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Abstract 

Technology readiness levels (TRL) have received increasing recognition throughout academia, 

industry and policy-making as a tool for evaluating and communicating a technology’s maturity. 

Conventional scales are unspecific to technologies as they aim at evaluating and comparing 

technologies combining different fields. Hence, they present vague descriptions which leave 

considerable room for interpretation and subjective choices. For the chemical industry, adaptions 

and specific criteria are needed for more comprehensible TRL ratings. This paper specifies the 

nine conventional TRLs for the chemical industry as: Idea, Concept, Proof of concept, 

Preliminary process development, Detailed process development, Pilot trials, Demonstration and 

full-scale engineering, Commissioning, and Production. Adjusted descriptions and additional 

criteria with detailed indicators are presented, depicting the logical progression of a typical 

chemical innovation in the phases of applied research, development and deployment. The 

specified TRLs facilitate evaluation and communication of a technology’s maturity and 

substantially improve the basis for data availability-based assessment. 
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1 Introduction 

The evaluation of a technology’s maturity receives increasing recognition among stakeholders 

throughout academia, industry and policy-making that strive to achieve more efficient use of 

resources such as capital, material or infrastructure. In the chemical industry, the time required 

for an innovation to pass from ideation to commercialization is relatively long compared to other 

fields of industry (up to about ten years). Reducing the time for an innovation to get market-

ready holds high potential for lowering costs or getting major competitive advantages and leads 

companies to rethink their innovation strategies1. This raises the demand for an accurate way of 

evaluating and a comprehensible way of communicating the current status of an innovation and 

better overall understanding of maturity stages of a technology in research, development or 

deployment (RD&D). Only if the current maturity of a technology is well known, adequate 

measures can be concluded and undertaken. These measures include future development tasks 

and related supporting activities such as project management, risk analysis or marketing; as well 

as decision-making. For example, in earlier stages, more effort is typically directed towards 

analyzing a variety of process alternatives instead of external communication; as another 

example, decision-makers shift their focus from excluding technologies that do not stand a 

chance of being viable early on to selecting the single most promising process for 

implementation in advanced stages. Following the evaluation of technology maturity, 

practitioners can reduce uncertainty by adequate assessment or disclosing issues like deficits and 

problems in the respective development project2–4. 

A popular concept for the evaluation of technology maturity is the concept of rating its readiness 

for a certain purpose in levels, called ‘technology readiness levels (TRL)’. The first scale, 

showing seven levels, was created by NASA researcher Stan Sadin in 19745. The concept was 
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initially developed for space exploration, a domain that integrates a variety of disciplines from 

mechanical, electrical and chemical engineering to aviation, medicine and computer science. The 

NASA scale was extended to nine levels in 1995 by John Mankins2. Since then, a variety of 

scales (including amendments by NASA, extended descriptions6 as well as separation into 

software, hardware and exit criteria7) evolved. Most presented scales incorporate nine distinct 

levels. Some scales present adaptions to specific technology fields such as energy8, steel-

making3, health-care9 or biotechnology10 (an exhaustive list is outside the scope of this paper). 

Overall, TRLs enable the comparison of technologies (benchmarking)11 across different 

audiences as they constitute a common understanding and way of communicating 

technologies4,12. The most influential scales and the scales most commonly used in the chemical 

industry are summarized in Table 1. A compilation of these scales with TRL titles and further 

descriptions is given as supporting information S1. 
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Table 1: Popular and influential TRL scales, issuing institutions and description of the scales’ 

purposes 

Issuing institution Purpose and background of the scale 

  

US National Aeronautics and 

Space Administration 

(NASA)2,6,7 

Space technology planning as a measurement system that 

"supports assessments of the maturity of a particular 

technology and the consistent comparison of maturity between 

different types of technology"2 

US Department of Defense 

(US DoD)13 

Focus on "critical technologies"13, used in 'Major Defense 

Acquisition Programs', evaluates the degree of risk associated 

with each TRL and recommends mitigation measures 

US Department of Energy 

(US DoE)8  

Based on NASA and US DoD, adapted to DoE needs, 

incorporates scale of testing, system fidelity and environment 

(waste) as criteria in the description, provides appendix with 

questions for general TRL rating and detailed questions for 

critical technical elements 

US Department of Health and 

Human Services 

(US HHS)9 

Biomedical adaption: designed for evaluating the maturity of 

medical countermeasure products (drugs and biologics) 

European Commission, horizon 

2020 framework 

(H2020)14 

Brief TRL definitions, TRLs are used to ensure that funded 

projects cover the full range of RD&D activities, setting up of 

funding programs and monitoring of the progress of funded 

projects 

European Association of Research 

and Technology Organizations 

(EARTO)4 

Based on H2020 scale, extended with EARTO readings and 

descriptions, used as research & innovation policy tool: 

designed to help design funding tools and policies as well as 

help single funding decisions (by governments) 

NSF Engineering Research Center 

for Biorenewable Chemicals 

(CBiRC)10  

NASA scale adapted to bio-based research and manufacturing 

International Organization for 

Standardization, standard 16290 

(ISO 16290)15 

Based on the NASA, DoD and European space institutions 

scales, primarily applicable to space system hardware, 

including titles, descriptions and examples 

European Space Agency 

(ESA)16 

Very similar to the NASA scale, incorporating ISO 1629015, 

providing data requirements for each TRL 

 



 

 

 

 

6 

Despite their established application in the chemical industry, the aforementioned scales often do 

not meet the requirements of practitioners concerning objectiveness and comprehensible rating 

(see also 4,17). This is for several reasons which are addressed with this paper: 

Most notably, established TRL scales lack detailed indicators. The general need for more 

specific TRL scales was reported by EARTO4 and exemplified for the steel industry by Klar et 

al.3, who report differences of up to two TRLs when applying non-specific TRL scales3. 

Regarding specification, the following general trade-off was identified: Unspecific TRL scales 

can serve a variety of different technologies and make them comparable. At the same time, the 

rating of each single technology remains vague due to the lack of specific criteria and indicators. 

Conversely, more specific indicators enable more accurate TRL rating; however, they narrow 

down the range of technologies the scale is applicable for. Currently existing scales often cover a 

variety of technologies and thus present vague indicators that leave room for interpretation and 

subjective choices when applied in the chemical industry. Consequently, such TRL ratings are 

prone to subjective evaluation and are difficult to reproduce. Criteria and indicators specific for 

the chemical industry are expected to lead to more comprehensible rating. However, 

specification is inherently only possible when addressing selected technology fields (e.g. 

chemicals in general) or even groups within the field (e.g. base chemicals, rubbers, additives), 

limiting the versatility of the TRL scale. Adaptions to other technology fields have been 

presented, yet they mostly cover altered titles and descriptions without providing further details 

of the TRLs (e.g. 3,12,18, also see Table 1). This paper targets more accurate and comprehensible 

TRL rating by presenting specific criteria and indicators. 

