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Abstract 

Both an environmental and an economic assessment are needed to judge the potential of 
sustainable chemical technologies. However, decision-makers may be challenged by conflicting 
conclusions. The integration of life cycle assessment (LCA) and techno-economic assessment 
(TEA) can enhance decision-making, as integrated assessments provide more information than a 
simple reporting of separate TEA and LCA results. The analysis of integration approaches reveals 
a lack of consistency in terms of defining criteria and methodological aspects for integration. A 
gap remains where guidance for practitioners is needed on how to select a suitable integration 
type for their different purposes. To fill this gap, we conclude that a one-size-fits-all solution of 
integration cannot adequately serve all purposes along the technology development phases. 
Therefore, a framework to guide through integration in three distinct parts is proposed. In Part I, a 
four-phase approach for every integrated assessment to link the results from TEA and LCA is 
defined. Part II develops three integration types classified by their core characteristics: qualitative 
discussion-based (Type A), quantitative combined indicator-based (Type B), and quantitative 
preferences-based (Type C). Finally, in Part III, a step-by-step method to select the appropriate 
integration type according to the assessment purpose, while considering restrictions imposed by 
technology maturity and resource availability is introduced. Thus, the framework is a basis for 
increasing the number of integrated assessments by guiding practitioners towards tailored studies. 
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1 Introduction 

1.1 General principles of techno-economic assessment and life cycle 

assessment 

The call for sustainable processes within the chemical industry necessitates measures to ascertain 
economic viability and the level of environmental impacts (Zimmerman et al., 2020). Despite the 
importance of social impacts as third sustainability dimension, these are left outside the scope of 
this work which focuses on established practices in research and development. Techno-economic 
assessment (TEA) and life cycle assessment (LCA) are commonly used methodologies to assess 
underlying criteria individually. However, decision-making in technology development should not 
be made from either the economic or the environmental perspective alone (Norris, 2001a). Sound 
decision-making requires an understanding of the trade-offs which is not fully developed if only a 
separate reporting of TEA and LCA results is available. In contrast, integrated assessments intend 
to derive combined goal-driven insights by specifically describing the interdependencies of the 
indicator results (van der Sluijs, 2002). Therefore, in this work, integration of TEA and LCA is 
defined as the selection and processing of available information from both assessments to prepare 
a meaningful interpretation shining light on how TEA and LCA results are linked.  

TEA and life cycle costing (LCC) (Hunkeler et al., 2008; Swarr et al., 2011) can be defined as 
methodology frameworks that provide systematic approaches for assessing the economic viability 
of a technology as depicted in Figure 1. TEA is typically limited to an inherent investor-perspective 
with cradle-to-gate system boundaries, whereas LCC’s inherent perspective aims at cost analysis 
along all life-cycle stages of a product (Miah et al., 2017). Both TEA and LCC methodologies can 
be adapted to include further optional perspectives. This paper focusses on TEA because of its 
strong relation to technology development in the chemicals industry (a detailed methodological 
comparison of TEA and LCC is provided in the Electronic Supporting Information). Integral parts 
of TEA are cost and market analysis to provide data for profitability indicators. Optionally, TEA 
entails the reporting of selected technical parameters in the context of technology development. 
TEA methodology is not standardized and requires to be tailored to each case. However, a four-
phase approach guiding the assessment has been proposed that is also inherent to LCA (Buchner 
et al., 2018; Zimmermann et al., 2020a). LCA methodology is standardized by ISO 14040/44 
(International Organization for Standardization [ISO], 2006a, 2006b). Further guidance for LCA is 
available, for example in the ILCD handbook (European Commission - Joint Research Centre - 
Institute for Environment and Sustainability, 2010) and the handbook on life cycle assessment 
(Guinée et al., 2002). Due to methodological overlaps with TEA, the focus in this paper lies on the 
type ‘process LCA’ (Guinée et al., 2011) which will be referred to as ‘LCA’ only. When applying 
TEA or LCA to technology development, methodological choices should match data availability 
within the three innovation phases: applied research, development and deployment (RD&D). The 
technology maturity along RD&D can be expressed by nine technology readiness levels (TRLs), 
reflecting the available information according to specific criteria (Buchner et al., 2019). 
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Figure 1: Product life cycle depicting inherent perspectives of TEA (investor-perspective within manufacturing gates) 
and LCC and LCA (full-life cycle perspective for all actors); both TEA and LCC can equally cover any combination of 

stages 

1.2 Concepts for combining economic and environmental assessment and 

remaining gaps in literature 

Norris (2001a, 2001b) highlights the need for private industry to take into account economic 
implications when applying LCA to characterize relationships and trade-offs between both 
dimensions. The work informs about the successful implementation of the concept of total cost 
assessment (TCA) within several industrial companies (CWRT, 1999). TCA aims at including often 
hidden internal, and optionally external, cost items incurred by environmental and health-related 
issues into cost estimation practices of companies. The method intends to consider the 
perspectives of various stakeholder groups and to include costs of manufacturing, future and 
contingent liability costs as well as external costs borne by the society including the deterioration 
of the environment. By methodologically linking data from cost analysis with life cycle assessment 
results, companies are reported to benefit from better-informed investment decisions. However, a 
discussion of suitable ways for interpretation of the aggregated economic and environmental 
results is not presented.  

Azapagic et al. (2006) focus on process design stages and highlight the importance of a suitable 
indicator selection if multiple target audiences with conflicting interests need to be informed by the 
integrated assessment. The authors propose to integrate environmental and economic results in 
one indicator, representing environmental impact per value added. The method aims at applying 
the tools at all life cycle stages, however, the authors acknowledge that most assessments are 
limited to the plant operation. Santoyo-Castelazo and Azapagic (2014) extend their integration 
approach by presenting a decision-support framework that requires a multi-criteria decision 
analysis allowing to include preferences. 

