band gap (Green

2002) which is determined by the semiconductor used and the temperature (De Soto et

al. 2006). Now there is a potential difference between the electron in the conduction band

and the hole left in the valence band. To maintain this potential difference, the cell is built

so that only the holes can pass the p-n junction, thus leaving the electron to the negative

terminal (n-side) and the hole moves to the positive terminal (p-side) through the p - n

junction (Kitai 2019). However, if the electron and the hole recombine before the hole has
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moved from the positive terminal, there occurs some energy loss that is emitted as heat

(Kitai 2019).

Figure 6.5. Typical structure of a PV cell. Adapted from Kitai (2019).

There are also other types of losses that occur in the process and have an impact on

the solar cell ef�ciency. Not all photons that hit the cell surface carry enough energy

to excite the electron to the conduction band (Lepage et al. 2021), hence this energy

turns into heat and is wasted. Conversely, the photon's energy can exceed the band gap

in which case the exceeding energy would remain unused (Green 2002). Since each

semiconductor has its typical band gap, more of the captured solar radiation could be

utilized by combining different semiconductors, and thus adapted to photons with varying

energy levels (Hou et al. 1998). Hence, now, if the photon does not have enough energy

to excite the electron of the �rst semiconductor, it continues to the next one until its energy

is suf�cient to exceed the semiconductor's band gap. Since there are now multiple pn-

junctions, it is called a multi-junction cell (Aiken 2000). However, PV cell materials are

very expensive (Singh 2013), heavily mined and rare metals (Shanks et al. 2016), making

multi-junction cells highly expensive.

However, a cost increase for multi-junction cells would not be an issue if simultaneously

the area of the cell could be decreased. In concentrator photovoltaic (CPV) systems,

optical devices such as mirrors or lenses are used to direct radiation from a larger area,

allowing smaller areas of solar cells (Shanks et al. 2016), as Figure 6.6 shows. After all,

mirrors and lenses are relatively less expensive than PV materials (Singh 2013). Thus,

CPV technology not only reduces costs, but also increases the ef�ciency potential of

photovoltaics by enabling the use of multi-junction cells at a reasonable cost (Tien & Shin

2016).
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Figure 6.6. Principle of the CPV. Adapted from Zou et al. (2024).

One crucial parameter affecting radiation on solar panels is the tilt angle of the panel (Tang

& Wu 2004). However, because the Sun's position to the panel changes throughout the

day, also the optimal angle of the panel changes. If the panel is �xed, an optimal angle

can be calculated based on the position of the panel (Tang & Wu 2004), but a solar tracker

is a more ef�cient method (Yao et al. 2014). A tracker with one axis is suf�cient for a �at

PV cell, but CPV technology requires a high accuracy of the tracker to avoid a great loss

of radiation intercepted by the cell (Yao et al. 2014). Furthermore, the CPV system cannot

collect diffuse solar radiation, but only direct normal irradiation (DNI) (Tien & Shin 2016).

The comparison of DNI at different locations is shown in Figure 6.7.

Figure 6.7. DNI in different parts of the World. Screenshot from Solargis (2025).

Photovoltaic panels are used under a wide range of different conditions, with regard to

DNI as well as other factors. Therefore, the parameters provided by the manufacturer are

not accurate in estimating the performance of the panel (De Soto et al. 2006). Thus, the

decision about the location of CPV system can be crucial, and, on the other hand, the
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estimation of the system performance must take into consideration the location-speci�c

conditions.

6.2.2 Anion exchange membrane water electrolysis for green

hydrogen production

Water electrolysis was �rst discovered in 1800, by Carlisle and Nicholson, when they

decomposed water into hydrogen and oxygen with a voltaic pile introduced in the same

year (Smolinka et al. 2022). Water electrolysis became widely used in the 20th century

as a primary source of hydrogen, until a more cost-effective solution, steam reforming

of methane, was introduced and replaced water electrolysis as a hydrogen production

method almost entirely (Smolinka et al. 2022). Now, two centuries later, while hydrogen

production should increase and carbon emissions decrease (IEA 2021), and fossil fuel

resources are declining (Huber et al. 2006), water electrolysis is again the most prominent

method for hydrogen production (Santoro et al. 2022; Kamlungsua et al. 2020; Becker et

al. 2023). Now, the objective is to reduce energy consumption, cost, and maintenance

and to increase reliability, durability, and safety in water electrolysis (Zeng & Zhang 2010).

Although water electrolysis itself does not release any emissions, as the reactions in

Equation show (Xu et al. 2022), its environmental impact is signi�cantly affected by elec-

tricity consumption and the energy source (IEA 2024). Of the low-, intermediate- and

high-temperature water electrolysis methods, low-temperature (less than 100 degrees

(D. Li et al. 2021)) water electrolysis is best suited for use combined with renewable en-

ergy due to its fast response time and quick ramp-up and ramp-down (Abdelsalam et

al. 2024). Although high-temperature water electrolysis often provides higher ef�ciency

(Abdelsalam et al. 2024), it requires a constant load (Santoro et al. 2022), making it a

poor �t for renewable energy sources. Three of the most prominent low-temperature

water-splitting electrolysis methods are proton-exchange membrane water electrolysis

(PEMWE), anion-exchange membrane water electrolysis (AEMWE) and alkaline water

electrolysis (AWE) (Xu et al. 2022). The three methods are shown in Figure 6.8.
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Figure 6.8. Different types of water electrolyzers. Adapted from Taibi et al. (2020).