In order to tailor TRL scales to the chemical industry, characteristics of this field need to be 

considered in the specified scale. This becomes especially evident in view of the terminology 
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that conventional scales use, which lacks meaning in the chemical industry or is difficult to 

adapt: Prominent examples are the terms ‘prototype’12,19, ‘environment’12,20, and 

‘demonstration’21. The word ‘prototype’ whose meaning as “a first full-scale and usually 

functional form of a new type or design of a construction”22 is easily understood in mechanical 

engineering but lacks a common interpretation in chemical industry research, development and 

deployment. Testing a technology in different ‘environments’ – if understood as natural 

surroundings such as soil or weather conditions – is not an intuitive idea for chemical plants due 

to their general immobility. The broad term ‘demonstration’, meaning an “act of showing that 

something exists or is true by giving proof or evidence”23, requires specification with regard to 

what is demonstrated to whom. The TRL understanding recently reported by Humbird24 is 

focused on the bioeconomy with limited validity for the non-biologic process industry. The here 

presented framework makes use of concepts applicable in the whole chemical industry. 

Moreover, past approaches did not develop TRL scales in a transparent and systematic 

intersubjective way and lack explicit definitions of all concepts used and distinction of methods 

applied (e.g. some established TRL scales represent single experts’ opinions). Major 

characteristics of TRL scales such as the meaning of ‘readiness’, beginning and end of a TRL 

scale or tiers of TRL rating regarding technology elements remain largely absent from both 

popular TRL concepts’ descriptions and scientific discussions up to this point. Methodological 

considerations as shown in this paper are needed in order to yield an intersubjective 

understanding and make sure that the TRL scale can be applied beneficially in the chemical 

industry. 

In addition to the uncertainty resulting from different interpretations of one particular scale at 

hand, there are a variety of different scales available that introduce another source of uncertainty 
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of a reported TRL, especially if the underlying scale is not stated along with the rating. This 

paper does not present a new concept that is contrary to established scales. Rather, for a single 

field of technologies, the chemical industry, it suggests a common interpretation of the 

established TRL scales through specification and aims to facilitate the process of agreeing on a 

common understanding of TRLs. 

This paper builds on earlier work17,20,25 which was done in the context of improving technology 

assessment methodology, more specifically techno-economic assessment (TEA). Adequate 

methods for TEA change with the level of data available. TRLs represent development progress 

which is closely linked to data availability. As a consequence, TRL-based assessment was 

recently introduced for the chemical industry17,19,20,25,26, including efforts to connect the TRL 

concept explicitly to research, development and deployment in the chemical industry. However, 

previous efforts were limited to a) basic principles of TRLs in the chemical industry and b) rating 

by means of general project criteria – with the sole intent to yield a model for stages of data 

availability. Advancing the scientific understanding of the TRL concept itself as well as 

improvements and extensions were left to future research and are addressed in this paper, which 

builds on the ideas previously presented and thereby aims at providing a more solid foundation 

for TRL-based assessment. 

This paper’s structure reflects the procedure and order of questions asked when specifying TRLs 

for the chemical industry: Chapter 2 shows characteristics of TRL scales in general and how they 

can be adapted to the chemical industry. It is opened by introducing basic terminology and 

concepts (2.1) and followed by the main questions of; first, what the beginning and end of the 

TRL scale are (2.2) and second, how levels are characterized (2.3). Then, possible and applied 

methodology for level differentiation is described (2.4). Specific perspectives of target groups on 
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TRL rating are described in the following (2.5 and 2.6). Chapter 3 presents the specified TRL 

scale. The TRLs are aligned with innovation phase concepts (3.1), the selected criteria are 

described (3.2), and detailed indicators shown (3.3). Chapter 4 explains how the scale is used for 

TRL rating (4.1) and what tasks may follow (4.2). This paper closes with a critical review and 

outlook (5). 

2 Adapting TRL scales to the chemical industry 

2.1 Terminology and concepts 

One challenge when specifying TRLs for the chemical industry lies within the commonly used 

concepts that can have different meanings to practitioners. As the set up scale incorporates and 

relies on those concepts, brief descriptions are given in the following: 

Maturity and readiness. Maturity is described as “the quality or state of being mature”27, with 

“mature” as “having attained a final or desired state”28. Readiness is described as “the quality or 

state of being ready: such as […] a state of preparation”29 for a targeted use. Whereas ‘maturity’ 

can be understood as a state that is either true or false, the concept of ‘readiness’ introduces 

graduation. In literature, there is no clear distinction between ‘maturity’ and ‘readiness’ when 

used in technology maturity rating with technology readiness levels; both terms are used 

interchangeably. 

Technology and technology element: A ‘technology’ is seen as an “application of scientific 

knowledge for a practical purpose”30 and ‘technology element’ being a ‘a distinguishable part of 

technology’ which can for example be “a unit process, a unit operation or a piece of 

equipment”17. 

Criterion and indicator. In general, a ‘criterion’ is seen as a “condition that need[s] to be met in 

order to adhere to a principle”31. In this paper, this concept is applied in two ways: First, an 
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aspect that helps to set up requirements for beginning and end of the scale. Second, an aspect that 

helps to rate how far advanced a technology is by judging the states of indicators for a given 

TRL (i.e. a row in Table 2, similarly 12). In accordance, ‘indicators’ are variables with 

measurable states that reflect the state of an associated criterion31 (i.e. a cell entry in Table 2). 

Rating vs. assessment. The term ‘TRL rating’ is preferred over ‘TRL assessment’ as the question 

of how mature or ready a technology is, can be answered with the analysis of its current 

characteristics and does not include a judgement in terms of good or bad20. 

Plant types. In the chemical industry, innovation progress is often related to different plant types 

that enable the collection of additional information32. However, understandings in literature 

differ. For this paper, distinguishing between plant types is predominantly about the task that a 

specific plant has to fulfill rather than its size or capacity (see also 24,33–36). Figure 1 shows 

typical tasks and goals of different plant types and further characteristic elements. The capacity 

normally increases as a consequence of the tasks in the order shown. 
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Figure 1: Typical tasks, goals and further characteristics of different plant types within the 

chemical (or process) industry 

 

Innovation phases. After basic research, the stages an innovation passes through can be separated 

into applied research, development and deployment (see also 37,38). Basic research focuses on 

understanding natural phenomena and does not target the introduction of a technology39. It is 

therefore, in this paper, not considered to be an innovation phase. In contrast to basic research, 

applied research focuses on altering understood natural phenomena in order to achieve a certain 

outcome40. The term ‘development’ describes the conversion of research into ‘the creation of 

new and/or improved products and processes’40. Applied research and development are 

subsumed under the abbreviation ‘R&D’. Development thus answers questions of how 

something can be implemented. In contrast, bringing a developed technology into effective 

action in an environment with a tangible result is called ‘deployment’ in this work (see also 41). 
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Deployment thus describes that something is implemented. Applied research, development and 

deployment are hereafter together abbreviated as ‘RD&D’. 