Life cycle sustainability assessment (LCSA) has been introduced as a broad framework to 
combine models for economic, environmental and social assessments (Finkbeiner et al., 2010; 
Minkov et al., 2016). Guinée et al. (2011) argue that LCSA is a form of integrated assessment as 
defined by van der Sluijs (2002), because it serves the intention of combining, interpreting and 
communicating interdisciplinary information from at least two sustainability dimensions. Miah et 
al. (2017) consider LCSA to be an overarching framework that may not be suitable for decision-
makers focusing on TEA and LCA due to the required information from additional assessments. 



4 
 

Hoogmartens et al. (2014) include social life cycle assessment (SLCA) to cover all sustainability 
dimensions. Along with explaining the linkages within the complementary methods of their 
framework the authors acknowledge that more comprehensive tools need to be developed, as 
complexity in methodological choices adds to confusion among practitioners, for example, if trade-
offs call for conflicting actions.  

Miah et al. (2017) classify six types for integrating different aspects of LCC and LCA. Based on 
the selection of specific methods, the authors suggest a hybridized framework with four iterative 
stages. Despite providing a decision-tree, the framework implies a one-size-fits-all solution 
covering all identified types that would result in choosing a similar integration approach across all 
possible assessment goals.  

Thomassen et al. (2019) propose a prospective ‘environmental techno-economic assessment 
(ETEA)’. Based on TRLs, the authors summarize streamlining strategies for different maturity 
stages, namely, qualitative methods for TRLs 1-3 and quantitative methods for TRLs 4-9. The 
dichotomy of qualitative vs. quantitative methods is the only presented difference in the way 
studies are integrated; the remainder of the ETEA methodology affects calculations within every 
single assessment. Harmonization and transparency of TEA and LCA regarding data and scope 
definition is discussed as the leading criterion for integration.  

Ibáñez-Forés et al. (2014) analyzed the stages of decision-making in technology assessment with 
a focus on how to select criteria from multiple perspectives. The authors point out, that in about 
one third of the reviewed studies the decisions are derived directly from the indicators by numeric 
or graphic means. In the remaining part, a form of multi-criteria decision analysis is applied to 
aggregate the indicators. 

The discussed literature currently presents a variety of perspectives on which are the key steps 
for combining economic and environmental assessments. For example, some studies focus on 
the step of selecting appropriate criteria, whereas others discuss integration in the light of newly 
combined indicators or the inclusion of preferences via multi-criteria decision analysis. 
Furthermore, a number of studies are limited to a rigid methodology for integrating TEA and LCA 
that need to be compliant with an overarching framework, such as LCSA or TCA. While the 
suitability of each of the frameworks for their particular purpose is acknowledged, these can be 
considered as top-down solutions that each do not cover the entire sphere of potential integration 
purposes. There is a lack of guidance for selecting an appropriate integration approach from these 
methods. Here, the knowledge gap remains in how practitioners can approach an integration of 
TEA and LCA from the bottom up to subsequently tailor methodological choices to the decision-
making problem of the target group. Despite an increasing number of contributions in this field, 
there is no commonly followed definition of the term integration, nor is the integration of TEA and 
LCA equally understood as an individual assessment that follows a set of general principles.  

1.3 Aim of this work and research methodology 

The aim of this work is to design a holistic framework enabling practitioners to select an 
appropriate approach for integrating TEA and LCA for the assessment of chemical processes. To 
provide guidance, first a general structure of integrated assessments will be derived, followed by 
the definition of integration types and the development of a step-by-step procedure to select a 
suitable type for different integration purposes. The novel contribution comprises the definition of 
a set of minimum criteria that have to be met for TEA and LCA to be integrated. 

The framework is based on exploratory research conducted in three steps:  
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1. Explore studies that combine economic and environmental assessments in technology 
development, 

2. Analyze integration methods to answer the following questions:  
a. What are the core characteristics of the integration methods applied in literature?  
b. How does the underlying integration purpose influence the selection of the 

integration method? 
c. Which other common characteristics of the objects of analysis influence the 

selection of the integration method? 
3. Develop a framework that enables the selection of a suitable approach to integrate TEA 

and LCA from the bottom-up. 

2 Analysis of studies combining TEA and LCA 

2.1 Methodology of analysis 

As described, numerous methodological concepts with different requirements and complexities 
have been proposed to combine TEA and LCA. However, the question arises as to what 
methodologies are currently applied in practice and which common characteristics can be derived 
to guide practitioners in their methodological choice.  

To answer this, an exploratory research approach was chosen to analyze academic literature until 
a theoretical point of saturation was reached (Saunders et al., 2018). Saturation was determined 
once no further new methodologies or characteristics occurred despite increasing the number of 
analyzed studies. Studies to be analyzed were randomly selected from a base search to ensure 
an unbiased representation of the approaches used across academic studies in this area. Random 
selection was chosen, as it is recognized that the limitation by criteria such as citation number or 
publication date may produce biased results. The intention was to avoid overrepresentation of 
works that are cited based on the technology area investigated and not the assessment 
methodology applied (focus of this work), or of works that are only representative for a limited time 
frame. 