Differences in structure, as shown in Figure 6.8, lead to differences in the properties

of each technology. These differences, as well as similarities, are shown in Table 6.2.

The key difference between AEMWE and PEMWE technologies is that PEMWE requires

scarce materials such as iridium and platinum, or other platinum group metals (PGM) as

catalysts (Santoro et al. 2022; Dekel 2018). However, AEMWE, has an alkaline environ-

ment, which allows the use of less expensive, commonly found materials as catalysts (Ng

et al. 2023), followed by lower capital costs. This gives AEMWE technology an upper

hand over PEMWE in scalability. However, while AWE also allows for the use of more

affordable materials, AWE is not able to produce high-quality pressurized gas, unlike the

other methods (Xu et al. 2022).

Although there are some signi�cant differences in the electrolyzers of the three technolo-

gies, the balance of the plant (BoP) systems of the technologies is quite similar, as Figures

6.9, 6.10 and 6.11 show. BoP costs include power electronics, external circulation, and

gas processing systems costs (Xu et al. 2022). According to Kim et al. (2024), the BoP

(including cooling, hydrogen processing, deionized water circulation, and power supply)

of the AEMWE system follows the costs of the PEMWE technology, respectively. To min-

imize ef�ciency losses, it is important to design the electrolyzer facility as a whole (Taibi

et al. 2020). Although electolyzer ef�ciency (the ef�ciency with which electrolysis con-

verts electricity to hydrogen) is crucial for commercial viability (Ng et al. 2023), the whole

system, including BoP, has an impact on overall ef�ciency, as well as system CapEx and

OpEx (Taibi et al. 2020). Although BoP consists of mature technologies, it is a crucial part

of the analysis as a part of new technologies because the bottleneck in system �exibility,

which is required when there are renewable energies in question, is likely to be the BoP

system rather than the electrolysis itself (Taibi et al. 2020).
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Table 6.2. Comparison of electrolyzer technologies. Adapted from Taibi et al. (2020).

Parameter PEMWE
electrolyz-
ers 2020

AWE 2020 AEMWE
electrolyz-
ers 2020

AEMWE
electrolyz-
ers 2050

Nominal current
density [A/cm2]

1–2 0.2–0.8 0.2–2 > 2

Voltage range (limits)
[V]

1.4–2.5 1.4–3 1.4–2 < 2

Operating temperature
[� C]

50–80 70–90 40–60 80

Cell pressure [bar] < 30 < 30 < 30 > 70

Load range [%] 5–120 15–100 5–100 5–200

H2 purity [%] 99.99–
99.999

99.99–
99.998

99–99 > 99

Voltage ef�ciency
(LHV) [%]

50–68 50–68 52–67 > 75

Electrical ef�ciency
(stack) [kWh/kg(H2)]

47-66 47-66 51,5-66 < 42

Electrical ef�ciency
(system) [kWh/kg(H2)]

50-83 50-78 57-69 < 45

Lifetime (stack) [h] 50 000-80
000

60 000 >5 000 100 000

Stack unit size [kW] 1 000 1 000 2,5 2

Electrode area [cm2] 1 500 10 000-30
000

< 300 1 000

Cold start to nominal
load [min]

< 20 < 50 < 20 < 5

Capital costs (stack)
[USD/kW]

400 270 Unknown < 100

Capital costs (system)
[USD/kW]

700-1400 500-1 000 Unknown Unknown

Figure 6.9. AEMWE balance of the plant system. Adapted from Taibi et al. (2020).
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Figure 6.10. PEMWE balance of the plant system. Adapted from Taibi et al. (2020).

Figure 6.11. AWE balance of the plant system. Adapted from Taibi et al. (2020).

AWE is a mature technology and has a long history (Xu et al. 2022). The technology

allows the use of nobel-metal-free materials as electrodes and has long-lasting durability.

However, in contrast to AWE, both AEMWE and PEMWE enable the anode and cathode

to be in physical contact, called zero-gap con�guration, which results in compact cell con-

�gurations (D. Li et al. 2021). Furthermore, unlike AWE, the membranes in both AEMWE

and PEMWE are nonporous, allowing the production of high-pressure hydrogen and thus

reducing the need for mechanical compression to pressurize the hydrogen (D. Li et al.

2021). However, as electrolytes, PEMWE uses only polymers, while AEMWE often uses

liquid electrolytes such as KOH or K2CO3 in addition to polymer electrolytes, which is

suggested to reduce the ohmic resistance of the membrane and the catalyst layer and

to improve the reaction kinetics (D. Li et al. 2021). Of the three technologies, AWE and

PEMWE are considered mature technologies and have been deployed on a commercial

scale (D. Li et al. 2021), while AEMWE is considered an emerging technology (Xu et al.

