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h i g h l i g h t s
� Literature review with 141 publications on LCC of FCH technologies was carried out.

� The number of relevant publications has been increasing since 2011.

� Production and utilization of hydrogen were most frequently analysed (>60%).

� 33 different tools and 32 different databases were used in LCC of FCH technologies.

� The Levelized Cost method was mostly used in the reviewed publications (>40%).
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Hydrogen is a versatile energy carrier which can be produced from variety of feedstocks,

stored and transported in various forms for multi-functional end-uses in transportation,

energy and manufacturing sectors. Several regional, national and supra-national climate

policy frameworks emphasize the need, value and importance of Fuel cell and Hydrogen

(FCH) technologies for deep and sector-wide decarbonization. Despite these multi-faceted

advantages, familiar and proven FCH technologies such as alkaline electrolysis and proton-

exchange membrane fuel cell (PEMFC) often face economic, technical and societal barriers

to mass-market adoption. There is no single, unified, standardized, and globally harmo-

nized normative definition of costs. Nevertheless, the discussion and debates surrounding

plausible candidates and/or constituents integral for assessing the economics and value

proposition of status-quo as well as developmental FCH technologies are steadily increa-

singdLife Cycle Costing (LCC) being one of them, if not the most important outcome of

such exercises.

To that end, this review article seeks to improve our collective understanding of LCC of

FCH technologies by scrutinizing close to a few hundred publications drawn from repre-

sentative databasesdSCOPUS and Web of Science encompassing several tens of technol-

ogies for production and select transportation, storage and end-user utilization cases. This

comprehensive review forms part of and serves as the basis for the Clean Hydrogen

Partnership funded SH2E project, whose ultimate goal is the methodical development a

formal set of principles and guardrails for evaluating the economic, environmental and

social impacts of FCH technologies. Additionally, the SH2E projects will also facilitate the
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proper comparison of different FCH technologies whilst reconciling range of technologies,

methodologies, modelling assumptions, and parameterization found in existing literature.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Hydrogen has versatile functions in decarbonized energy sys-

tems. It can be produced from a variety of feedstocks, can be

used for transportation and storage media of renewable and

low carbon resources, does not emit carbon dioxide directly

when used, and can be used in many sectors to produce heat

and electricity via fuel cells and other hydrogen demand

technologies. Thus, fuel cell and hydrogen (FCH) related tech-

nologies connect low carbon and renewable resources with

energy demand sectors for carbon neutrality [1,2]. According to

Zhu et al. more than 30 countries around the world have

published hydrogen strategies or hydrogen roadmaps [3]

differentiated by geography, sector(s) prioritized and applica-

tion areas. While most of the countries try to decarbonize the

energy, transport or industry sector, Australia and South Korea

in contrast aim to foster economic growth [4]. The U.S. is tar-

geting the light- and heavy-duty vehicles as the major market

for hydrogen, thereby implying a growth in the demand and

adoption rate of FCVs [5]. Several European countries see also

the industry sector with steel and chemicals production as an

application area for hydrogen [4], either domestically produced

or imported hydrogen. These instances illustrate the role and

importance of advancing diverse FCH technologies to fully

realize their decarbonization potential.

Economics and value proposition strongly influence the

research and development support, public and private sector

investments, supply-demand dynamics and the adoption rates

of new technologies. Naturally, a plethora of studies have

analysed the cost of FCH systems in the last decade. The range

of methodological choices, technology parameterization and

model assumptions gleaned from such studies often poses

numerous interpretative challenges, despite using the same

metric or a homogenous set of criteria for comparative

assessment. To that end, the Society of Environmental Toxi-

cology and Chemistry (SETAC) published a code of practice in

2011 for Life Cycle Costing (LCC) [6]. Other studiesmight use the

approach of ‘Total Cost of Ownership’ (TCO), which also in-

cludes the full life cycle of a product from cradle-to-grave.

Regarding FCH systems, LCC is currently of utmost impor-

tance, because several FCH technologies are on the edge of

commercialization, e.g. water electrolysers. Thus, in this study

a comprehensive literature review was performed on LCC ap-

proaches for FCH systems to determine the most important

methodological influencing factors and identify best practices.

This study is part of the Clean Hydrogen Partnership fun-

ded SH2E project [7] where eventually guidelines for Life Cycle

Sustainability Assessment (LCSA) of FCH technologies are

being developed. Although LCSA encompasses a broad

concept of sustainability [8,9], LCSA integrates three assess-

ment methods that reflect economic, environmental and
social aspects in this project. LCSA uses the triple-bottom-line

approach for describing sustainability [11]. However, more

recent discussion led to a nested understanding of sustain-

ability. Without a functioning environment neither social nor

economic development is possible as economic development

is intertwined with social relationships [12]. This means eco-

nomic developmentmust align with the planetary boundaries

and social restrictions. Within the context of climate change,

many hydrogen strategies and roadmaps mainly consider

their economic aspects. The social dimension, however, is

only mentioned in few European strategies as well [4]. The

economic development of FCH technologies, in contrast, is an

important topic in all these strategies and roadmaps. In the

actual implementation of different FCH technologies LCC ap-

proaches are of utmost importance provided that social and

environmental framework conditions are complied with.