An initial Web of Science search was conducted within the selectable Web of Science categories 
of ‘green sustainable science technology’, ‘energy fuels’ and ‘engineering chemical’ and the 
search queries within the title, abstract or keywords of (“LCA” or "life cycle assessment" or "life 
cycle analysis") and (“TEA” or “LCC” or "life cycle cost*" or “economic”). The results were manually 
screened to remove papers not within the scope of chemical process technologies, producing a 
set of 711 papers. From this set, papers were randomly ordered using computer-generated 
random selection. Firstly, each paper underwent further screening to ensure that it contained both 
economic and environmental assessments and was not of review character, otherwise, they were 
discarded (>50% of papers were discarded in this manner). Subsequently, the paper was 
analyzed in detail to ascertain the goals, methodologies used, indicators calculated and style of 
interpretation. Theoretical saturation of methodologies and characteristics was reached at a 
sample size of 50 papers. To confirm saturation a set of further 20 papers was analyzed. A 
summary listing the 70 papers and results of the analysis is provided in the Electronic Supporting 
Information. 
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2.2 Identified characteristics of combining TEA and LCA 

2.2.1 Purpose 

The analysis found that the purpose for combining TEA and LCA can vary substantially, for 
example:  

 separately reporting environmental and economic impacts of a whole process; 
 assessing hotspots of a single process (often in comparison to an existing technology);  
 assessing alternative options for process design, feedstock or product applications; 
 performing non-detailed comparisons of different technologies to assess the best fit to the 

goal.  

2.2.2 Approach 

No standard approach is observed for combining economic and environmental impacts. In many 
cases, economic and environmental impacts were reported separately and the purpose of the 
study did not necessitate linkages between indicators to be explored in detail. Those papers 
directly comparing alternative technologies tend to use a quantitative method of integrating 
economic and environmental results, such as combined indicators or multi-criteria decision 
analysis: 

Combined indicators are applied for technology comparisons 

When combined economic and environmental indicators are calculated, the predominant indicator 
used is carbon abatement cost which occurs in 11 of the 21 papers calculating combined 
indicators; for example in Telsnig et al. (2013) and Verma et al. (2015). This is unsurprising due 
to the impetus on reducing global GHG emissions and economic disincentive mechanisms such 
as carbon pricing or taxes. Hence, determining the process design option that delivers minimal 
carbon abatement costs is advantageous both from corporate and policy makers’ perspectives. 
Applied as a useful comparison method, a wider range of combined economic indicators is 
suggested in Mata et al. (2015) and Halog and Manik (2011).  

Multi-criteria approaches 

30 papers use a multi-criteria decision analysis (MCDA) or multi-objective optimization (MOO) 
approach for the integration of the economic and environmental results to enable preference-
based weighting and aggregation of environmental and economic impacts; for example García et 
al. (2014) and Tock and Maréchal (2015). Methodologies observed range from simple ranking 
systems that aggregate the results to select the preferred alternative (MCDA), to mathematical 
optimization techniques that identify a set of optimal alternatives (MOO). In the sample, MOO is 
most commonly applied for Pareto-curves (Marler and Arora, 2004) which present a set of 
scenarios that each cannot be improved in one dimension without worsening the other. MCDA 
(Velasquez and Hester, 2013) is mostly applied via analytical hierarchy processes (AHP) by using 
pair-wise comparisons to estimate criteria weights. As methodology choice remains a difficult task 
for the practitioner, frameworks have been suggested to assist selection, for example, Guitouni 
and Martel (1998) and Wątróbski et al. (2019). A small number of papers present examples for 
applying a specific MCDA approach within a larger framework to support decision-makers 
(Gargalo et al., 2017; Halog and Manik, 2011; Zhang et al., 2016). Some papers employ a 
combination of combined indicators and MCDA methods; for example Gargalo et al. (2017), Reich 
(2005), Tock et al. (2015) and Bernier et al. (2010). 
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2.2.3 Further characteristics 

Overall, a number of common characteristics were identified across the analyzed literature: 

Goals of the assessments are generalized 

It was observed that in 44 papers a general type of a combined economic and environmental goal 
is stated, often in the style of ‘the aim of the study is to evaluate the economic and environmental 
impacts of the process’. This type of generalized goal does not elucidate whether the interactions 
of the economic and environmental impacts will be discussed, nor does it provide significant detail 
as to unambiguously describe the goal as required in ISO 14040 for LCA. The remaining papers 
state a combined goal in the introduction to the work and further define separate sub-goals before 
the individual economic and environmental assessment sections of the paper. Examples of this 
include Thomassen et al. (2018) and Chao et al. (2019). Largely, these LCA/TEA sub-goals are 
more detailed tending towards ISO 14040 requirements. However, a statement of the intended 
audience or stakeholders for the study is not common, except for some cases such as Khatiwada 
et al. (2016).  

Discussions of the linkages between environmental and economic impacts vary 

The analysis highlighted there is variation in the discussion of the linkage between economic and 
environmental impacts, and that sensitivity and uncertainty analysis are not applied uniformly. In 
27 of the 70 papers, the impacts are interpreted separately after their individual analysis and their 
interactions with each other are not expressed beyond a couple of sentences; for example, Pastore 
et al. (2016), Di Maria et al. (2018), García-Velásquez and Cardona (2019). Papers that include 
MCDA were predictably found to have the most detailed interpretation of the linkages, as this is 
the objective of such analysis. These papers use graphical representations, diagrams, matrices, 
and tables mixed with written discussion to show the relationship between the economic and 
environmental indicators; examples are Tock and Maréchal (2015) and Lu and El Hanandeh 
(2019). 

Technology Readiness Level (TRL) concept is not widely used in scope definitions 

The maturity of the technology has a significant impact on the quality of the data and uncertainty 
of the analysis and therefore a definition of the assessed technologies maturity is of great benefit 
when determining how integration can be applied (Buchner et al., 2018; Moni et al., 2020; 
Zimmermann et al., 2020a). Only three mentions of the TRL concept were found throughout the 
analyzed papers. Maturity of the technology was discussed in 17 of the papers, using terms such 
as ‘immature’ (Tang and You, 2018) and ‘emerging’ (Halog and Manik, 2011). However, these 
terms are broad and could imply the whole range of development stages from laboratory to 
demonstration scale. Therefore, it is surprising that a clear definition of the maturity of the 
assessed process by a standardized methodology, such as TRL, is not included. The TRL concept 
is widely recognized and often used in industry and scientific mechanisms such as EU Horizon 
2020 since 2014; as 46 of the papers have been published since 2014 it is unexpected to not see 
it more widely applied in academic research.  
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3 Development of the integration framework 