2.2 Beginning and end of the TRL scale 

The scale should intrinsically depict the level of knowledge available about the technology as it 

reflects its maturity. However, the beginning and end of the scale can not be determined by 

technical means alone as there is no objective understanding of beginning and end of general 

technological progress. 

Some publications see TRL 1 as basic research (e.g. 10,24,42). In other descriptions (e.g. 

2,4,8,9,13,14,16), for TRL 1, it is required to at least begin to translate scientific research into applied 

research. This translation can only be started if ideas for a technology are present – which are 

representations of thoughts about how understood natural phenomena can contribute to achieving 

a desired outcome and thus steer research towards the desired application. It can be concluded 

that achieving TRL 1 in the abovementioned scales includes a completed technology ideation. In 

the 2013 revision of the NASA scale, a published concept of an application is required7. Since 

basic research is not driven by the desire for technology innovation but about understanding 

natural phenomena, it can eo ipso not be completed and it is not suitable to be a state of a 

technology. We therefore adopt the perspective that TRL scales should start with ideas for a 

technology. Consequently, basic research refers to activities carried out prior to the TRL scale 

and TRL 1 is a stage of applied research. 

Maturity and readiness are not objective concepts with an absolute understanding but can only be 

understood when placed in context. Therefore, the general question “Is the technology mature?” 

is replaced with “Is the technology mature enough so that it can be used for [purpose ‘X’]?” or, 
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after introducing graduation, “To what degree is the technology ready for [purpose ‘X’]?“. The 

readiness is thus evaluated in relation to its characteristics needed for the targeted use. 

Criteria for beginning and end are chosen by whatever use and impact the practitioner targets: 

For the original NASA scale, the aim was analyzing to what degree the technology is ready to be 

used in space exploration missions. The beginning is thus a first idea of how “basic principles 

observed”2 (in basic research) can be exploited in a technology for space exploration; and the 

end reached when the technology was “flight proven”2 (i.e. proven functioning in mission 

operation). 

Economic prospects are the most significant decision basis in the chemical industry. With this 

criterion, the beginning is a first idea of how basic research can be exploited in a technology for 

commercial use (e.g. a new reaction pathway for a chemical); the end is an implemented 

technology that is economically sustainable in business-relevant operation (e.g. a world-scale 

chemical production plant in operation). 

While other criteria are possible, this paper employs the stated economic criterion as it will be 

most applicable in the chemical industry since its motivation for technology innovations is 

usually driven by economic prospects. Commercial operation as the end of a TRL scale is also 

reported to be TRL 9 for nuclear fuels12, recycling technologies43 or aviation44. 

There can be differences in the depth of knowledge gained about running full-scale plants, 

depending on how long they have been operated45. For example, a technology that has been 

commercialized (full-scale plant built and operated) decades ago will have been studied more 

than a technology that was commercialized only recently. Similarly, ‘Nth of a kind’ plants can 

rely on a deeper knowledge about the technology than ‘First of a kind’ plants46–49. For the issue 

of ‘first use versus extensive use of a technology’, some authors discuss the introduction of 
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TRL 1050 or TRL 10A following TRL 9 – as well as a possible TRL 10B for technologies that 

became obsolete45. In the TRL scale introduced with this paper, these learnings are not 

considered as for TRL 10A, they do not have an influence on whether or not the (economic) 

criterion is met, or for TRL 10B, the (economic) criterion does not apply anymore. If learnings 

lead to changes in design, the technologies are considered to be different and the TRL scale has 

to be passed through again. TRL rating is not possible for technologies that were rated TRL 9 but 

were then abandoned and disappeared from the market as those technologies are not mature 

(with regard to the economic criterion) and not in RD&D phases. The commercial product 

life cycle (e.g. explained in 51–53) is not mirrored in the TRL scale. Although monitoring a 

technology’s progress with TRLs can help the analysis of why and at what point technologies 

fail to further mature, such discussions are not part of TRL rating itself. 

The concept of readiness levels was adapted to special tasks other than general RD&D or special 

purposes (criteria for end of the scale). A variety of xRL scales (with ‘x’ being a letter that 

represents different scales; e.g. cost readiness level, CRL54, manufacturing readiness levels, 

MRL55, investment readiness levels, IRL56, integration readiness level, IRL57, system readiness 

level, SRL57, reuse readiness level, RRL58) were postulated; however, their application is often 

limited to specific tasks or single aspects of technologies and they are therefore not as widely 

used57. 

2.3 Level characteristics 

In literature, a TRL is understood as either a period of time (phase) or a fixed state that reflects a 

certain level of knowledge obtained from past activities (milestone). These different perspectives 

can lead to differences in rating of one level. In order to avoid discussions about “Where in TRL 

[X] is the technology?” and interpretations or communications such as “early/late TRL [X]”, this 
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paper recommends treating a TRL as a milestone. Consequently, the wording “at TRL [X]” is 

favored over “in TRL [X]” as well as past participle verb form (“[X] examined”) over infinitive 

verb form (“examine [X]”) when describing requirements for an associated TRL (see also Table 

2). 

It is debatable whether maturity describes the level of theoretical knowledge (e.g. just being able 

to build a plant) or requires proof that this knowledge can be implemented into a working 

tangible technology (e.g. plant built). The knowledge gained by actual RD&D leads to 

technology maturation; however, during implementation (at all levels), major learnings can 

occur. Nevertheless, it is not practical to require the practitioner to implement the whole 

technology on every level if, for example, parts of a plant are well-known unit operations that do 

not require extensive R&D (e.g. when the focus is on designing a new reactor, the reactor output 

can be a mixture that is very similar to conventional processes; in this case, designing a 

rectification column for product separation is still part of the newly developed technology but is 

often not considered an intellectually challenging task and not therefore associated with high 

risk). However, judging how similar the technology element which is excluded from 

implementation (in earlier and mid stages) is to well-known elements introduces a subjective 

element to the TRL rating. Furthermore, for chemical technologies, connecting technology 

elements can itself be a major technical challenge. For these reasons, this paper recommends 

including all altered technology elements in order to prove a certain level of technology 

readiness. 

Levels should depict distinguishable milestones that are passed when gaining knowledge about a 

chemical technology. They should not reflect the knowledge needed for the implementation of 
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these specific milestones but the knowledge needed for achieving the overall purpose instead 

(here: full-scale plant). 

2.4 Methodology for level differentiation 

2.4.1 Possible approaches 

For setting up and specifying levels, different approaches are possible: 

Detailing and explaining current (popular) scales. This approach includes adaption of wording to 

the chemical industry, explaining concepts’ meanings and elaborating phrasings. In this way 

current (popular) scales can be filled with details and potentially restructured into clusters of 

aspects of technology maturation. This approach is for example applied by the scales listed in 

Table 1 that build on each other. 