This review aims to clarify overall trends in LCC ap-

proaches and indicators (including both conventional life-

cycle economic indicators and life-cycle economic indicators

based on externalitiesdalso known as environmental LCC),

identifying their main features and discussing their suitability

for the assessment of FCH systems in order to establish LCC

guidelines to be subsequently developed. The review in-

vestigates the objectives, the scope, the entity of assessment,

stakeholder involvement, the facilities considered, calculation

methods, discounting (social vs private, low vs high invest-

ment risk) or EoL treatment, etc.

So far, several review publications about FCH topics have

been published by considering different perspectives and fo-

cuses. For example, a specific FCH technology e water elec-

trolysis, is analysed in Gigoriev et al. [10]. They arementioning

costs, but only in absolute terms regarding the different

technologies. Hydrogen supply chains are the technological

topic of Fredershausen et al. [13]. In the example of hydrogen

supply chains (i.e. usually all process stages from production

to consumption), methodological aspects regarding sustain-

ability evaluations are discussed. They classify the economic

evaluations in four different types, i.e., macroeconomics, mi-

croeconomics, long-term competitiveness and innovation

capability. However, they do not go further into methodolog-

ical details, which were carried out in this study. Further

publications compare different production technologies

[14,15], focus on production and distribution issues in

geographic contexts [16,17], or consider different transport

options [18,19] in connection with LCC aspects, for example.

Parra et al. [20] review hydrogen energy systems in four cat-

egories from various aspects, including cost and value crea-

tion for commercialization, but they do not go into

methodological aspects in detail. Kannah et al. [21] compare

hydrogen costs of various production technologies using data

from the reviewed publications and discuss barriers to

commercialization. However, they do not provide a detailed
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Fig. 1 e Procedure of literature review on LCC publications.

i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 5 4 ( 2 0 2 4 ) 3 6 1e3 7 4 363
methodological analysis and use the levelized cost method to

calculate hydrogen costs.

Rest of the paper is organized as follows. Section 2 de-

scribes the procedure for this review including the Scope and

Methodology. Section 3 begins with a breakdown of temporal

and technological traits and the selection criteria adopted

followed by a short overview of a few of the commonly used

LCC models, their mathematical formulation and cost con-

stituents. We synthesize our findings and discuss its appli-

cability in Section 3. We conclude this article with our final

thoughts, broader implications and takeaways in Section 4.
Table 2 e Viewpoints of literature review.

Viewpoints Descriptions

Technology Short term description, divided into

hydrogen production,

transportation, storage and

utilization

Technology detail Description of contained

technologies and their connection

Entity of assessment Academia and/or industry

Stakeholder involvement Entities other than authors involved

or not
Scope and Methodology

The procedure of this review is illustrated in Fig. 1. Scientific

publications listed in two literature databases used in this re-

viewwere screened with their respective filters. Peer-reviewed

publications were extracted from SCOPUS [22] and Web of

Science [23], dated January 1, 2011 to May 21, 2021, with the

search words in their titles, abstracts or keywords shown in

Table 1. Overall, 402 publications were extracted, 317 of which

were unique without overlapping and the remainder were

common to both databases. The used search strings in both

databases are shown in the Supplementary material (text

document).

The publications were then briefly checked based on their

abstract, equations, figures, tables, and conclusions using the
Table 1 e Time span and keyword used in the databases.

Items Value or keyword

Time span From 2011-01-01 to 2021-05-21

Search words hydrogen OR “fuel cells”

AND “life cycle” OR lifecycle

AND “sustainability assessment”

OR lcsa OR costing OR lcc OR

“economic analysis”
selection criteria in order to identify the publications war-

ranting a detailed review.

� Include: Publications with peer review on LCC of FCH

related facilities or equipment (production, storage, trans-

port and utilization);

� Exclude: Conference proceedings, book chapters, review

articles, publications that just refer to the results of other

publications, articles where hydrogen is not in the focus,

non-English written publications.

A total of 141 publications were scrutinized based on the

viewpoints categorized as shown in Table 2. First, the frame-

work conditions and thematic characteristics (technology, en-

tity, etc.) were detected. In addition, the relevant
Modelling approach How to convert systems or processes

into mathematical models in the

publications

Calculation methods Used economic calculation method

Indicators Economic indicators used in the

publication

Cost items included Considered cost items for costing

(e.g. investment or maintenance

cost)

Discounting Percentage point for discounting,

social vs private, low vs high

investment risk
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methodological aspects (applied method(s), indicators, cost

items, etc.) were identified. Information on the considered

viewpoints was qualitatively recorded/coded through textual

descriptors for technology, entity of assessment and so on. As a

second type of detection yes/no questions about viewpoints

such as stakeholder involvement, inflation considered and so

onwere used. If yes, additional itemswere examined andpartly

expanded to include quantitative data collected, e.g., who is

involved (entities) or what percentage was used (e.g. inflation

rate).