3.1 Conceptualization 

A major finding from the literature analysis is the great variety of approaches to combine economic 
and environmental assessments. However, these can be characterized and sorted into a number 
of discrete integration activities. In general, the activities can be differentiated into qualitative or 
quantitative approaches. It was found that the goal of the study affects the depth to which TEA 
and LCA are combined, indicating the importance of articulating this clearly. Furthermore, the 
literature review of current frameworks showed that practitioners planning the integration of TEA 
and LCA lack early guidance as to whether a qualitative or quantitative approach is suitable for 
their individual purpose (goal). Hence, a framework is derived to provide a systematic pathway to 
find the fitting integration activity. This equips practitioners with key underlying principles and 
enables them to manage the variety of methodological choices. The framework is derived 
consisting of three parts:  

 Part I defines key aspects of integrated assessment,  
 Part II defines integration types, 
 Part III presents an approach to select a suitable integration type.  

As the specific terminology related to the topic of integration varies in the literature, the relevant 
terms used in this paper are described in Table 1. 

 Table 1: Descriptions of concepts used in this contribution: integration, alignment, combination, aggregation, 
composition. 

Terminology Description 

Integrated 
assessment 

Integration can be defined as the incorporation of elements as equals into a 
group (Merriam-Webster.com Dictionary, 2020a).  
TEA and LCA are separate elements with equal rank in the superordinate 
integrated assessment. 

Alignment of 
scope/inventory 

Alignment can be defined as a specific arrangement of groups in relation to 
one another (Merriam-Webster.com Dictionary, 2020b). 
Alignment in the context of this contribution inherently refers to a high level of 
similarity of the information underlying each group. 
Aligned scope between TEA and LCA refers to the high similarity of system 
boundaries, selected allocation methods, geographical and temporal context. 
Aligned inventory refers to all data required in both TEA and LCA such as 
common material or energy balances from assessed process design. 

Combined 
goal/indicator 

Combining can be defined as individual entities becoming one number or 
expression (Merriam-Webster.com Dictionary, 2020c). 
Here, a combined goal refers to a single goal of one study with the purpose 
of integrating TEA and LCA results. 
A combined indicator is a new indicator formed by the division or multiplication 
of one environmental and one economic value (e.g., carbon dioxide 
abatement cost [$/kg CO2 eq abated], acidification per added value [kg SO2 
eq/$]) and can be characterized by its two-dimensional unit, the similarity to 
eco-efficiency (EE) indicators and the alternative term composite indicator 

Aggregated 
indicator 

Aggregation can be defined as many parts composed to a single body 
(Merriam-Webster.com Dictionary, 2020d). 
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3.2 Part I – key aspects of an integrated assessment 

The purpose of integration is to give indications for a subsequent decision-making step within the 
overall progression of technology development and assessment. Thus, the focus must be on the 
interaction between the TEA and LCA indicators. Integration can be operationalized in the form of 
an individual, overarching assessment combining subordinate TEA and LCA. Such integrated 
assessments can be approached with the same four phases (I-IV) that apply to single TEAs or 
LCAs as depicted in Figure 2: Goal and Scope (I), Inventory (II), Impact Calculation (III), 
Interpretation (IV). Within this multi-layer assessment structure, integration is superordinate, 
relying on a well-balanced subordinate TEA and LCA to feed the inventory of the integrated 
assessment. Thus, whether the resulting integration complexity is high or low is inter-dependent 
on what can be provided by the scopes of TEA and LCA. Between the individual phases, iterations 
are possible to refine the assessment. After completing the assessment, the interpreted results 
are used to support decision-making which can affect different areas, such as process design or 
investments into specific technologies, and potentially start a new assessment iteration. Key 
aspects of the four phases of integrated assessments will be discussed in the following 
paragraphs.  

 

Figure 2: Part I of the integration framework; integrated assessments consist of four phases (I-IV) with inventory 
phase (II) drawing data from subordinate TEA and LCA results; integrated assessments support decision-making that 
can lead to further technology maturation within research, development and deployment (RD&D); further iterations of 

TEA and LCA with subsequent integration can follow to support new decision-making problems. 

Goal and Scope (I). The integration goal needs to clearly state the motivation for the integration 
of TEA and LCA and articulate the decision-problem. This should include a detailed description of 
the purpose that drives the practitioner. A statement about the type of expected results and how 
these will be used helps methodological choices in the scope. In this regard, it is important that 
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the goal reflects the motives and distinct roles of commissioner, practitioner and target audience 
of the integrated assessment. Three different relationships of these roles can be identified as 
depicted in Figure 3. Each relationship is defined by a different interdependency of the roles, which 
needs to be accounted for when setting the integration goal. This signifies that two assessments 
of the same technology can differ when the practitioner is influenced by the commissioner in terms 
of limited resources or by the target audience regarding the leading question and how to properly 
present results. For example, in a company, a typical goal of the senior management (joint role of 
target audience and commissioner) could be the ranking of two investment alternatives. In this 
case, an engineer (integration practitioner) is tasked to enable a quick decision by limiting the 
integrated assessment to a set of two weighted criteria. Prior to this point however, the engineer 
was solely responsible for developing and assessing the alternatives (three joint roles), and 
therefore selected a different integration approach that supported the detailed analysis of hotspots 
following a multitude of different criteria. In this regard, the integration type selected should reflect 
the individual character of the integration goals. 