Abstraction and attribution. Literature presents best practices of engineering approaches, which 

can be summarized and compromised to derive a common literature understanding. This 

approach can be based on scientific literature as well as standard textbooks (e.g. 34,59,60) as well 

as expert interviews and the authors’ experience. A typical innovation progress will include the 

usual order of questions asked and be consistent across multiple engineering aspects in a way 

that it follows a logical progression of the RD&D (e.g. it does not make sense to design a reactor 

before the heat of reaction was studied). Levels can for example be set up by first abstracting the 

development steps of single equipment pieces and second, attribution of the resulting abstract 

steps to TRLs. Figure 2 presents an example of this approach. A similar approach was conducted 

for example by Zimmermann & Schomäcker19 or Klar et al.3. 

Data analysis. As a third approach, reports of past RD&D projects can be analyzed that reflect 

development progress as well as development steps or project milestones. However, collecting 

these data is a challenge due to inconsistent reporting and confidentiality. As development 
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projects’ progressions can vary considerably, a large data set is required in order to conclude 

universally valid levels. This approach could not be included in this paper; for future research, a 

comparison of data sets with the set up scale would be beneficial. 
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Figure 2: Abstraction and attribution to yield an understanding of TRLs in the chemical industry, 

example: typical RD&D progress for a separation step in a bubble cap tray column 
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2.4.2 Applied methodology 

In this work, the general idea and frame of the scale was taken from a compilation and 

comparison of established scales as a starting point (see also supporting information Table S1). 

Level criteria and indicators were developed by concurrent a) abstraction and attribution as 

described above, based on engineering best practices presented in literature and b) semi-

structured face-to-face interviews (similarly in 3,18,57,61) with 15 selected experts (Germany) 

representing different stakeholders throughout academia (state-funded and private research), 

industry and funding institutions as well as c) informal discussions with additional experts 

(international) from different stakeholders. In addition to discussions about general issues of 

TRLs in the chemical industry, the selected experts were asked for specific criteria and indicators 

for TRL rating (open questions), before being asked for feedback on the so far developed details. 

Iteration was conducted indirectly: All interview notes were regularly consulted in the following 

in order to check for contradicting views and to derive majority views. Explicit contradictions to 

established scales (especially Table 1) were checked and adjusted. Moreover, the specified scale 

was applied to current RD&D projects for consistency checks within the levels (e.g. in 25 and in 

confidential RD&D projects due to good data availability). It has to be noted that incorporating 

the abovementioned methodology can lead towards a common understanding but the exact 

distinction of levels and details remain subjective to a certain degree. 

2.5 Stakeholder perspectives 

There are a variety of stakeholders that take different perspectives when evaluating and 

communicating the maturity of a chemical technology with TRLs. Stakeholders can take an 

internal or an external perspective. An internal perspective is taken by stakeholders that are 

directly involved in chemical RD&D projects. This mainly includes people in academia 
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(especially in earlier TRLs44) or industry who are carrying out RD&D such as laboratory 

researchers, process engineers, or project managers. For project management, TRLs are a 

valuable “tracking tool”12 for analyzing at what stage their project is and how it advances 

through stages of innovation11. In addition, TRLs are used by managers who are not directly 

involved but responsible for RD&D projects for setting up portfolios and sorting projects in the 

development pipeline45. An external perspective is taken by stakeholders not involved and not 

responsible for RD&D, for example partners, companies subsequent in the value chain, the 

general public, or institutional investors. Furthermore, the development of scales by several 

governmental institutions shows that TRLs are a popular concept for policy makers. As risk 

decreases with increasing technology maturity, TRLs help to tailor funding programs to cushion 

risks at different levels. A prominent example is the identification of a funding gap (“valley of 

death”62, as explained in 4,21,62). 

2.6 TRLs vs. EPC maturity concepts 

Deliverable maturity is a popular concept in frameworks for engineering, procurement and 

construction (EPC) in the process industries63,64. EPC can largely be attributed to the deployment 

of a technology and forms a part of an overall innovation process. In deployment stages, both 

deliverable maturity and technology maturity scales are employed. Although applying similar 

terminology, there are conceptual differences which need to be clearly addressed in order not to 

distort either framework: The deliverable maturity understanding focusses on the quality within a 

certain stage of an EPC project’s definition whereas the technology maturity analyzes the status 

in an overarching innovation progress. EPC is seen as a stage-gate process with degrees of 

planning. In comparison, technology maturity is a broader framework, incorporating the 

evaluation of all stages of applied research, development and deployment with degrees of 
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knowledge and can include multiple EPC projects (possibly at different levels). Deliverable 

maturity examines to what degree a defined engineering deliverable is achieved (“completeness 

of engineering deliverables”64). It concentrates on the data quality with respect to the tasks 

required for one TRL; for example, the quality of measured values of single indicators. A 

deliverable is seen as mature if it fulfills certain quality requirements concerning purpose, 

context and documentation64. Both concepts, deliverable maturity and technology maturity, share 

increasing similarities towards higher TRLs (deployment, i.e. when a proposed deliverable and 

the TRL indicator for a mature technology overlap) or if the EPC project contains (research and) 

development activities as part of its engineering. 

3 A TRL scale specific for the chemical industry 

3.1 TRLs and innovation phases 

The following TRL titles are suggested for the chemical industry: Idea, Concept, Proof of 

concept, Preliminary process development, Detailed process development, Pilot trials, 

Demonstration and full-scale engineering, Commissioning, and Production. These nine TRLs 

can now be linked to the definitions of broader (innovation) phases that a technology passes 

through (see section 2.1) in the following way: Basic research is conducted before the TRL scale 

begins. Applied research is then conducted from TRL 1 up to TRL 4. There is no clear line that 

separates research and development in terms of TRLs, as knowledge of both categories is needed 

in order to advance technological maturity in preliminary process development. While only 

rough process concepts are at hand at TRL 3, systematic development starts with TRL 4. TRL 5 

and 6 are seen as main development stages. TRL 7 includes development achievements as well 

as the engineering and design of the full-scale plant which as detailed preparation and planning 

of implementation is characteristic for deployment. In the deployment stages TRL 8 and 9, the 



 

 

 

 

22 

technology is actively brought into effect in the economic environment. However, during plant 

commissioning, especially start-up, final development activities (e.g. minor adaptions if a built 

solution turns out to be impractical) have to be carried out that lead to substantial advances in 

knowledge. For this reason, TRL 8 also holds characteristics of a development phase. The 

progression and overlap of the described phases is shown in Figure 3. A similar understanding 

was presented by Cornford & Sarsfield21 who see ‘physics’ (TRLs 1-3), ‘engineering’ (TRLs 3-

7) and ‘production’(TRLs 7-9) as phases of a ‘technology development cycle’21. Only recently, 

another similar understanding was presented by Humbird24 who describes the phases 

‘fundamental R&D’ (TRLs 1-3), ‘scale-up and integration’ (TRLs 4-6) and ‘demonstration and 

commercial deployment’ (TRLs 7-9). 