The authors recognize that the number of literature data-

bases and viewpoints selected for the review could possibly

introduce errors. Regarding the first point, only single data-

base may not be sufficient from a “coverage” perspective. In

fact, the different publications were extracted from the two

databases using equivalent search terms, although there was

a lot of overlap. We take advantage of improved coverage by

relying on the two representative databases most relevant to

this reviewdScopus and Web of Science. Admittedly, it is

desirable to have access to multiple databases, but given the

resources and priorities of the SH2E, restricting to the above

databases has no bearing on the critical findings and impli-

cations of this study.
Results and discussion

The analysis of the 141 publications reviewed in detail is

sectioned roughly according to the viewpoints mentioned in

Table 2. First, the temporal development of the publications is

illustrated. Second, the entities of assessment are discussed. In

the third section the FCH technologies tackled in the different

publications are clustered. The fourth section has a focus on

methodological aspects and tools used for LCC. In addition to

these results, the list of the reviewed publications and detailed

information on used software and databases in them are

available as the Supplementary Materials (text file, Table 1).

Temporal development of the reviewed publications

Fig. 2 shows the number of the reviewed publications by year

of publication. The number of LCC publications about FCH

technologies increases with time as observed. This could

reflect the scientists’ interests in the economics of such
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year, until May 2021.
technologies because of their greenhouse gas (GHG) reduction

potential.

The Green Deal is the comprehensive initiative for energy

transition [25] in the context of European climate policy

context. The Hydrogen Roadmap Europe [26] emphasizes the

role and importance of hydrogen in European's energy tran-

sition towards mid-century and beyond climate goals obli-

gated by the Paris accords [24]. Actualizing such ambitious

GHG reduction targets necessitates that the broader objective

of carbon neutrality supersedes any and all sectoral and sub-

sectoral energy transition roadmaps. This is especially crit-

ical for the developmental prospects of FCH technologies

since its cross-sectoral applicability and true GHG mitigation

potential is strongly influenced by the macroeconomic

climate policy goals vis-�a-vis carbon neutrality. Due to tech-

nical and or economic reasons, direct electrification may not

be the best strategy to decarbonize hard-to-abate sectorsd-

steel, chemicals, long-distance freight (e.g., heavy-duty

trucks), off-road heavy vehicles (e.g. mining trucks), ship-

ping and aviation. Hydrogen technologies, some of which are

still in the research and development (R&D) phases, have

shown promise in partially or fully substituting fossil based,

sourced, dominant or derived processes and transformation

activities are applicable. Using hydrogen instead of coal or

natural gas for chemically reducing iron ore in the steel-

making process and harnessing the flexibility potential of

hydrogen storage for tackling the volatility and intermittency

of renewables are salient cases in point [27]. Among other

things, the above-mentioned dates, the resulting political

framework conditions and shifting technology focuses can

explain the increased interest and number of publications for

FCH technologies.

Entity of assessment

Fig. 3 shows the entity of assessment in the reviewed publi-

cations. Academia (universities and research institutes) is a

major assessment entity because peer-reviewed publications

are set for the review scope. Peer-reviewed publications were

used because there is a lot of literature on FCH technologies to

ensure a certain quality of the publications for this article.
Fig. 3 e Absolute numbers of assessing entities in the

reviewed publications.
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Table 3 e Absolute numbers and relative shares of
additional stakeholder involvement in reviewed
publications.

Number of publications Share

Yes 9 6%

No 132 94%

Total 141 100%
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Companies participate to reviewed publications as a partner

of academia rather than writing a publication alone. About

70% of all publications consideredwerewritten by universities

alone, another 20% were realized by universities in coopera-

tion with research institutes and companies. The remaining

10% represent the solework of research institutes, companies,

or their collaborations.

Table 3 shows the absolute number and shares of reviewed

publications that have additional stakeholder involvement in

their work. Stakeholder involvement is the inclusion of stake-

holders other than authors for information, analysis, and so on.

Explicit stakeholder involvement was implemented in a small

number of cases (6% of the total) among the reviewed publi-

cations and is therefore an exceptional case. Examples of

participation are the use of the survey to select indicators [28],

expert interviews to define the range of assumptions [29] and

the involvement of a ship operating company to provide data

on ship operation [30]. Hoque et al. [28] implemented an LCSA

of fuels for the transportation sector in Western Australia,

surveying experts from industry and academia to screen the

indicators extracted from the literature review. Kang et al. [29]

interviewed experts as one source of information to determine

parameter ranges for sensitivity analysis in the techno-

economic analysis of fuel cells. The specific parameters were

stack life, operating rate, gas consumption, water consump-

tion, heat recovery, rate, electricity losses, initial investment

cost, stack replacement cost, maintenance cost, system mar-

ginal price, renewable energy certificate price, and gas price.