 

Figure 3: The three roles in assessment (commissioner, practitioner, target audience) and their possible relationships 

As the integrated assessment depends on the underlying characteristics of the subordinate TEA 
and LCA, further sub-goals can be defined to add direction to these studies. The integration scope 
operationalizes the goal by defining the integration type and the data from TEA and LCA needed 
for the integration. Dependent on the aim of the integration, it is not required that subordinate TEA 
and LCA have been carried out simultaneously and on the same base data. Therefore, the 
integration scope needs to define the allowed uncertainty caused by the level of data alignment. 
It is key to understand the scope definition of each study to judge the level of their alignment 
regarding system boundaries, selected benchmark for comparison and underlying technical data 
in the form of material and energy flows. Differences in scope can affect choices in how an 
integration can be carried out. 

Inventory (II). The integration inventory largely consists of the (intermediate) results of the 
subordinate assessments, at least one TEA and at least one LCA which can be either conducted 
in parallel as one overall study or in separate studies The integration approach set in the goal and 
scope guides the data selection in terms of data type, level of detail and alignment. If the required 
data cannot be provided, either the subordinate assessments need to be adapted accordingly, or 
the integration goal needs to be adapted to the available data. 

Impact Calculation (III). The impact calculation phase serves to select and optionally transform 
the TEA and LCA indicator results from the integration inventory to prepare the subsequent 
interpretation. In its most basic form, this is the core activity of qualitatively selecting and 
presenting all information to be discussed, thus narrowing down the inventory. If the discussion is 
not sufficient for the integration goal, further processing of these indicators to new combined 
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indicators or MCDA can be included. Combined indicators merge criteria of TEA and LCA, thus 
creating a new, combined criterion, for example, the calculation of CO2 abatement cost. Another 
option is the normalization and weighting of separate indicators as well as of combined indicators 
to allow aggregating TEA and LCA results to a single indicator. This concept is formalized in 
MCDA. While LCA places MCDA in the interpretation phase, the integration activity includes 
MCDA in the impact calculation phase, as it returns a new result which is later interpreted.  

Interpretation (IV). The interpretation ultimately prepares the decision under both economic and 
environmental aspects. Interpretation is key to an integrated assessment, as it increases the 
understanding of the underlying trade-offs and interactions between economic and environmental 
indicators. Therefore, interpretation should encompass a detailed and transparent discussion of 
the collected or calculated indicators, concluded by a recommendation. Furthermore, quality and 
consistency checks of the integrated results, as well as uncertainty and sensitivity analyses, 
should be performed to illustrate the representativeness and reliability of the discussed results. 

3.3 Part II – integration types 

The analysis revealed different approaches to combining TEA and LCA results. In some cases, a 
simple reporting of results without interpretation of how the two dimensions are linked is sufficient. 
In other cases, such linkages are specifically investigated in detailed discussions including 
numerically combining indicator results. Therefore, how should practitioners decide what type of 
integration is necessary to meet the objectives of the target audience regarding its decision-
making problem?  

The framework distinguishes between two main categories of combined TEA and LCA: Reporting 
and Integration. ‘Integration’ studies are characterized by the superordinate assessment 
intensively linking TEA and LCA results. Studies without such linking are considered as ‘Reporting’ 
of results. The ‘Reporting’ and ‘Integration’ categories can be further subdivided into types. This 
subdivision does not imply any hierarchy, as the suitability of each integration type depends on 
the integration goal. The Reporting category consists of the types ‘separate reporting’ and ‘co-
reporting’. The Integration category consists of three types: qualitative discussion (‘Type A’), 
quantitative integration via combined indicator (‘Type B’), quantitative integration including 
preferences (‘Type C’). Each category and type have distinguishing characteristics and criteria 
with increasing specificity, as illustrated in Figure 4.  

There are two decisive differences between Reporting and Integration. First, for a study to be 
integrated, the data selected from each subordinate TEA and LCA must be sufficiently aligned 
according to what is stated by the goal (criterion 3, Figure 4). However, this framework refrains 
from considering a full alignment in terms of identical system boundaries, assumptions, and 
technical inventory as mandatory for integration, as long as the required level of data alignment, 
according to what is expected by the goal of integration, is achieved. Second, the linkage of the 
TEA and LCA indicator results must be discussed and interpreted in detail (criterion 4, Figure 4). 

Separate reporting. This is the simplest type of combining TEA and LCA as it only requires that 
the subject of each assessment is sufficiently similar, meaning that the same process has been 
assessed – separate reporting must fulfill criterion 1 (Figure 4). In separate reporting, the 
indicators are discussed separately but not compared or linked in a discussion. The decision-
maker is not provided with comparisons and conclusions. Separate reporting was not identified 
among the analyzed literature, as the search query did not allow finding reporting of single 
assessments in separate documents.  
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Co-reporting. In this type, TEA and LCA results are reported together, for example coinciding 
within the same document – co-reporting must fulfill the criteria 1-2, (Figure 4). However, the 
individual studies can be created independently. It is expected that the co-reporting study would 
consist of separate discussions of environmental and economic indicators, optionally followed by 
only a very limited discussion (few sentences) linking economic and environmental results of any 
element of the system or the overall system. 

Qualitative discussion-based integration (Type A). Here, a detailed discussion qualitatively 
compares economic and environmental results – Type A must fulfill the criteria 1-4 (Figure 4). The 
discussion entails a link or relationship being made between LCA and TEA indicator results of 
certain system elements, such as identified hotspots, or of obtained Pareto-curves depicting a 
multitude of scenario outcomes. The term ‘qualitative’ shall imply, that for the integration activity 
no additional numeric information is created, despite discussing quantitative results. Qualitative 
discussion can include the whole process, hotspots in sub-processes and/or tradeoffs as required 
to achieve the integration goal. In this type of integration, the overall system boundaries of the 
separate TEA and LCA studies can differ, but those system elements selected for integration need 
to be suitably aligned in scope for the discussion to be meaningful. 