 

 

Figure 3: TRLs attributed to (innovation) phases ‘basic research’, ‘applied research’, 

‘development’ and ‘deployment’ 
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3.2 Criteria – aspects of chemical RD&D 

3.2.1 Qualitative criteria 

Criteria for TRL rating can be qualitative or quantitative. Qualitative criteria present nominal 

indicators whose states can be directly judged (e.g. knowledge of reaction conditions, examples 

of carried out activities, description). Quantitative criteria contain indicators that are expressible 

in numeric values of underlying progressing scales (e.g. capacity, time, or cost). In Table 2, these 

indicators are translated into inequalities in order to allow them to be judged as true or false. 

Title and Description. In all scales, TRLs are given a title that is supposed to give an overview 

and first impression of the respective level as well as to facilitate communication of TRLs. In 

addition to titles, short descriptions are given in all TRL scales. Descriptions further explain the 

TRLs, their main activities completed within them and their achievements. This work 

incorporates wordings that practitioners often use when communicating projects. 

General project aspects. General project aspects are presented in Table 2, which subsumes 

criteria that characterize an RD&D project’s stage. The existence of concrete, tangible work 

results often serves as a way of checking project progress. In addition to the tangible work 

results, the workplace gives an indication of the project progress and technology maturity. In the 

chemical industry, typical steps in technology maturity are characterized by types of plants used. 

With advancing process development, the specifications of the chemical product are refined. At 

the same time, the features that make selling the chemical product possible are detailed in 

interrelation with the market’s needs. These features define the product in its economic sense53 – 

criterion: product (economic). This criterion concentrates on the technical properties of a product 

and the activities usually carried out in order to define them. 
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Engineering aspects. When engineering a new chemical technology, R&D of the chemical 

conversion of material and related equipment, called ‘(chemical) reaction engineering’, is often 

separated from R&D of the physical effects occurring in chemical plants (e.g. state, form, 

composition of material), called ‘(chemical) process engineering’. The reaction engineering 

aspect mainly includes knowledge about the reaction pathway or network as well as its 

thermodynamic characteristics and kinetic behavior. It additionally includes information needed 

in order to design the equipment in which the chemical conversion is carried out. The process 

engineering aspect mainly includes the identification and detailing of unit operations, all 

associated material properties and descriptions of physical behavior, energy flows and carriers as 

well as associated equipment design. Process engineering deals with both the RD&D of single 

process units and small-scale effects as well as the composition of the complete plant. The 

structure and function of a process or plant is depicted in flow diagrams or process schemes; they 

play an important role in the engineers’ communication about a technology. As their levels of 

detail clearly show graduations in knowledge about a technology, flow diagrams are added as a 

distinct criterion. 

3.2.2 Quantitative criteria 

Capacity / Scaling factors. Most notably, a plant’s capacity (or throughput or size) is a 

quantitative criterion for TRL rating in the chemical industry. It allows for a quick comparison of 

a current research and development plant to a reference full-scale plant. The reference full-scale 

plant’s capacity can for example be derived from existing plants that are typical for similar 

technologies or from a projected plant whose capacity is based on market analysis (demand-

based). 
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The increase in production capacity during RD&D varies considerably with different types of 

technologies. Therefore, distinguishing between types of technologies becomes necessary 

(similarly 12). We assume that a chemical technology is distinctly represented by a chemical 

process. In the chemical industry, similar products are typically produced in similar process 

types (e.g. base chemicals in large, continuously operated plants or pharmaceuticals in smaller, 

batch-wise operated plants). We conclude that distinguishing product groups is an appropriate 

way of distinguishing types of chemical technologies with similar capacity increases during 

RD&D. The distinction of product groups by degree of differentiation and production capacity 

into true commodities, pseudo commodities, fine chemicals, and specialty chemicals as 

introduced by Kline65 is used in the presented TRL scale. Although TRLs are more characterized 

by a level of information than a tangible object's size, both aspects are connected in chemical 

development as it is often required to build a bigger plant in order to answer a set of more in-

depth questions (which will be associated with the next level of readiness). Exponential growth 

as a model for increasing plant size during development is described in literature19,24,32. This 

growth principle was confirmed in expert interviews to be suitable to adopt for TRL indication. 

The bases for the exponential functions are equivalent to the scale-up factor from one TRL to the 

next. Typical scale-up factors for the different process types were retrieved from subject-matter 

expert interviews and compared to literature19,24,32,66. Due to the low quantity of data and lack of 

consistent opinions, the selected values do not result from regression analysis but reflect the 

authors' best judgement: 7 for true commodities, 6 for pseudo commodities, 4 for fine chemicals, 

3 for specialty chemicals. 

TRLs are ranks that allow a comparison as being lower, higher, or equal but do not comprise 

meaningful rank differences and is thus an ordinal concept; however, for this criterion only, it is 
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treated as cardinal as TRL numbers have shown to be adequate reference points. General efforts 

for transforming the ordinal scale into a cardinal scale were made61 but remain inconclusive as 

they are based on experts’ opinions about the (cardinal) magnitude of differences between TRLs; 

the underlying scale for those differences being ‘maturity’ or ‘readiness’. No meanings of this 

scale or values in it are reported. In our understanding, it is necessary to include descriptive, 

qualitative criteria in the distinction of levels of knowledge. It is thus impossible to transform 

TRLs in general into cardinal values. 

In Table 2, the capacities are given as percentages of the reference full-scale plant capacity and 

their inverses depict the scale-up factor from the current level to a reference full-scale plant 

(values rounded and adapted according to expert feedback). Values for ideation and concept 

phase are not given due to absence of actual product formation. Similarly, numbers for TRL 8 – 

which is seen as initiated commissioning of a full-scale plant – are omitted since knowledge 

gains at this level do not come along with capacity increase. 

Despite working for a range of example technologies, this criterion has to be treated with great 

caution and only gives rough indications about technology readiness as it was set up for average 

technology developments using rules of thumb; actual capacity development may differ for 

various reasons, for example the use of multi-purpose and thus non technology-specific pilot 

plants. 