Wu et al. [30] used data provided by bus operators to conduct a

life cycle cost analysis of alternative fuels for buses. Specif-

ically, the data include fuel, labour, maintenance and labour

costs.
Fig. 4 e Assessed technology areas cons
Technology

A significant share of reviewed publications (86%) dealt with

production and utilization technologies, whereas only a mi-

nority focused on storage and transport, Fig. 4. The publica-

tions that include production technologies represent about

72% (~100) of the reviewed publications. The publications that

include utilization technologies represent about 62% of the

reviewed publications.

Table 4 enumerates production, storage and transportation

technologies, and end-uses reviewed in this article. The

multifaceted nature of FCH technologies is reflected in the

variety of technologies available for a specific purpose (eg.

production) as well as in the combinatorial possibilities when

more than one process of the supply chain is considered.

Cost analysis methodology

Fig. 5 shows the modelling approaches used in the reviewed

publications. There is a wide range of “System Assessment”

from detailed analysis to aggregated high-level analysis

depending on the analysis objectives and the envelope of

technologies assessed. The detailed analysis could be defined

as using a combination of fundamental processes using phys-

ical, mechanical and chemical, data to determine the amount

of material, energy, and equipment required by the FCH tech-

nologies. Then the performances of the system such as envi-

ronmental and economic aspects are obtained based on the

calculation of each process. A typical example is the compar-

ative analysis of hydrogen production technologies using pro-

cess simulator software. In this example, there are multiple

reactions such as desulfurization, reforming, shift, CO2 cap-

ture, and purification reactions, as well as heat exchange, and

the required energy inputs and CO2 emissions per unit of

hydrogen are evaluated by integrating the obtained calculation

results. In the high-level analysis, the entire supply chain or

multiple processes in the supply chain of FCH are considered,

such as hydrogen production, transportation and storage, and

utilization, using energy consumption per final product and

energy efficiency obtained from the combination of multiple

fundamental reactions. Literature values are often used for
idered in the reviewed publications.
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Fig. 5 e Modelling approach used in the reviewed

publications.
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estimating energy consumption per unit final product. It is

difficult to parse and compare the granularity and fidelity of

different technologies analysed in the reviewed publications.

Optimisation (e.g. production, transport, distribution and

storage costs) is easily distinguished as a specific methodology

in Fig. 7, although also a kind of system assessment.

Besides the general type of modelling described above, the

specific implementation of assessments in the reviewed

publications differed clearly. Distinguishing features could be

found in the technical framework conditions of the actual

assessment implementation (used software and databases)

and in the applied calculation methods.

Used software and databases
For practitioners, the software tools and databases can be a

limiting factor in the implementation of LCC in terms of

availability and accessibility. The compendium of 141 publi-

cations reviewed were screened to get an overview of
Table 4 e Overview of considered technologies within the tech

Technology area (N ¼ number of technologies)

Production (N ¼ 15) SMR

gasifi

Enha

super

(Polym

micro

(Al þ
photo

splitt

amm

Storage (N ¼ 7) Press

Carrie

Transportation (N ¼ 7) Truck

refue

Utilization (N ¼ 21) FCEV

subso

ship,

Carbo

ICEV

turbin

(auxi
potentially available tools and databases Aim of the screening

was to identify the used software, tool or database and their

provider in conjunction with a brief description of purpose,

content or function properly contextualized. The searchwithin

the publications was realized by a document scan with the key

words “software” and “database”. A subsequent “reverse

search” with identified specific products (software, tool or

database) offered the possibility of identifying usage in publi-

cations notmarked by the keywords. Due to a certain degree of

commonality in tools, platforms, and databases for performing

life cycle environmental (LCA) and economics (LCC), in several

instances, the keyword search extended into such domains as

well as S-LCA which integrates environmental, economic and

social aspects. The inclusion of tools and databases for LCA or

Social Life Cycle Assessment (S-LCA) is still useful, since de-

pendencies on LCC (or vice versa) are usually given (e.g. by

considered flows or system modelling). Furthermore, tools

usually used for LCA (e.g. SimaPro) can contain also economic

assessment or estimation tools. An overview of the identified

software tools and databases with allocations to the corre-

sponding publications can be found in SI table 1 and SI table2.

The keyword “software” resulted in 83 publications (ca.

59%), while the keyword “database” led to 57 publications (ca.

40%).

The identified publications offer extended information on

applied software tools by 115 single references. In 16 reviewed

publications, two different software products were given, in

eight cases three different identifiable software tools were

used in the study. The number of identified different software

applications was 33 (see Table 2 of Supplementary material

(excel file)), 22 of which were only used once. As shown in

Fig. 6, the most used software tools in the identified publica-

tions were “Aspen PLUS”, “SimaPro”, and “MATLAB”, whereby

MATLAB represents a plenty of different implemented appli-

cations. The differentiation of the software according to pur-

pose (LCC, LCA, TEC (technology simulation)) shows that
nology areas in the reviewed publications.