2022) and is currently in TRL 7 (IEA 2024), but it has signi�cant advantages over the other

hydrogen technologies (Ng et al. 2023). As shown above, in AEMWE the bene�ts of the

two more matured technologies are met, while the shortcomings of both are reduced.
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However, due to the low maturity of the technology, there is a lack of information on the

commercialization stage of the AEMWE technology (Kim et al. 2024). The remaining

questions are about the stability and endurance of AEMWEs during extended use, as

well as the improvement of ion mobility (Ng et al. 2023). The most critical technical chal-

lenge for AEMWE's commercial viability is durability, because cell lifetime is affected by

the combination of several degradation modes and is often limited by catastrophic failure

(D. Li et al. 2021). The development of advanced AEMWE membranes and ionomers with

improved ion conductivity, hydroxyl ion selectivity, as well as robust stability at higher op-

erating temperatures (>60� C) is critical to practical adoption (C. Li & Baek 2021). If these

issues could be overcome, AEMWE could become the cornerstone to achieve intense,

safe, and resilient green hydrogen production to meet the hydrogen targets to achieve the

2050 decarbonization goals(Santoro et al. 2022). Currently, PEMWE technology outper-

forms in longevity by a large margin and to allow AEMWE technology to reach market

maturity and compete with PEMWE technology, it is crucial to achieve cost parity or su-

periority while ensuring suf�cient stability, and while some AEMWE systems outperform

PEMWE systems, further optimization and evaluation of durability is needed (Ng et al.

2023). Nevertheless, AEMWE is considered the next generation hydrogen production

technology (C. Liu et al. 2024).

AEMWE electrolyzers developed in laboratories have shown competitive performance

over commercial ones, showing that there is room for improvement (C. Li & Baek 2021).

For AEMWE there is a potential for signi�cant cost reduction by increasing the size of

cells per stack or the areas of cells (Titheridge & Marshall 2024). The lifetime of the stack

and the costs related to the commercialization stage are unknown and also crucial when

comparing the cost of hydrogen with different methods (Kim et al. 2024). If the system

size and the production rate increase, the total cost of the stack and the system would

decrease, indicating a great potential for scalability (Xu et al. 2022).

6.3 Hydrogen production model introduction

6.3.1 Concentrated photovoltaics parameters

Appendix A lists the parameters related to CPV in the model. NREL (2025b) (SAM) is

widely used in modeling the performance of CPV plant (M. I. Khan et al. 2024) and thus

is used as a reference to optimize the size of the plant and to calculate CPV output. The

output is not taken directly from the software, because the calculation includes variables

that are wanted to examine and vary in the model.

The dominant parameters that in�uence the behavior of CPV are DNI Gb, air mass AM

and cell temperature Tcell (Montes-Romero et al. 2018). Gb at each time point in different

locations can be found directly from the weather �le, and AM is calculated as



59

AM = cos(
�

180
Z) + 0 ; 5750(96; 08� Z )� 1;634� 1

e� 0;0001184h; (6.1)

where Z is the zenith angle and h is the elevation above sea level from the weather �le

(Gilman 2015). AM =1 when Z=0 and the sun is directly overhead, and as Z increases,

AM the sun spectrum has to go through increases. Z is calculated based on time of the

day, the latitude and the longitude of the location according to Gilman (2015). According

to Gilman (2015), the AM modi�er F that accounts for the variation in AM over to day is

calculated as

F = a0 + a1AM + a2AM 2 + a3AM 3 + a4AM 4 (6.2)

where a0:::a4 are the air mass coef�cients, which together with other constants that are

given values based on NREL (2025b). Other, one of the main impacts on the environment,

Tcell is calculated as

Tcell = Gbea+ bW + Tair +
Gb

Gb0

dT; (6.3)

where a, b and dT are variables related to module characteristics, W is the wind speed

from the weather �le, Tair the air temperature from the weather �le, and Gb0 is DNI in

standard conditions (NREL 2025b).

The module size is derived from planned plant capacity as follows (NREL 2025a):

Amodules = P(Gb0 C0Foptical Falignment (1 � Fwind W0)F0)� 1; (6.4)

where Amodules is the total cell area in CPV modules, P is the plant size, C0 the concen-

tration ratio under Gb0 , Foptical optical error factor, Falignment alignment loss error factor,

Fwind wind �utter loss factor, and F0 air mass modi�er at AM 0, air mass under standard

conditions.