3.3 Indicators – details of chemical RD&D 

Detailed indicators that reflect the states of the selected criteria are presented in Table 2. These 

indicators represent the levels of knowledge gained about a chemical technology in the 

respective aspect. The levels speak for the readiness of a technology for the selected criterion 

‘economically sustainable production in business-relevant operation’. 
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Table 2: TRLs in the chemical industry, specific and detailed criteria and indicators (revised and extended from 20, see also 25) 

 

1 2 3 4 5 6 7 8 9

Idea Concept Proof of concept Preliminary process 

development

Detailed process 

development

Pilot trials Demonstration and full-

scale engineering

Commissioning Production

Opportunities identified, 

basic research translated 

into possible applications 

(e.g. by brain-storming, 

literature study)

Technology concept and/or 

application formulated, 

patent research conducted

Applied laboratory research 

started, functional principle / 

reaction (mechanism) 

proven, predicted reaction 

observed (qualitatively)

Concept validated in 

laboratory environment, scale-

up preparation started, short-

cut process models found

Process models found, 

property data analysed, 

simulation of process and 

pilot plant using bench scale 

information

Pilot plant constructed and 

operated with low rate 

production, products 

approved in final application, 

detailed process models 

found

Parameter and performance 

of pilot plant optimized, 

(optional) demo plant 

constructed and operating, 

equipment specification 

including components that 

are type conferrable to full-

scale production

Products and processes 

integrated in organisational 

structure (hardware and 

software), full-scale plant 

constructed

Full-scale plant audited (site 

acceptance test), turn-key 

plant, production operated 

over the full range of 

expected conditions in 

industrial scale and 

environment, performance 

guarantee enforceable

Tangible work result

Idea / rough concept / vision / 

strategy paper

Technology concept 

formulated, list of solutions, 

future R&D activities planned

Proof of concept (in 

laboratory)

Documentation of 

reproduced and predictable 

(quantitative) experiment 

results, multiple alternative 

process concepts evaluated

Parameter and property 

data, few alternative process 

concepts evaluated in detail

Working pilot plant Optimized pilot plant, 

(optional) working demo 

plant, sample production, 

finalized and qualified 

system and building plan

Finalized and qualified 

system and building plan

Full-scale plant tested and 

working

Workplace

Office (sheets of paper 

(physical or digital), 

whiteboard or similar)

Office (sheets of paper 

(physical or digital), 

whiteboard or similar)

Laboratory Laboratory Laboratory/miniplant Pilot plant, technical center Pilot plant, technical centre, 

(optional) demo plant 

(potentially incorporated in 

production site)

Production site Production site

Product (economic)

General research (internal or 

external), that can influence 

the product concept, user 

survey conducted

Initial product concept 

formulated, detailed user 

survey conducted

Product concept and 

resulting applications tested 

in laboratory, first user tests 

conducted

Further experiments 

conducted to broaden 

application spectrum / 

improve usability, user 

feedback process 

implemented

Product properties detailed Product properties finalized 

(will not be changed)

Tested in industrially relevant 

working environment

Final product customer 

accepted and final feedback 

included

Product ready

(for sale)

Reaction engineering 

(including kinetics, 

thermodynamics, 

property data, 

conversion, selectivity, 

yield)

Product group/class, 

technology field specified 

(e.g. fuels, minerals, 

technical gases, 

biotechnology, catalyst 

change, nanotechnology)

Chemical reaction selected, 

number of reaction steps 

identified

Target values defined (e.g. 

for conversion, selectivity, 

yield) for laboratory scale, 

information about mass 

transfer (relevant parameters 

observed), thermodynamics, 

kinetic description of main 

reaction, physical properties 

and catalyst synthesis 

obtained, mass balance 

closed

Feasibility of reaction 

confirmed, reaction 

optimized in laboratory scale 

with respect to conversion, 

selectivity, additives, 

catalysts, solvents, and side-

products

Detailed kinetic data 

available, product stability / 

decomposition known (rate, 

mechanism, occurring 

chemicals), controllability 

mechanisms studied, 

corrosion analysed and 

material selected

Product and reaction (fully) 

discovered and understood, 

kinetic system of all occurring 

reactions

Target values for full-scale 

production defined, 

parameters optimised by 

sensitivity, detailed property 

data available

Startup of plant initiated Target values for full-scale 

plant met, optimisation

Process engineering 

(including up- & 

downstream and process 

technology of reaction 

steps)

- Unit operations (classes) 

identified  (e.g. separation) 

Options for unit operations 

found (e.g.  distillation), 

single steps/unit operation 

options conducted

Unit operations detailed 

(e.g. rectification), 

equipment/apparatus type 

specified (e.g. column), 

process concept validated in 

laboratory, range for all 

characteristic operating 

conditions (pressure, 

temperature, concentrations) 

identified, relevant kinetic 

and thermodynamic 

parameters available from 

approximations or 

literature/data bases, amount 

of energy needed estimated 

(based on thermodynamics 

key steps) for all unit 

operations

Process concept refined 

based on laboratory 

experiments and simulation 

of single steps/unit 

operations, relevant kinetic 

and thermodynamic 

parameters available from 

calculation or measurements, 

further equipment description 

(e.g. tray column), trial 

concept for empirically 

scaled units, energy source 

(types) for unit operations 

specified

Pilot size unit operations and 

downstream steps 

engineered and proven 

feasible in low rate 

production, further equipment 

specification (e.g. bubble 

cap tray column), elevation 

and materials of equipment 

specified, long-term stability 

proven (e.g. accumulation of 

side products handled, 

catalyst durability known), 

amount of energy needed 

known for all unit operations

All unit operations 

connected, downstream 

system proven suitable for 

demo scale, final equipment 

types for full-scale plant 

defined, all synthesis 

(reaction) and process units 

coordinated/balanced,  

equipment sizing and 

instrumentation design, 

optimised equipment 

specification (e.g. detailed 

tray design), insulation 

described

Equipment/apparatuses 

adapted to full-scale process

Optimisation

Flow diagrams

- - Block diagram, crude/initial 

concepts for processes

identified

Enhanced block diagram, 

including mass flows

Process flow diagram 

developed including mass 

and energy flows

Enhanced process flow 

diagram, essential 

instruments (e.g.  valves) 

decided (energy, mass 

flows), process integration 

concept

P&ID diagram developed (all 

recycling streams/circular 

flows, list of all engines)

Optimisation -

True commodities - -  ≤0,001% / ≥100000  ≤0,01%  / ≥10000  ≤0,1%  / ≥1000  ≤1%  / ≥100  ≤3%  / ≥33 - 100%

Pseudo commodities - -  ≤0,003% / ≥33333  ≤0,02%  / ≥5000  ≤0,1%  / ≥1000  ≤1%  / ≥100  ≤3%  / ≥33 - 100%

Fine chemicals - -  ≤0,025% / ≥4000  ≤0,1%  / ≥1000  ≤0,4%  / ≥250  ≤2%  / ≥50  ≤7%  / ≥15 - 100%

Specialty chemicals - -  ≤0,125%  / ≥800  ≤0,4%  / ≥250  ≤1%  / ≥100  ≤4%  / ≥25  ≤10%  / ≥10 - 100%

E
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Capacity as 

fraction of 

full-scale / 

scale-up 

factor to full-

TRL
Title

Description

General 

project 

criteria
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4 Application of the revised scale 

4.1 How to use the scale 

4.1.1 Rating composed technologies 

The presented TRL scale is applicable to all chemical innovation projects that are directed at 

introducing a new technology to the market and thus can be considered to be in applied research, 

development or deployment stages. 