Technologies

(Steam Methane Reforming), ATR (AutoThermal Reforming),

cation (coal, coke, oil, biomass), partial oxidation, AER (Absorption

nced Reforming) gasification, chemical looping gasification,

critical water gasification, pyrolysis, water electrolysis (Alkaline, PEM

er Electrolyte Membrane), SOEC (Solid Oxide Electrolyser Cell),

bial), fermentation (dark, photochemical), thermochemical cycle

HCl, CueCl, Al redox, SeI), chlor-alkali electrolysis, direct

biological splitting, solar thermal dissociation, plasma methane

ing, molten metal methane splitting, FT (Fischer-Tropsch) Synthesis,

onia synthesis, methanation, methanol synthesis

urized tank, liquefied hydrogen, LOHC (Liquid Organic Hydrogen

r), metal hydride, adsorption, underground caverns

s, high-pressure tanks, cryogenic tanks, LOHC tanks, hydrogen

lling stations, H2 pipeline, H2 injection into natural gas grid

(Fuel Cell Electric Vehicle), FC (Fuel Cell) buses, FC truck, FC tram,

nic aircraft, range extender, FC scooters, FC inner costal ferry, FC

H2 turbine tanker, PEMFC, SOFC (Solid Oxide Fuel Cells), MCFC (Molten

nate Fuel Cells), PAFC (Phosphoric Acid Fuel Cell), microbial FC, H2

(Internal Combustion Engine vehicle), duel fuel trucks (H2þdiesel), H2

e, FC CHP (Combined Heat and Power) System, ICE CHP, APU

liary power unit) for track using HTPEM (High Temperature PEM)
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Fig. 6 e Overview of relative shares of used software tools in reviewed studies differentiated by mainly intended purpose of

the software; other: tools used less than two times.
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approximately 55% of the identified software uses (18 different

software tools) are directly related to LCC. A mix of uses (e.g.

technology simulation and LCC)was observed inmost of these

cases (see Table of Supplementary material (excel file)).

The number of single references on database products in

the reviewed publications was 92, whereby the number of

different databases was 32 (18 were used one time; see Table 1

of Supplementary material (excel file)). The most used data-

bases were found to be “ecoinvent” [31], the “IEA databases”

(International Energy Agency) [32], and the “EIA databases”

(Energy Information Administration) [33] as shown in Fig. 7.

The content of databases is related to economic data in

approximately 27% of the identified database uses (seven

different databases). There are only two cases of more or less

pure economic data provision (see Table 1 of Supplementary

material (excel file)). Like in the case of software tools, most

databases provide a mix of different contents (e.g. environ-

mental and economic data).

The quantitative and qualitative variety of software tools

and databases (see Tables of Supplementary material (excel

file)) offers plenty of thematic starting points (e.g. energy

market, agriculture, automotive). The providers can be located

in the private and publicly financed sector. Accessibilities and

availabilities differ by free and fee-based offerings. Regarding

the considered databases it has to be noted that some data

contained is limited to specific regions of the world (e.g. New

Zealand [34], Australia [35], Germany [36]).

After the identification of used software tools and data-

bases and their revealed frequencies of use, the identification

of general dependencies was the subject of research. Besides

the previously mentioned topic-related dependencies of

software or database choice (e.g. regional relations may
require region specific databases), dependencies of compati-

bility can be found in the considered data. While individual

databases can only be used in combination with specific

software (e.g. PSILCA database in openLCA), most published

studies reveal “voluntary dependencies”, meaning that the

applied software tool provides or includes a database (e.g.

Aspen databases, GaBi database), but allows the use of

external software-independent databases (e.g. ecoinvent).

With regard to other possible dependencies, the most

commonly considered technologies (production, utilization)

and study-specific tools and databases were analysed (see

Supplementary Figure (excel file)). Despite the relatively small

number of studies per applied software (Aspen PLUS (18

studies), SimaPro (14 studies), MATLAB (ten studies)), trends

could be derived from the data. Compared to the average rate

of considered technologies, specific software tools (e.g. Aspen

PLUS in studies considering only production) show above or

below average shares. Accordingly, Aspen PLUS for example,

is used more frequently for studies that deal exclusively with

production technology (61% of all studies using Aspen PLUS

deal with “production only”), while MATLAB is used more

often than average in studies that deal with production and

further technology (90%) as well as utilization and further

technology (90%). In general, utilization technology is under-

represented in studies using Aspen PLUS (6e17%), while

SimaPro has never been used in studies concerning the pro-

duction technology only (0%) but for studies with production

or utilization and further technologies. Regarding the most

used databases, the deviations from the average usage rate

are not so strong. Exceptions are the non-usage of the IEA

database for studies with utilization technology only (0%) and

the above average use for studies dealing with production or
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Fig. 7 e Overview of relative shares of used databases in reviewed studies differentiated by the type of contained data; other:

databases used less than two times.

Fig. 8 e Cost calculation methods used in the reviewed

publications.
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utilization and further technologies (86%). At the level of

specific technology details (e.g. PEMEL or SMR), it is very

difficult to identify dependencies from software tools or da-

tabases. Although, for example, individual technology details

such as SMR or natural gas use are more often found than

other software tools when Aspen PLUS is applied, this data is

only of limited reliability due to the small sample size (see also

Supplementary Figure (excel file)).