The CPV output at each location is calculated according to Gilman (2015) simple ef�-

ciency module model, which is not accurate for predicting the performance of speci�c

modules but is useful for preliminary performance predictions. The power output of the

modules is

Poutput = Gb� CP V Amodules C



100
(Tcell � T0)F1; (6.5)

where � CP V is CPV ef�ciency, 
 is the temperature coef�cient and C means the con-

centration ratio in the DNI conditions of that location. The concentration ratio C0 of the
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module represents the concentration ratio under standard conditions and therefore the

concentration under different irradiation conditions, according to NREL (2025b), is

C = C0
Gb

Gb0

: (6.6)

Thus, to separate the power output of CPV to parameters that depend on the chosen

CPV module (C and � CP V ) and plant size (Amodules ), from those that depend on local

weather conditions at each time point (Gb, Tcell and F ), module area Amodules and module

ef�ciency � CP V , and concentration ratio C0 from Equation 6.6 are extracted from Equation

6.5. Thus, weather-dependent power output is

Pweather =
G2

b

Gb0



100

(Tcell � T0)F (6.7)

and overall module output, that takes into consideration weather conditions, plant size,

and module characteristics is

PCP V = Pweather Amodules C0� CP V ; (6.8)

where PCP V represents the input power for electrolysis.

With regard to CPV-related costs, OpEx consists of the annual operating and mainte-

nance cost COM per unit of capacity:

OpExCP V = PCOM : (6.9)

CapEx, on the other hand, consists of land costs and equipment costs. The land area

needed by the plant is calculated as follows (NREL 2025a):

ACP V = Amodule C0Fpacking ; (6.10)

where Fpacking is the packing factor of CPV modules. ACP V is the other part that the

overall land area for the system Asystem consists of. Equipment related costs are

CapExCP V = P(Cmodule + Ctracker + CBoS + Cinstallation ); (6.11)

where Cmodule is cost of a module, Ctracker cost of tracker, CBoS cost of the balance of

system, and Cinstallation cost of system. All costs are de�ned as costs per capacity unit

to simplify the calculation of costs when the plant size is scaled up.
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6.3.2 Anion exchange membrane water electrolysis parameters

The AEM-related parameters can be found in Appendix B. The electrolysis capacity is the

same as the CPV capacity P . Based on P , annual hydrogen production, that is, the yield

of the system, is

Hproduction = PCP V � AEM (1 � H loss)=EH 2 ; (6.12)

where � AEM is the electrolysis ef�ciency, H loss loss of hydrogen in electrolysis, and EH 2

energy in hydrogen.

Then, the system con�guration needed to achieve the product yield is calculated. The

capacity and power density de�ne the active area of the cell. The power density is

Dpower = JV; (6.13)

where J is the current density and V the voltage. The power density and the inactive cell

area are included in the calculation of the gross cell area as follows (Mayyas et al. 2019):

Agross =
P

Dpower
(1 � A loss)� 1; (6.14)

where Agross is the gross cell area. That area de�nes the material need for the membrane

and electrodes in the electrolyzers. Thus, the cost of the electrolysis stack is

Cstack = Agross(Celectrodes + Cmembrane ); (6.15)

where Celectrodes is the cost of electrodes per cell area and Cmembrane is the cost of mem-

brane per cell area. The number of times the stack needs to be replaced throughout the

lifetime T depends on the lifetime of the stack Tstack and the annual operating hours O.

The operating hours are based on the operating plant of the CPV plant. Thus, the cost

that occurs due to stack replacements is as follows.

Creplacement = Cstack b
OT

Tstack
c: (6.16)

Creplacement is assumed to be part of the AEM-related OpEx. To divide that cost equally

to each operation year, the replacement cost can be divided by the plant lifetime. Part

of AEM-related OpEx is also the process input, which is (in addition to the CPV output

power) electricity for utilities and the water usage in electrolysis. Thus,



62

Cutilities = Hproduction (Celectricity Helectricity + Cwater Hwater ); (6.17)

where Celectricity is the electricity cost, Helectricity the electricity required for hydrogen

production, Cwater the cost of water and Hwater water required for hydrogen production.

Thus, the OpEx needed for electrolysis is

OpExAEM = Creplacement =T + Cutilities : (6.18)

In addition to stack replacements, the �rst stack to be used is calculated as part of CapEx,

as well as the balance of stack cost, and the cost of the frame of the electrolyser, which is

assumed to last throughout the plant life (Mayyas et al. 2019). The balance of the stack

cost is

CBoSt = Cstack FBoSt ; (6.19)

where FBoSt is the balance of the stack factor. The frame cost is derived from the equip-

ment cost scaling rule. That is a rule of thumb used in order-of-magnitude estimates.

There, a known cost of a known-sized plant is scaled to �nd the cost in a different-sized

plant, where it is assumed that the equipment size follows the plant size (Towler & Sinnott

2021). According to Peters et al. (2003), the rule is an oversimpli�cation, since the actual

exponent may vary from 0,3 to 1,0. Furthermore, the rule should only be used if there is

no other information available, the new capacity should not be more than ten time bigger

compared to the reference capacity, and the two pieces of equipment should be similar

with regard to type of construction, materials of construction, temperature and pressure

operating range and other pertinent variables. Therefore, the rule should be used with

consideration and assumed to include signi�cant uncertainty. The capital cost of a plant

is related to capacity by the equation (Towler & Sinnott 2021)

C2 = C1(
S2

S1
)n ; (6.20)

where C2 is the capital cost of the plant with capacity S2 and C1 is the capital cost of the

plant with capacity S1. Due the lack of detailed higher-scale information, the equation is

used regardless of the chosen plant size P . Thus, the cost of the electrolyzer frame is