Quantitative combined indicator-based integration (Type B). For Type B the key integration 
aspect is the calculation of a combined economic and environmental indicator, for example, cost 
of CO2 abated – Type B must fulfill the criteria 1-5 (Figure 4). The calculated combined indicator 
mathematically relates TEA and LCA via division of their indicator results. The term ‘quantitative’ 
refers to the numeric activity that achieves integration, not the use of quantitative data. As a 
numerical value is produced, the scope of the subordinate studies must be sufficiently aligned so 
that additional errors are limited. Type B integration is generally conducted for the whole process, 
not single system elements, allowing alternative processes to be compared.  

Quantitative preference-based integration (Type C). For Type C the key integration aspect is 
the inclusion of the decision-maker’s preferences to prepare a concrete decision based on 
aggregating the subordinate TEA and LCA results, in other words weighting each criterion and 
summing them up into a new single value – Type C must fulfill the criteria 1-6 (Figure 4). The 
quantitative (numeric) link in Type C is achieved via a multi-criteria decision analysis (MCDA). 
With sufficient alignment of TEA and LCA, MCDA can be performed on the whole process or sub-
processes within the system elements identified as hotspots. MCDA can also include the use of 
combined indicators from Type B. It is outside the scope of this work to recommend specific MCDA 
methods, as the method chosen should be based on the specific goal and scope of each study. 
Guidance on choosing MCDA methods can be found in literature (Guitouni and Martel, 1998; Jaini 
and Utyuzhnikov, 2017; Parnell et al., 2013; Serna et al., 2016; Steele et al., 2009; Wątróbski et 
al., 2019). 
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Figure 4: Part II of the integration framework; Criteria matrix to distinguish between two reporting types and three TEA 
and LCA integration types (e.g., if only criteria 1-2 are met, then it is only co-reporting, not integration; if criteria 1-5 

are met, then it is Type B integration); integrated assessments are required to meet at least criteria 1-4 

3.4 Part III – how to select the integration type 

Whether it is necessary to conduct an integrated assessment instead of only reporting separate 
TEA and LCA results depends on the leading question of the target audience. If integration is 
required, the purpose of the assessment is to provide meaningful information that helps to solve 
this leading question. The selection of an integration type should be carried out as part of the 
integrated assessment’s goal and scope phase. Considering there can be a variety of potential 
goals, the practitioner faces the decision which of the integration types A, B, or C is most suitable. 
Three criteria can be identified which govern the selection of the appropriate integration type and 
these can be approached as three steps (see Figure 5):  

1) The purpose of the integrated assessment, 
2) Potential restrictions imposed by technology maturity (TRL),  
3) Available resources. 
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Figure 5: Part III of integration framework; Three-step approach to select a suitable integration type (A, B, C) 
according to the purpose of the assessment, TRL and resources for the assessment; marks indicate which type is 

recommended 

Step 1) Select the integration type according to the purpose of the assessment. The first 
step for selecting an integration type is a clear definition of the purpose of the integrated 
assessment. Although practitioners are generally free to select any integration type for the 
identified purpose, the three Types are not equally recommended for all purposes. The list of 
purposes is not exhaustive and different perspectives on integration are possible. It should be 
noted that integrated studies can have multiple purposes and therefore a mixture of integration 
types. 

1. Hotspot analysis. Type A integration (qualitative discussion-based) is recommended as 
hotspot analysis requires a discussion of the interlinkages between the parameters that 
are most influential. Here, integration should be limited to a qualitative discussion via Type 
A. A quantitative integration via Type B (combined indicator-based) or Type C (preference-
based) would create new numeric results. These would no longer visibly show the full 
information about the underlying indicator results which are needed to enable decision 
making at the hotspot. 
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2. Benchmarking. Type B integration (combined indicator-based) is recommended if the 
target audience is interested in a single criterion to compare a technology to its benchmark. 
The selected combined indicator is a relative, normalized value indicating the relationship 
of certain economic to environmental impacts, thereby overcoming complexity and 
enabling quick interpretation across technology fields. Such indicators are valuable for 
future comparisons based on generally accepted indicators, such as carbon abatement 
cost.  

3. Selection of preferred option. Type C integration (preference-based) is recommended 
when considering multiple indicators and process options. Multi-criteria decision analysis 
(MCDA) is used for subjective weightings of criteria and aggregation of multiple indicator 
results. A single number will be returned that can be interpreted with a single indication, 
thus supporting the decision based on preferences. A prominent example is the 
preparation of a concrete investment decision for the deployment of a technology. 

4. Simplification of complex results. Type C integration (preference-based) is 
recommended if a reduced and easy to grasp information basis is desired for decision-
making. Type C integration facilitates this by applying MCDA for subjective weighting and 
aggregation of various criteria and results to a single number. In addition, Type A 
(qualitative discussion-based) and Type B (combined indicator-based) are optional for 
integration in this case, if the integrated assessment can be limited to one criterion or few 
criteria to also achieve the desired simplification. 

5. Presentation of non-reduced results. Type B integration (combined indicator-based) is 
recommended for a simplified presentation of results while keeping information about the 
original indicator units (non-reduced). This purpose is often found in academic publications 
or studies with a diverse target audience. As combined indicators are innately relative 
results, the presentation of intermediate results to show absolute values is often desired 
in addition. In this case, Type A integration (qualitative discussion) is optional to present 
results in their original form as non-reduced depiction, for example graphically via Pareto 
curves.  

6. Distinction between stakeholder perceptions. Type C integration (preference-based, 
MCDA) is recommended if the purpose of the assessment is to distinguish the views of 
different stakeholders towards a technology. By repeating the MCDA process with different 
sets of preferences, for example of different stakeholders, the effect of different weighting 
schemes on the indicated decision can be analyzed. 

7. Analysis of trade-offs. Type A integration (qualitative discussion-based) is recommended 
if the task in technology development is to choose from a set of technical options that each 
can have a different contribution to environmental and economic impacts. Integration 
should be limited to the qualitative discussion of absolute indicator results, optionally 
entailing the plot of a Pareto curve, to first understand what trade-off between LCA and 
TEA criteria is caused by each option. The integrated assessment of trade-offs can prepare 
process optimization which is part of further technology development. 