In summary, there no reliable, clear dependencies between

the evaluated technologies and the software or databases

used can be determined. Only tendencies could be identified,

which can also be traced back to individual decisions by

practitioners and not to availability and accessibility. Never-

theless, the extracted data overview can be used as a first

reference for your own studies.

Calculation methods
Fig. 8 shows the cost calculation methods used in the

reviewed publications. A specific cost calculation method and

an indicator are combined closely, e.g. Levelized Cost method

and Levelized Cost of Hydrogen (LCOH). The calculation

method for LCOH was derived from the one for Levelized Cost

of Electricity (LCOE) [37].

Although one can look at a wide variety of methods used in

the reviewed publication, some of the methods are grouped

into the “Discount Cash Flow method” family. Levelized Cost

Method, Net Present Value (NPV), annuity cost, H2A (Hydrogen

Analysis Production Models), and Discount Cash Flowmethod

are categorized in this family. Discounting is also considered

in the calculation of ownership costs.

Discounted cash flow method is to convert costs and

revenues incurred in each period into present value using a

discount rate in order to make different cost and revenue

streams comparable. The method is common to NPV and the
Levelized Cost method. The Levelized Cost method is mostly

used in the reviewed publications [e.g. 38, 39]. The Levelized

Cost is obtained by dividing the total costs incurred over the

lifetime of the product or equipment by the total amount of

the product or service as shown in Eq. (1). The total cost of

service often takes into account a discount rate. This method

provides the cost of a unit product or service when the total

cost and revenue through the lifetime are balanced. It also

defines the minimum real price of the product, necessary to

ensure an acceptable return, given the chosen discount rate

from a private financial perspective. Using LCOH, unit

hydrogen costs can be compared regardless of the charac-

teristics of the facility (i.e., differences in technologies such

as hydrogen production, transportation, and storage and

https://doi.org/10.1016/j.ijhydene.2023.04.035
https://doi.org/10.1016/j.ijhydene.2023.04.035


i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 5 4 ( 2 0 2 4 ) 3 6 1e3 7 4 369
their volumes). In other words, the levelized cost method has

broad applicability to FCH technologies. However, this re-

quires the user of the cost results to check if the assumptions

made are relevant to their objectives. If users focus only on

the cost results without considering the assumptions, the

implication derived from consideration of the cost results

may not be in accordance with their objectives. Although

this point is not a drawback of the method itself, practi-

tioners should be aware of this point when the method is

used for cost calculation.

To see if the analysed technology area has an influence of

the application of the levelized cost method, the ratio of the

publications using this method to the number of publica-

tions of the same technology area in the total reviewed

publications was calculated. The ratio that uses the levelized

cost method of all reviewed publications is about 40%. More

than 40% of publications which analyse the whole supply

chain and combination of production and storage use the

levelized cost method. The number of publications that an-

alyses the whole supply chain using the levelized method is

limited (only two). This could indicate the levelized cost

method is used in general regardless of technology areas and

its combination.

NPV is a method (and indicator) to determine the present

value of a product or facility by the balance of costs and rev-

enues over the lifetime of the whole project or facility like

shown in Eq. (2). If the NPV value of the project is negative, the

investment is considered to have no value (lower returns than

investment). NPV is basically used to consider and compare

the profitability of the projects with varying discount rates

and other assumptions. However, the break-even selling price

is the levelized cost of the product, which is calculated by

setting the NPV of the project is equal to zero [40,41]. Annuity

cost is obtained as the ratio of the annualized total costs to the

annual production amount. The annual total costs consist of
Table 5 e Considered cost items in capital costs.

Items Representative cost items

Capital costs CAPEX

Investment

Replacement

Land

EPC

Purchasing

Depreciation

Deferred asset

EoL

Safety

Subsidy

Interest
each annualized cost item. To annualize investment in year 0,

investment in year 0 can be converted into an annual cost

using a cash recovery factor. The costs that vary year to year

also must be levelized as annualized costs when using this

method. Annuity Cost method is considered to be a special

case of the Levelized cost method.

Equations for LCOH and NPV are as follows:

LCOH¼
Pte
t¼0

Ct

ð1þrÞt

Pte
t¼0

Pt
ð1þrÞt

(1)

NPV¼
Xte
t¼0

 
Rt

ð1þ rÞt �
Ct

ð1þ rÞt
!

(2)

where, Ct, Pt, Rt denote cost (C), amount of product (P; e.g.

hydrogen and electricity), and revenue (R) in a period t,

respectively, r denotes discounting rate and te denotes the last

period of the project considered.

H2A, which consists of multiple spreadsheets is a hydrogen

cost estimation tool developed by the US Department of En-

ergy, which estimates the LCOH [42]. Ownership cost is also

called TCO and often refers to the total cost of ownership of a

car or the cost per unit (e.g. mile or km) driven. TCO often in-

cludes purchase, energy (fuel, hydrogen, or electricity), main-

tenance, and component replacement costs. However, mainly

due to claiming technical uncertainty, the EoL cost of the

vehicle is often excluded [43e45]. Profitability is a concept

similar to NPV and is to estimate profit based on lifetime costs

and income. As an example, profitability index for a microgrid

is defined as the ratio of its NPV to the capital investment [34].