Cf rame = Cf rame;ref (
P

Pref
)Fscaling ; (6.21)

where Cf rame;ref is the cost of frame in the reference plant with the size Pref , scaled with

the scaling exponent Fscaling .
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Balance of the plant (BoP) costs are calculated with the same logic:

CBOP = CBOP;ref (
P

Pref
)E ; (6.22)

where CBOP;ref is the cost of BoP equipment in the reference plant with the size Pref ,

scaled with the scaling exponent E . Thus, the overall AEM-related CapEx is

CapExAEM = Cstack + CBoSt + Cf rame + CBoP : (6.23)

Finally, the land area required by electrolyzer is calculated by

AAEM = PArequired ; (6.24)

where A required is the area needed per unit of electrolyzer capacity.

6.3.3 General hydrogen production system parameters

Appendix C shows the general parameters to be chosen for the model. The general

parameters represent the shared resources used by both subsystems, CPV and AEMWE,

and values that are applicable for both subsystems, such as the land area needed for the

entire plant, and the employees working in the plant. In addition, the overall CapEx and

OpEx of the plant can be calculated. Firstly, OpEx consists of CPV- and AEMWE-related

OpEx, and the employee costs as follows:

OpEx = OpExCP V + OpExAEM + CemployeeNemployeesThours Tdays; (6.25)

where Tdays is the number of days the plant operates in a year, Thours the number of hours

there are employees working in the plant, Nemployees is the average number of employees

during each hour there are employees working in the plant, and Cemployee is the average

cost of an employer in an hour.

Secondly, CapEx consists of AEMWE- and CPV-related CapEx, land cost, working capital

W that will be reserved in the beginning of the project and contingency C. Working capital

is informed as a percentage of OpEx and contingency as a percentage of direct capital

costs as follows:

CapEx = ( CapExCP V + CapExAEM + Cland (ACP V + AAEM ))(1 + C + W); (6.26)
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where the working capital is assumed to be returned in the end of the plant life.

CapEx and OpEx might take place in different points in time, and therefore the time value

of each cash �ow should be taken into account, as Equation 6.27 shows (Damodaran

2012). The discount rate represents the riskiness of the estimated cash�ow, and the

higher the risk related to the cash �ow, the higher the discount rate (Damodaran 2012).

The discount rate represents a system-level uncertainty rather than project-speci�c un-

certainty (Damodaran 2012).

Value =
t= nX

t=1

CFt

(1 + r )t
; (6.27)

where n is the life of the asset, CFt the cash�ow in period t, and r the discount rate

re�ecting the riskiness of the estimated cash �ows.

The key indicator of TEA is LCOH, and the time value of money is taken into account

in it. According to Kim et al. (2024), and taking into account the cost escalation E , it is

calculated as follows:

LCOH =
CapEx + � N

t=1
OpEx
(1+ r ) t (1 + E)t

� N
t=1

H production

(1+ r ) t

; (6.28)

where N is the lifetime of the process and r the discount rate.

6.4 Hydrogen production model application

6.4.1 Model input data and estimation

Figure 6.12 shows different annual DNI values in different parts of Finland. For Northern

Finland, no data was available, but southern location is likely to provide better results.

The map shows that the South-Western coastal locations have the highest DNI values. To

compare the sensitivity of location in different locations in Finland, some cities in highest

DNI area are chosen; Hanko and Turku, a location slightly norther than Vaasa, a location

slightly outside the highest DNI area and a location in the area with lower DNI.
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Figure 6.12. DNI in Finland. Screenshot from Solargis (2025).

To assess the potential of the system in Finland, the most optimal location in Europe and

in the World are taken for comparison. This allows analysis of the economic feasibility of

the technology, regardless of location. In Figure 6.7 the highest irradiation in Europe is in

Southern Spain and the highest values in the World are achieved in the area divided by

Chile, Bolivia and Argentina. One location from each area is chosen for comparison. All

locations in the analysis are shown in Table 6.3. The weather data for each location are

collected from European Commission (2024). For each location are downloaded typical

meteorological year (TMY) data, which have been produced by choosing for each month

the most typical month out of the full time period available (European Commission 2023),

2005-2023 in this case. The data in the weather �le consist of date and time, dry bulb

air temperature, relative humidity, global horizontal irradiance, direct (beam) irradiance,

diffuse horizontal irradiance, downward infrared radiation, wind speed, wind direction and

surface (air) pressure (Curcio 2025).
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Table 6.3. Locations compared in analysis.

Country Location Latitude Longitude

Finland Hanko 59,827 22,970

Finland Turku 60,452 22,249

Finland Vaasa 63,063 21,536

Finland Jyväskylä 62,254 25,789

Finland Kankaanpää 61,811 22,097

Finland Seinäjoki 62,773 22,748

Spain Granada 37,519 -2,970

Chile Antofagasta -24,545 -69,623

In estimation, each parameter is assigned the best estimate as their value to result in the

output of interest, but there is also knowledge about the uncertainty about the value of

each variable. The type of uncertainty that the variable has, has an impact on what kind

of knowledge is needed with regards to the uncertainty of the variable. Figure 6.13 shows

the four types of variables in the model. The variable type of each of the variables that are

assumed to be independent in the model, their best estimates, as well as estimates of the

uncertainty of each variable are listed in Table 6.4 with the references for those values.