TRLs can be assigned to technology elements at various tiers, from whole plants down to single 

pieces of equipment. The choice of the tier depends on the practitioner’s motivation for using the 

TRL concept – which is usually a certain depth of analysis (literal sense: breakdown/dissolving 

into single components) of a technology. The technology should be fragmented into technology 

elements of the same logical level and TRLs should be given for each technology element. First 

concepts about analyzing an ‘integration readiness’ separate from the technology readiness and 

composing them into a ‘system readiness’ were presented in literature57 and may help a deeper 

understanding of the system. However, in our understanding, they are not needed in order to rate 

technology readiness as the information needed to integrate the element into a system is covered 

with TRLs as these describe the state of being ready for a targeted application in a system (see 

also 15). One single number for a composed technology can be desired by some practitioners. 

This desire can be dealt with in several ways: 

a. It can be argued that a single number should not be given. 

b. An average number can be presented. (TRLs are an ordinal scale; possible averages are 

median or mode.) 

c. The maximum value of the system elements’ TRLs can be chosen as representative value. 
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d. The minimum value of the system elements’ TRLs can be chosen as representative value 

(critical technology element, ‘weakest link in the chain’). 

We strongly recommend reporting all TRLs rated along with the single technology elements in 

order not to lose information and additionally presenting the minimum number as the overall 

TRL (d.) in order to identify and communicate critical pathways which can indicate the effort 

that has to be put into RD&D to result in a mature technology. Giving a single, higher number 

annihilates the transparency gained by the comprehensible rating of the technology elements and 

can lead to expectations that cannot be fulfilled (e.g. in subsequent TEA, forcing unreasonable 

technical assumptions for a technology element that is less developed). 

4.1.2 Rating technology elements 

When rating the TRL of a given technology element, it is suggested to go through the table of 

criteria and indicators (see Table 2) in a methodological way. The suggested nine-step approach 

is shown in Figure 4.  
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Figure 4: Stepwise approach for TRL rating of technology elements (steps 1-7) and composed 

technologies (steps 8-9) 

 

Modifications to existing technologies result in new technologies. Modifications can thus be 

treated like overall new technologies and have to pass the same RD&D steps, from a first 
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modification idea to a running modified system. However, as major aspects of the technology 

may already contain characteristics of later TRLs, technology modifications may more quickly 

pass earlier TRLs. Vice versa, if a technology turns out to not be able to meet the requirements 

for the next TRL; the R&D falls back and the TRL rating is set back to an earlier level. 

4.1.3 Data accessibility 

Ideally, the collected data reflect the state of the current RD&D. However, there are a variety of 

reasons why the accessible data for TRL rating fall behind the actual development, depending on 

stakeholder perspectives (2.5). In particular, confidentiality is a frequently encountered challenge 

in data collection17. For external stakeholders, it can be advised to distinguish between the ‘real 

TRL’ that describes the technology as in its factual existence on the one hand and the ‘observed 

TRL’ that describes a technology with the data that are accessible to the practitioner performing 

the analysis and rating on the other hand. While most will intrinsically desire the ‘real TRL’, 

rating the available data can itself be an important step when for example preparing data 

availability-based technology assessment: For the evaluation of single projects by internal 

stakeholders, the ‘observed TRL’ is often favored. If a broader perspective is taken, for example 

by external stakeholders evaluating emerging technology fields or value-chains, the ‘real TRL’ is 

recommended. 

Other frequently encountered challenges are: Information needed to rate TRLs is commonly 

spread across multiple people and can therefore be time-consuming, especially in later TRLs 

which usually contain larger project teams. In addition, TRL ratings always hold the potential for 

conflicts as it may for example disclose that a development project is not as advanced as it was 

planned to be. 
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Follow-along example: TRL rating of a multiphase hydroformylation process 

The stepwise TRL rating approach (see Figure 4) is exemplified in a brief manner in the 

following paragraphs (for a more detailed explanation see 25):  

Step 1 – Technology selection: The selected technology is a process for the continuous 

hydroformylation of long-chain alkenes, which is currently researched in a mini plant at 

Technische Universität Berlin, Germany67–69. The targeted innovation is the application of 

surfactant-based microemulsion systems as reaction media. For a first TRL rating, it is decided to 

view the complete plant as one single technology element. For a single technology element, steps 

8&9 are not applicable. 

Step 2 – Criteria selection: All criteria are applicable. 

Steps 3-6 – Criteria TRL rating: TRLs 1-3 are excluded from the following discussion as all 

respective indicators of each criterion were quickly confirmed by the development team. 

The combined criterion ‘Title and description’ indicates TRL 4. The status of the 

development project is described as a process concept that is validated in the laboratory 

environment. After comparison of process alternatives, the scale-up preparation was started with 

construction of a mini plant. Short-cut process models are found but there is no complete process 

simulation. In the mini plant not all process steps are connected in a single operation or have not 

been conducted yet. It becomes evident that the description’s indicators of TRL 5 cannot be 

positively answered. 

The criterion ‘tangible work result’ indicates TRL 4. It is provided by a documentation of 

reproduced and predictable experiment results which is shown for process alternatives. A 

detailed evaluation of multiple alternatives as demanded for TRL 5 is not claimed.  
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The criterion ‘workplace’ indicates TRL 6. The workplace is in a university mini plant 

facility in a small technical center. 

The criterion ‘product (economic)’ indicates TRL 4. It is analyzed as follows: The 

process currently employs a model substrate but ideas for the product utilization exist. Chemical 

properties of the product are known. So far potential market opportunities could not be translated 

into detailed product requirements (e.g. purity). 

The criterion ‘reaction engineering’ indicates TRL 4. The technical feasibility of the 

reaction concept was confirmed and optimized in laboratory scale. The reactions controllability 

was researched and the material selection for the plant followed detailed corrosion analysis. 

However, a complete, quantitative model description of the reaction system’s kinetic behavior is 

not at hand, which excludes TRL 5. 

The criterion ‘process engineering’ indicates TRL 4. Options for all unit operations were 

detailed and the respective equipment was selected and specified. For a range of operating 

conditions, their impacts on thermodynamic properties and on kinetic behavior of the system is 

described, using a combination of detailed measurements and approximations from literature 

data. A preliminary energy demand estimate was performed. TRL 5 is excluded as in-depth 

equipment descriptions with detailed energy balances are not available for all process steps. 

The criterion ‘flow diagrams’ indicates TRL 5. A first process flow diagram for a full-

scale plant concept was designed. Assumptions made indicate that the reaction and separation are 

not understood in all detail. There are only first heat integration ideas. 

The criterion ‘scale’ indicates TRL 4. The theoretical product capacity of the mini plant 

lies between 100 and 500 kg/a. This range is seen as more than 0.001% but less than 0.01% of a 

full-scale plant’s capacity for this commodity. 
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Step 7 – Overall TRL rating: The criterion ‘workplace’ is assigned TRL 6, the criterion ‘flow 

diagrams’ is assigned TRL 5, all other criteria are assigned TRL 4. Following the weakest link in 

the chain’ logic, the technology is rated to be TRL 4. 