Generally, also internal rate of return and payback Time are

used for comparisons. Exergo-economic analysis combines the

exergy and incurred costs of the processes. The exergy cost of

output flow balances the sumof the exergy cost of inflow to the
General descriptions

Capital Expenditure includes costs for purchasing equipment,

building facilities, civil work, and so on. These costs are sometimes

depreciated through a part of or all project year.

Financial resources to implement a project. Similar to CAPEX

The cost of replacing a major piece of equipment or a facility over a

specified period of time. Consumables are excluded.

Cost to purchase or rent land for the project

Cost for engineering, procurement and construction.

Included items: Direct, Indirect, Equipment, Install, Control, Civil,

Erection, Assembly, Piping, BOP (balance of plant)

Cost to purchase equipment

Allocated costs to a specific period of time, usually a year, over the

lifetime of the technology

Expenditure that is recorded in a specific period and that effects

continue over multiple periods, such as investment for R&D.

End of life cost. The costs incurred at the end of utilizing a product,

equipment, facility.

Similar or included items: Salvage, Decommissioning

The costs for equipment and facilities to ensure project

implementation safe.

Funding support (a negative cost) from municipality and national

governments

Cost of capital, such as stocks, loans obtained from bank etc.
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process and the capital and maintenance costs of the process.

The unit exergy cost of the system is obtained by calculating

the exergy costs of all processes in the system, [48e51].

The real options method is used for project evaluation that

applies the option pricing theory used in financial engineering

[52]. GHG abatement cost method is to calculate the required

cost per unit of CO2 emission reduction by taking the difference

between the cost and CO2 emissions of the technology to be

evaluated and the cost and CO2 emissions of the reference

technologies [53e55]. The cost items categorized in capital and

operation and maintenance (O&M) costs are shown in Table 5

and Table 6, respectively. It should be mentioned that these

cost items in each table are not necessarily mutually exclusive

and collectively exhaustive as they are extracted from the

reviewed publications and their scopemay sometimes overlap.

The reasons for choosing the indicators are occasionally

mentioned in the reviewed publications. Themajor reason for

using the Levelized Costs (LCOH and LCOE), which are the

mostly used indicators in the reviewed publications, is that it

provides a metric commonly used to evaluate the economic

competitiveness among technologies options [58e61] and
Table 6 e Considered cost items in O&Mcosts.

Items Representative cost items

O&M costs OPEX Opera

facilit

Simila

Fuel Fuel c

Electricity Electr

Feedstock Cost f

Labour Cost f

Insurance Insura

Storage Cost t

Transport Cost t

Simila

Administration Cost f

includ

headq

Simila

capita

Credit A kind

sellin

negat

Utilities Cost f

Simila

Externalities Extern

direct

Cost f

treatm

Revenues Cash

sellin

Simila

Tax Cost f

License Costs

Simila

Permits Cost t

Intangible This c

expre

restric

Start-up Costs

other

Opportunity Benefi

altern
clearly indicates the cost of production of an unit of energy

[40]. Another reason is that LCOH is appropriate because it is a

cost-based indicator and does not include energy market un-

certainty as compared to other indicators (e.g. payback period,

and internal rate of return) [38]. However, for a comprehensive

investment analysis (private perspective) the revenue side

needs to be taken into account, too. Revenues, NPV, and LCOH

is used as standard economic indicators and allow for the

comparison of each project from the perspective of a potential

investor [63]. In Hoque et al. [28], interviews were conducted

with experts, and indicators considered important by more

than half of the experts were adopted. The savings-to-

investment ratio (SIR) is utilized to calculate the profitability

of the sellers of molten carbonate fuel cell systems and gen-

erators. This indicator is equivalent to ratio of discounted

accumulated revenues and costs, therefore the indicator of

above 1 means profitability [29,62].

Fig. 9 shows the Top 20 cost items considered. Frequently

considered items are capital-related items, investment,

replacement, equipment, installation, salvage, and direct

costs.
Descriptions

tional expenditure that is incurred in operational activities in

ies and equipment

r items: Operation cost

ost for heating, driving, etc.

icity cost for lighting, driving, etc.

or purchasing raw materials

or purchasing labour cost for workforce for operation

nce cost for monetary loss due to accidents

o store feedstock or products in the outside of the project

o transport feedstock or products to/from outside of the project

r or included items: Shipping

or general administration that is allocated to the project. This

es divisions of accounting, human resources and sales in the

uarter. Some miscellaneous cost items are also included.

r or included items: General, Overhead, Support, Working

l, Service, Exploitation

of revenue, such as tax credit or heat credit that is obtained by

g surplus heat outside of the boundary. This is interpreted as

ive costs.

or cooling water, steam, electricity used in a facility.

r or included items: Consumables, Chemicals, Catalysts

al costs due to project implementation that are generally not

ly borne by the project owner.