Best estimate value is the middle value between the low and high value, or the value from

which the standard deviation is calculated.

Figure 6.13. Four categories of variables.
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Table 6.4. Estimation of model variables.

Sym
bo

l

Var
iab

le
typ

e

Unit Bes
t e

sti
m

at
e

Lo
w

va
lue

High
va

lue

Std
de

via
tio

n
[%

]

Ref
er

en
ce

s

T0 1 � C 25 NREL (2025b)

Gb0 1 W/m2 1000 NREL (2025b)

AM 0 1 1,5 NREL (2025b)

Foptical 1 0,9 NREL (2025b)

Falingnment 1 0,93 NREL (2025b)

Fwind 1 0,01 NREL (2025b)

a0 1 0,935 NREL (2025b)

a1 1 0,06557 NREL (2025b)

a2 1 -

0,017012

NREL (2025b)

a3 1 0,0015426 NREL (2025b)

a4 1 -

0,0000457

NREL (2025b)

a 1 -3,2 NREL (2025b)

b 1 -0,09 NREL (2025b)

dT 1 � C 17 NREL (2025b)


 1 %/� C -0,15 NREL (2025b)

W0 1 m/s 4 NREL (2025b)

C0 3 760 700 820 NREL (2025b) and

M. A. Khan et al.

(2021)

� CP V 4 % 34 21 47 10 M. A. Khan et al.

(2021) and Lehtola

(2024)

COM 4 EUR/W 0,0065 8*10� 6 0,013 20 NREL (2025b) and

M. A. Khan et al.

(2021)

CapExCP V 4 EUR/W 1,36 1,15 1,57 20 NREL (2025b) and

M. A. Khan et al.

(2021)
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e

Unit Bes
t e

sti
m
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e

Lo
w

va
lue

High
va

lue

Std
de

via
tio

n
[%

]

Ref
er

en
ce

s

Fpacking 3 5 4 6 NREL (2025b) and

M. A. Khan et al.

(2021)

Pweather 2 W/m2 Table

6.5

15 European Commis-

sion (2024)

� AEM 4 % 59,5 52 67 10 Taibi et al. (2020) and

Lehtola (2024)

J 3 A/cm2 1,55 1,1 2,0 Taibi et al. (2020)

V 3 V 1,7 1,4 2,0 Taibi et al. (2020) and

Kim et al. (2024)

A loss 3 % 9 7 11 Mayyas et al. (2019)

Finstallation 2 % 12 10 14 20 M. A. Khan et al.

(2021)

Henergy 1 Wh/kg 32660 M. A. Khan et al.

(2021)

Hwater 1 l/kg 10 M. A. Khan et al.

(2021)

Helectricity 1 Wh/kg 161 M. A. Khan et al.

(2021)

Cwater 2 EUR/m3 2,00 20 Vaasan Vesi (2025)

and Turun Vesihuolto

Oy (2025)

Celectricity 2 EUR/kWh 0,05 20 Pörssisähköä.� (2025)

Tstack 4 h 20000 5000 35

000

20 Taibi et al. (2020) and

Titheridge and Mar-

shall (2024)

Cmembrane 4 EUR/cm2 0,65 0,60 0,70 20 Dioxide Materials

(2025)

Celectrodes 4 EUR/cm2 1,75 0,0119 3,5 20 Jiang et al. (2024)

and Dioxide Materials

(2025)

FBOSt 3 % 13 11 15 Mayyas et al. (2019)

Cf rame;ref 3 EUR 7 500 5 000 10

000

Mayyas et al. (2019)
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lue
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tio

n
[%

]
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er
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ce

s

H loss 2 % 9 50 Mayyas et al. (2019)

CBOP;ref 1 EUR 343

000

Mayyas et al. (2019)

Fscaling 4 0,3 0,6 0,9 20 Towler and Sinnott

(2021)

Pref 1 kW 1 000 Mayyas et al. (2019)

A req 3 m2/W 0,00017 0,00010 0,00024 20 Taibi et al. (2020)

P 3 kW 5 500 1 000 10

000

Taibi et al. (2020)

O 2 h Table

6.5

20

T 4 y 20 18 22 20 M. I. Khan et al.

(2024) and Mayyas

et al. (2019)

r 2 % 10 20 M. I. Khan et al. (2024)

and Kim et al. (2024)

Cland 3 EUR/m2 0,90 0,20 1,59 Farmit.net (2025)

Cemployee 4 EUR/h 34 30 38 10 Tilastokeskus (2022)

Thours 3 h 12 8 16 Mayyas et al. (2019)

Tdays 3 d 292 250 333 Mayyas et al. (2019)

and M. A. Khan et al.