8. Early screening. Type A integration (qualitative discussion-based) is recommended for 
integration-based screening of multiple technologies at lower technology maturity (TRLs < 
4). Type A integration encompasses the collection of nominal information associated with 
economic and environmental criteria, completed by a qualitative discussion to link the 
results of TEA and LCA. 

9. Detailed screening. Type B integration (combined indicator-based) is recommended for 
integration-based screening at mid and higher technology maturity (TRLs > 3). The 
calculation of a combined indicator is generally based on the systematic collection of 
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numerical data which is required for detailed screening of technology options if no ranking 
based on preferences is intended. 

10. Ranking. Type C integration (preference-based, MCDA) is recommended to rank 
alternative scenarios. Generally, the alternatives will be ranked by their ability to reach a 
targeted goal. If this goal entails multiple criteria, then the MCDA process requires the 
conversion of TEA and LCA results by normalization and weighting. A screening of the 
selected alternatives can serve as a prior step to identify the underlying information for the 
MCDA. 

Step 2) Restrictions imposed by technology maturity (TRL). In general, the higher the TRL, 
the more data are available and the uncertainty of assessments and integration decreases. For 
the assessment, the ‘observed’ TRL that reflects the data that are input into the assessment is 
relevant and decided on by the practitioner in the goal and scope phase. It can be lower than or 
equal to the ‘real’ TRL that reflects an unrestricted view on the current maturity of the technology.  

TRL 1. Type A integration (qualitative discussion-based) is recommended at TRL 1. By 
definition, no numerical data are available as the technology innovation only consists of an 
idea. For environmental assessment, this excludes LCA as a quantitative tool. 
Nevertheless, environmental screening methods can be applied. TEA at TRL 1 is also 
limited to a similar qualitative evaluation, therefore integration at TRL 1 is often limited to 
Type A with qualitative discussions. However, a simple form of Type C integration 
(preference-based, MCDA) is applicable at TRL 1. Here, the purpose is limited to a 
(quantitative) ranking of alternatives based on qualitative information, for example when 
key aspects of the alternative ideas are evaluated by a red-green color scheme. 
TRL 2-3. Type A integration (qualitative discussion-based) is recommended at TRL 2-3 as 
the discussion of a selected set of TEA and LCA indicators without further transformation 
is most suitable for the low data availability. Type B integration (combined indicator-based) 
is optional at TRLs 2-3, as a combined indicator is based on a further transformation of 
already limited information. Generally, Type B integration should be limited to very few 
criteria with the least uncertain data. Type C integration (preference-based, MCDA) is 
optional, as MCDA typically requires substantial information on numerous criteria and 
imminently loses information in the calculation and aggregation. High uncertainty of data 
can blur the MCDA result therefore, great care should be taken in the research stages of 
product development. 
TRL 4-9. All integration types are equally recommended in the development and 
deployment stages (TRLs 4-9). The data availability is sufficiently high for each type and 
the choice mainly depends on the assessment purpose or resource limitations. 

Step 3) Restrictions imposed by resources. Resources for an integrated assessment such as 
money, time, expertise or brainpower need to be spent wisely to ensure that the uncertainty 
requirement of the integration stated in the goal and scope phase can be met. If it is found that 
the level of resources available does not match the types selected in Steps 1 & 2, goals and 
resources should be reviewed to ascertain which can be altered to achieve the outcomes required 
for decision-making. 

Low resources. Type A (qualitative discussion-based) is recommended where resources 
are limited, as only indicators of TEA and LCA need to be selected and discussed, thereby 
reducing any additional effort of quantitatively linking these indicators. 
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Medium resources. Type A and the numerical evaluations proposed in Type B (combined 
indicator-based) are recommended for a medium set of resources. Type C (preference-
based) is optional as MCDA usually necessitates a higher level of resources. 
High resources. All integration types are recommended. Type C integration with MCDA 
often requires a long process of feedback cycles and reflection to determine an appropriate 
weighting scheme and is therefore recommended if a high level of resources is available 
or if a considerable effort is willing to be made. 

4 Demonstration and discussion 

4.1 Demonstration of type selection 

To demonstrate the application of the framework it is applied to three generic scenarios that 
describe exemplary and fictitious practitioners investigating the production of methanol from CO2 
(see Figure 6). The practitioners need to decide on a suitable integration type for their individual 
integration purpose, including the consideration of technology maturity and available resources. 
The examples illustrate how practitioners can derive the recommended integration type based on 
which criteria of the integration framework are met.  

In the first example, an academic researcher is looking to assess a laboratory-based 
photocatalytic process to produce methanol (TRL 2-3). The researchers’ goal is to identify 
economic and environmental hotspots within the process to enhance experimental development. 
Hence, the researcher structures both TEA and LCA studies to elucidate sub-processes and 
specific inputs. In the example, a contribution analysis with respect to selected indicators is applied 
to compare the impacts of alternative photocatalysts. Here, the discussion of the hotspots could 
conclude, that further research should be concentrated on alternative 1 instead of alternative 2 
due to similar contribution to cost at lower environmental impacts (e.g. lower levels of resource 
depletion). Thus, the purpose of the integration of both studies is to enhance the subsequent 
experimental design. The required decisions draw on an increased understanding of how the 
identified hotspots are linked in terms of resulting tradeoffs between TEA and LCA indicators. In 
this case, it is sufficient to discuss how the (quantitative) TEA and LCA indicators are 
interdependent and to allow a recommendation for decision-making. The nature of integration may 
remain qualitative (Type A), as only existing indicators need to be described. In contrast, the 
creation of combined indicators or a weighted aggregation of results is not needed. To support the 
qualitative discussion graphically, the researcher could construct Pareto curves depicting the TEA 
and LCA indicator results of the alternatives. Although the low TRL and limited resource availability 
indicate both Type A or B integration, type A with qualitative discussion will provide enough 
information for the researcher to answer the leading question, without over-complication or 
increased uncertainty due to new information.  