or Similar or included items: Carbon, Emission, Air quality, Waste

ent (externality defines these costs as not yet internalized)

flow from outside of the project. Typical revenue is obtained by

g product and by-product

r or included items: By-product, Savings

or having fixed assets or on profits.

for using licensed technologies

r or included items: Patent

o obtain legal permission.

ost is sometimes difficult to quantify. In Li et al. [56], this cost is

ssed by purchase restriction (e.g. auction cost) and driving

tion cost

for start-up a plant that includes initial loading of catalysts and

consumables

ts that would have been obtained from other most favourable

atives.

https://doi.org/10.1016/j.ijhydene.2023.04.035
https://doi.org/10.1016/j.ijhydene.2023.04.035


Fig. 9 e Top 20 items of cost items considered.
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O&M related items considered in the reviewed publications

were fuel, electricity, labour, tax, feedstock, and so on.

Although it depends on the capital intensity of a technology,

these seem to have major contributions to the total costs of

the analysed technology. The end-of-life costs or values were

rarely considered even if the words “life cycle cost” were used

in the publications. External costs were rarely considered

either.

Recently, the importance of technology-specific discount

rates was discussed [64]. However, there is still little recogni-

tion in the LCC literature. Most frequently used nominal dis-

count rates ranged between more than 4% up to 6% as shown

in Fig. 10. Averaged value was used in the case of the publi-

cations with more than two discount rates such as for sensi-

tivity or case analysis. Mohseni et al. [34] used the highest
Fig. 10 e Distribution of the nominal discount rate in the

reviewed publication.
discount rate of 16.19%, which is based on averaged offered

interest rates from different banks for business in New Zea-

land. Low discount rates that is less than 2% is based national

government bond [39] and ones in developed countries such

as Canada, France, Japan and US [65]. A few of the reviewed

publications, specifically mentioned inflation rates or which

kind of discount rate they used. The utilized inflation rate

ranges from 1% [66] to 11.7% in India [65]. The inflation rates in

many regions may have raised significantly compared with

ones in last years, reflecting the changes of financial situa-

tions in those regions.
Conclusion

A comprehensive literature review of LCC approaches from

over the 300 publications was performed to serve as the basis

for the subsequent development of LCC guidelines for FCH

technologies as part of the Clean Hydrogen partnership fun-

ded SH2E project. A total of 141 publications were extracted to

be reviewed in detail. The selected publicationswere reviewed

from the following vantage pointsdobjectives, the scope, the

entity of assessment, stakeholder involvement, calculation

methods, used software and databases, discounting, and

whether or not EoL is included.

Almost all assessment entities in reviewed publications

include authors with academic affiliations because peer-

reviewed publications were targeted in this study. There are

several examples of stakeholder involvement to obtain prac-

tical data or support for their analysis such as operation data

and indicator screening. The analysis covered hydrogen pro-

duction mostly, followed by hydrogen utilization, and com-

bination of production and utilization studies. Since LCC

analysis is often performed in conjunction with LCA in the

reviewed publications, LCA-based tools and databases are

often used. Most of the software used is commercial software

such as ASPEN, SimaPro, MatLab, and others. The databases

mostly used are ecoinvent, IEA database, and EIA database.

The most common methodology used in the reviewed publi-

cations is the Levelized Cost method. The rationale for using

LCOH is that it converts the cost of hydrogen over its lifetime

into costs per unit volume or mass, and it can be compared

regardless of the technology used or the scale of production

and transportation, provided the scope and boundaries are

harmonized. Though LCC is claimed in some instances, it does

not necessarily provide a cradle-to-grave perspective from

manufacturing, use to EoL. Many studies exclude EoL mainly

due to data availability, technology and financial risks, EoL

uncertainties posed by nascency of FCH technologies. On a

related note, the lack of FCH-related data may result in large

uncertainties as the research and development are still in

progress. One would hope as more information about the EoL

of FCH technologies becomes available, researchers could at

least determine whether EoL effects need to be even included

in the LCC of FCH technologies.

In other cases, LCC refers to the total cost during the

product life cycle or the project. A variety of capital and O&M

costs were accounted for in the reviewed publications. Rather

than including environmental impacts as external costs,

standalone LCAs were conducted. The calculation methods
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with discounted cash flow analysis are themost common, and

the indicators used differ depending on the objective of the

publication such as the profitability of the entire project or the

unit cost. Discount rates are often used in the reviewed pub-

lications. Guidance on how to determine an appropriate dis-

count rate for the FCH projects can also be useful, especially

since higher capital costs have a significant impact on the

total cost.

In summary, the results of the publication research show a

wide variety of understandings and approaches to mapping

LCC aspects. In order to generate comparable study results in

the future and to be able to carry out a technology/topic-

oriented evaluation for FCH technologies, it is necessary to

establish a methodical procedure that is as uniform and

defined as possible. The necessary guidelines for such opti-

mized LCCs for FCH technology are developed based on the

identified trends and other criteria in the SH2E project.
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