(2021)

Nemployees 3 2 1 3

E 2 % 3 50 Coleman (2015)

Fcontingency 4 % 20 10 30 50 M. A. Khan et al.

(2021)

W 4 % 15 10 15 10 M. A. Khan et al.

(2021)

Not all information, best estimates, low values, high values, and standard deviations are

found directly from the mentioned references, but they may be based on the assump-
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tions made on the behavior of the variable. The type of the variable is based on the

assumptions made on the variables. Weather-related parameters are assumed constant,

except if their value signi�cantly depends on the chosen module, which is the case with

the concentration ratio and module ef�ciency. Those have ambiguity because the module

to be used is not yet chosen. Weather data, on the other hand, is uncertain, because

the weather may vary each year. Module ef�ciency, for example, has also uncertainty,

because even if the module was already chosen, the ef�ciency may vary depending on

the installation on the model and whether the sun rays are directed to the exactly correct

point.

For AEMWE-related variables, the principles are the same. Parameters related to hydro-

gen balance equations, for example, are assumed to be constant, but variables such as

water and electricity price are uncertain. Even if those prices may depend on the location

chosen, and thus contain also ambiguity, that is disregarded here for simpli�cation. How-

ever, ambiguity is taken into account in variables that are related to the decision about the

electrolyzer. The materials to be chosen are not yet decided, and therefore there is ambi-

guity about their price, as well as uncertainty due to the possible variation in the material

price once it is chosen. The reference costs for capital costs estimated with the scaling

factor are assumed to be either constant or ambiguous based on the costs mentioned

in the reference, and the ambiguity and uncertainty related to those costs are taken into

account in the scaling factor.

CPV plant produces different yields in different locations and thus the yield of the entire

system varies by location. For the sake of simpli�cation of the model, the weather-related

aspects are summarized as one variable, Pweather . Table 6.5 shows the annual operating

hours in each location, the annual weather-dependent power input per module area, the

hydrogen production and LCOH in that location. The importance of the location of the

plant is evident; even locations with short distances from each other can have multiple

euros cost difference in LCOH. However, all LCOHs here are far from the target costs of

green hydrogen.



71

Table 6.5. Operation hours and power input per module area in different locations.

Location Operation hours

(O) [h]

Power per

module area

(Pweather ) [Wh]

Hydrogen pro-

duction [t]

LCOH

Hanko 2 921 775 161 90,0 45,13

Turku 2 964 687 188 79,8 50,90

Vaasa 2 770 632 981 73,5 55,26

Jyväskylä 2 748 557 330 64,7 62,75

Kankaanpää 2 792 593 556 68,9 58,92

Seinäjoki 2 535 450 721 52,3 70,94

Granada 3 940 1 565 261 181,7 26,20

Antofagasta 4 239 3 742 539 434,6 10,98

From Table 6.5 show the LCOH calculated with the best estimate values in Table 6.4, with

weather data from different locations. Of the locations in Finland, Hanko seems to have

the most potential. Thus, further calculations are performed assuming a plant in Hanko,

as an example. The cost distribution in OpEx is shown in Figure 6.14 and in CapEx in

Figure 6.15. Clearly, the most signi�cant cost in OpEx is stack replacement cost, which

is in�uenced by stack material costs, stack lifetime and plant lifetime. As the second-

most important cost are employee costs. The most in�uential items in CapEx are CPV

equipment, electrolyzer costs, and AEWE BoP, when contingency and working capital are

excluded.

Figure 6.14. Distribution of costs in OpEx.
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Figure 6.15. Distribution of costs in CapEx.

Both CapEx and OpEx can be shown in the same Figure 6.16. The costs are shown

as they are calculated in LCOH (Equation 6.28). There, the employee costs and annual

stack cost are responsible for the majority of overall system costs. Thus, 56 % of costs

are OpEx and the rest are CapEx. Electrolysis stack costs, employee costs, and CPV

capital costs as the major costs may show the best starting points to decrease costs.

Here should be noted that variables Annual stack cost and AEM stack are both derived

from the same stack material costs, and thus, they have even greater impact on the overall

costs than would initially seem.

Figure 6.16. Distribution of system costs.

However, these results are based on the mere best estimate values, and thus do not

show the whole truth. Some variables may have considerable variability, and even small

variability may have a great impact if it is directed at the most in�uential variables.
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6.4.2 Sensitivity analysis and Monte Carlo simulation

Considering results based on best estimates as truth would be a mistake due to the

uncertainty and ambiguity in the variables in Table 6.4. Firstly, sensitivity analysis is

performed as a one-at-a-time (OAT) analysis, so that the values of the variables vary in

ways estimated in Table 6.4. Figure 6.17 shows sensitivity analysis made on all variables

that had either ambiguity or uncertainty, and how changing each variable at a time could

potentially change LCOH from what it is with current best estimate values.

Figure 6.17. Sensitivity analysis on all variables.