4.2 Tasks following TRL rating 

4.2.1 Data availability-based assessment 

Selecting adequate technology assessment methods is difficult: Overly complex and time-

consuming methods often lead to forcing assumptions that narrow the path for future 

development, while too simple methods that do not consider all known relevant data lead to lack 

of information. Methods in all assessment fields depend on the availability of data which is 

closely linked to development progress. The need of different methodologies sorted by data 

availability is addressed for example for general TEA47, in capital cost estimation frameworks 

from plant engineering63,70,71 or uncertainty evaluation in life cycle assessment studies72. As 

TRLs depict development progress, the TRL scale presents a suitable framework for the 

selection of adequate assessment methods. TRL-based assessment frameworks were recently 

presented17,20,25,26 and follow a two-step approach: Firstly, evaluating data availability by TRL 

rating and secondly, selecting TEA methodology that fits the available data from tables which 

sort methods or indicators by TRL according to their data input requirements. 

4.2.2 Basis for technology development planning 

An important point of discussion is if and how a technology maturation plan in the chemical 

industry can be derived from TRLs. After rating technology maturity, the US DoE advises the 

creation of a technology maturation plan8 containing activities and specific requirements that are 

needed in order to complete development and to “progress a technology from one TRL to the 

next”12. Cornford and Sarsfield state that the “current TRL schema […] is inadequate for detailed 
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project planning”21 which leads them to introducing a tool solely based on measurable physical 

performance. This tool can however only be set up for individual technology innovations and the 

selection of the physical properties (criteria) and the numeric distances between the levels 

remains subjective. It is believed that the detailed understanding of the readiness incorporating 

specific technical indicators as presented above can assist with deriving technical development 

plans. The elaboration of detailed approaches is left to future research. 

5 Critical review and outlook 

TRL scales were invented for rating the maturity of space exploration technologies which 

combine elements of different technology fields2. For this reason, the initial scales are rather 

vague and general, leading to the advantage of allowing for the evaluation of projects from 

different disciplines with the same principles. However, a trade-off between comparability of 

technologies of different fields on the one hand and more comprehensible rating of technologies 

from a single field on the other hand was identified. In the chemical industry, there is a need for 

an adapted and more specific TRL scale that helps stakeholders throughout academia, industry 

and policy-making to evaluate and communicate RD&D progress and associated risk, to derive 

managerial tasks such as setting up technology portfolios, or to assess a technology with the most 

accurate methods possible17,20. 

To answer the identified need, this paper provides the first comprehensive TRL understanding 

tailored to the chemical industry. For this, it was first necessary to discuss the general nature of 

TRL scales and methods for differentiating TRLs – a fundament that is largely missing from the 

past scientific discourse on TRLs. Three main issues were discussed: a) Beginning and end of the 

scale have to be set up according to a selected criterion since there is no objective understanding 

for technological progress. b) TRLs are seen as milestones rather than phases. c) In order to 
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achieve a TRL, it is in principle required to prove the existence of knowledge and data by 

tangible implementation of the technology at the current RD&D state. This may be omitted after 

expert judgement for highly standardized unit operations. 

In addition, the adaption of the TRL concept to the chemical industry requires the introduction of 

concepts specific to chemical RD&D and the inclusion of the perspectives of all stakeholders 

involved in it. For the latter purpose, an economic criterion was found to be the most suitable for 

rating a technology’s maturity: TRL rating begins with ideas of how basic research can be 

exploited in a technology for commercial use (TRL 1) and ends with an implemented technology 

that is economically sustainable in business-relevant operation (TRL 9). 

The lack of specification was then tackled by combination, detailing and explanation of current 

(popular) scales, abstraction of best practices in engineering for process development as well as 

expert interviews and verification in first application of the developed scale (e.g. in 25). This 

paper notices that for a comprehensive understanding of maturity of chemical innovations and 

facilitating the specification of TRLs, a technology is best divided into its different aspects that 

need to advance in order to yield overall technology maturation. Therefore, in addition to 

adapted titles and descriptions, further criteria were selected and introduced to extend the scale: 

tangible work result, workplace, product (economic), reaction engineering, process engineering, 

flow diagrams, capacity / scale-up factor. These criteria were filled with detailed indicators that 

allow for a more comprehensible TRL rating (see Table 2). Suggested TRLs for the chemical 

industry are: Idea, Concept, Proof of concept, Preliminary process development, Detailed 

process development, Pilot trials, Demonstration and full-scale engineering, Commissioning, and 

Production. 
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There are inherent limitations to the meaning of the developed scale: First, although the applied 

methodology is believed to lead towards a more objective understanding of TRLs and more 

comprehensible ratings, exact reproducibility cannot be claimed, thus still leading to a certain 

degree of subjectivity in the presented the scale and ratings based on it. Second, indicators give – 

as their name suggests – hints or clues about the readiness as they stand for the state of an 

associated criterion. At the same time, this means that indicators cannot definitely imply a certain 

readiness. In addition, the presented sets of indicators do not offer complete descriptions of a 

technology. TRLs present an ordinal scale. As for example shown for the capacity / scale-up 

factor, a cardinal understanding can be assumed with respect to quantitative criteria only; 

however, values depend on the selected metrics and thus remain subjective. Deviations in the 

actual development’s capacities may appear due to strategic reasons (e.g. use of existing plants, 

portfolio-driven decisions). As pointed out in this paper, it is not recommended to rely on just 

one criterion (e.g. capacity) for TRL rating. A strong conclusion can only be drawn from the 

evaluation of a set of criteria. 

This paper aims to further strengthen the discussion about TRLs in the chemical industry and to 

encourage application and adaptions of the presented scale. Future work can for example 

contain: Additional criteria (e.g. safety engineering, process automation), more project 

characteristics (e.g. involved people and institutions), and guidance on how to derive a 

maturation plan with RD&D tasks, or the adaption of the scale to different purposes (e.g. 

readiness for ecologically sustainable production). A step-by-step approach for TRL rating was 

presented. The practitioner’s influences might be further mitigated by compiling and arranging 

indicators in a tool that for example asks questions to its operator about the technology and 

guides through the TRL rating (e.g. see 73,74).  
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Nomenclature 

CBiRC Center for Biorenewable Chemicals 

CRL Cost Readiness Level 

EARTO European Association of Research and Technology Organisations 

EPC Engineering, Procurement, Construction 

ESA European Space Agency 

H2020 Horizon 2020 

IRL Integration Readiness Level 

IRL Investment Readiness Level 

ISO International Organization for Standardization 

MRL Manufacturing Readiness Level 

NASA National Aeronautics and Space Administration 

R&D Research and Development 

RD&D Research, Development and Deployment 

RRL Reuse Readiness Level 

SRL System Readiness Level 

TEA Techno-Economic Assessment 

TRL Technology Readiness Level 

US DoD United States Department of Defense 

US DoE United States Department of Energy 

US HHS United States Department of Health and Human Services 
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