To analyze ambiguity and uncertainty separately, Figure 6.18 shows sensitivity analysis,

where only variables with ambiguity are given their minimum and maximum values, and

Figure 6.19 shows sensitivity analysis where only variables with uncertainty vary accord-

ing to their standard deviation. Variables that have both uncertainty and ambiguity are

included in both analyses, so that only one LoK type is taken into consideration each

time. In the sensitivity analysis for variables with uncertainty, 90 % of the values are cal-

culated to remain between the high and low values, so that the lowest and highest 5 % of

the values remain outside the analysis.
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Figure 6.18. Sensitivity analysis on variables with ambiguity.

Figure 6.19. Sensitivity analysis on variables with uncertainty.

In the sensitivity analyses, it can be seen that the highest variation can be caused by the

variation in the variables that are also most in�uential in Figure 6.16, or have an impact on

those variables. Such variables include stack lifetime, electrolysis materials cost and CPV

equipment cost, and variables that have an impact on the hydrogen production volume,

such as electrolysis ef�ciency and CPV output per module area. Even if best estimate

values where the middle values out of the possible variation estimated from each variable,

from the sensitivity analyses it can be seen that the model is not linear and negative and

positive change to LCOH can be asymmetrical.

Uncertainty analysis, here conducted as Monte Carlo simulation, better considers the

distribution of normally distributed variables, and takes into account the nonlinearity of

the model. Similarly to sensitivity analysis, Monte Carlo analysis is performed for all

variables in Figure 6.20, so that variables with uncertainty and ambiguity vary according

to their distributions. Then, the distribution of the Monte Carlo simulation that considers

only ambiguity is shown in Figure 6.21 and the analysis with only uncertainty considered

is shown in Figure 6.22. For each analysis, 10 000 iterations are conducted to see the
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distribution of values. The histogram pillar where the estimated LCOH 45,14EUR would

belong is highlighted in red in the �gures. The analysis shows that simulation of ambiguity

and uncertainty, and simulation of ambiguity are clearly skewed to the right, whereas

simulation of uncertainty is more bell-shaped.

Figure 6.20. Monte Carlo simulation on all variables.

Figure 6.21. Monte Carlo simulation on variables' ambiguity.
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Figure 6.22. Monte Carlo simulation on variables' uncertainty.

With regard to the distribution of Monte Carlo simulation of variables with uncertainty

in Figure 6.22, the middle point of the distribution is irrelevant, because it only re�ects

the best estimate values chosen for each variable, and it does not take into account

the ambiguity of the variables. Instead, the shape and width of the distribution is more

signi�cant in the analysis. It depicts the uncertainty there remains, once the ambiguity of

the variables has been resolved. That is visualized in Figure 6.23. If LCOH would turn out

to be the value marked with orange, the uncertainty distribution would show the remaining

uncertainty with regard to the hydrogen production cost.

Figure 6.23. The remaining uncertainty with an example value once the ambiguity has
resolved.
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Based on Figure 6.21, for example, it seems that by making a certain decision on the

values of ambiguous variables, it would be possible to reach LCOH of 19,71 euros. How-

ever, ambiguity does not mean that the computational optimum value was not known. For

example, with electrolyzer materials, it is obvious that a cheaper material would result in

a lower LCOH, but because of the ambiguity in the functional relationships between the

variables in the model, such as the unknown relationship between the different materi-

als and stack lifetime, optimizing single variables for the LCOH does not mean that the

optimal value for the variable would have been found in the model.

Furthermore, when looking at Figure 6.21, the histogram might create an idea of probabil-

ities of different outcomes, but probabilities might be a misleading concept with ambiguity,

because the simulation implies that the variables' values would be determined randomly

in the determined range of ambiguity. However, in the end of the development, the aim is

to come up with the lowest LCOH physically and otherwise possible, and which value it is

is not yet known. Thus, it would be impossible to set probabilities for the lowest possible

value, since all the knowledge there currently is about the physical and other relation-

ships and limits is already included in the model. In conclusion, once the ambiguity has

resolved, LCOH can be anything between the lowest possible and highest possible val-

ues, and the probability for the lowest value or the average value to be that is as high as

any other single value, to the best of our knowledge at the moment.

Since for especially ambiguity the range of different values seems more relevant than the

distribution of values, the same Monte Carlo simulation data are used to calculate the 5th

to 95th percentiles in Figure 6.24. The percentile values can be found in Appendix D. In

the �gure, it can be seen that the distribution of values is wider in the simulation of the

ambiguity of the variables compared to the uncertainty. Thus, it seems that ambiguity

causes more variation in the LCOH value than uncertainty, also in the range of values,

in addition to the fact that the probability distribution for uncertainty is known, unlike the

probability distribution of ambiguity.
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Figure 6.24. Percentiles from 5th to 95th.

The �gure shows a clearer picture of the ambiguity that the model includes. The same

could hold true for the simulation of both ambiguity and uncertainty. Even if the distribution

in Figure 6.20 also includes uncertainty, which gives some indication to the probabilities, it

is dif�cult to separate ambiguity and uncertainty in that distribution, and therefore looking

at Figure 6.24 for the simulation of all variables might give a more accurate idea. There,

the possible range of values is shown, when the uncertainty of the variables is taken into

account.
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