In the second example, a technology manager in a company wishes to select the optimal technical 
design parameters for a demonstration plant producing methanol from CO2 via a thermocatalytic 
route with H2 produced by water electrolysis. Data are based on pilot plant trials and three 
alternative process simulations (TRL 6) differing in the selected electrolysis technology (alkaline, 
proton exchange membrane or solid oxide electrolysis). This indicates that the data reliability and 
availability will be good, therefore reducing uncertainty for Type B or Type C integration. As 
resources are not an issue, all three integration types could be applied. Therefore, the choice of 
integration type will be primarily based on the purpose of the study. Here, the practitioner is tasked 
to prepare the information basis for a concrete decision by including multiple economic and 
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environmental indicator results. The concrete decision shall be prepared by ranking the three 
alternative options according to the decision-maker’s preferences. While the qualitative discussion 
of the linkage between the indicator results is certainly required for the interpretation of the derived 
conclusions, the integration approach needs to aggregate these results into a single value, thereby 
providing additional information. Therefore, MCDA instruments can be applied to identify the 
optimal system, indicating preference-based integration (Type C).  

In the third example, a policy advisor is looking to compare viable routes to produce fossil-free low 
GHG emission methanol for the chemical industry. This indicates the purpose is benchmarking 
options against each other. The processes to be assessed range in maturities from TRLs 3-8, and 
only routes that exhibit the potential of lower greenhouse gas emissions compared to the fossil-
based route are of interest. It is the goal to identify the route with the biggest economic lever to 
reduce environmental impacts. A simple, preferably non-subjective instrument is required to 
communicate the benchmark results to a diverse target audience. Here, benchmarking suggests 
a Type B integration (combined indicator), as it results in a single criterion combining economic 
and environmental criteria without entailing weighting schemes. The policy advisor could conclude 
that the cost of carbon abated is a suitable combined indicator to compare the routes. 
Furthermore, data and resource availability indicate that Type C may not be appropriate as 
limitations on both data and resources are present. Therefore, the overall recommendation is Type 
B integration (combined indicator). 
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Figure 6: Selection of a suitable integration type demonstrated by three exemplified integration practitioners 

4.2 Discussion of framework 

The focus of the proposed framework is on the integrated assessment of chemical technologies 
in development. This decision was made for three reasons: 1) the transition towards green 
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chemistry requires a continuous assessment of the developed innovations, 2) TEA and LCA 
approaches for this field show a similar enough structure for alignment and integration, and 3) this 
field experiences a lack of guidance for integrating assessments. It is also acknowledged that the 
framework could be adapted for other technology fields and to include further assessment types 
(for example, social acceptance assessment). 

In Part I, the definition of the multi-layer assessment approach places integration as a 
superordinate assessment over subordinate TEA and LCA. This has not been formulated as such 
before in the related literature. Integration is here defined as a distinct assessment with four 
phases: goal and scope (I), inventory (II), impact calculation (III), interpretation (IV). Therefore, a 
targeted and transparent discussion of critical integration aspects along the assessment phases 
is possible.  

An adequate definition of the integration goal is found to be lacking in most studies of the literature 
analysis. Accordingly, the framework emphasizes the importance of understanding clearly the 
purpose of the integrated assessment which is key to selecting an appropriate integration type. A 
statement of generic goals such as ‘to identify economic and environmental impacts’ does not 
sufficiently reflect the purpose. Therefore, the framework guides the practitioner to include 
meaningful purposes in the goal, such as ‘to analyze the hotspots in the process for further 
optimization by engineers’ or ‘to enable policy makers to identify processes with the cheapest 
carbon abatement cost’. This guided goal setting enables subsequent methodological choices.  

The inventory of an integrated assessment is fed by indicator results of the subordinate TEA and 
LCA. Hence, an understanding of the similarities and differences of TEA and LCA principles is 
critical. This can be achieved by taking a closer look at how both assessments are performed 
along their similar four phases (I-IV), as will be done in the following:  

 Goal and scope (phase I) of TEA and LCA serve the same general purpose so that similar 
principles guide the distinct methodological choices. However, the selection of 
benchmarks for comparison within each assessment can be driven by deviating 
perspectives, resulting in deviating assumptions for the underlying data. An example would 
be the selection of the most economic benchmark in TEA which might not be the most 
environmentally friendly, as would be required for the LCA benchmark. Thus, if the 
integrated assessment discusses the performance of the technology, the benchmarks 
need to be identical.  

 The inventory (phase II) of TEA differs from LCA inventory in three major aspects: i) there 
is no single, unambiguous correlation of physical flows with monetary flows; ii) the 
correlation can be non-linear, for example, material costs do not need to linearly increase 
with an increased material flow, as would be the assumption for environmental impacts; iii) 
conceptual flows with no physical representation can have monetary impacts, such as 
taxes, purchase price premiums or customer demand fluctuation affecting the selling price. 
Accordingly, this inherent difference in data formation and composition should be paid 
attention to when identifying any potential bearings on the uncertainty of the integrated 
TEA and LCA results.  

 The impact calculation (phase III) in TEA and LCA shows methodological differences 
posing additional challenges for interpreting integrated results. The units of indicators are 
different and prevent a simple aggregation of results. TEA often considers dynamic 
indicators to include time preference, whereas LCA impacts are often considered static.  
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 The interpretation (phase IV) in TEA and LCA again follows a similar generic approach, 
although decision-makers reading an integrated assessment need to be aware of the 
underlying reasons for uncertainty, for example, if data are more reliant on market 
dynamics than on physical flows. 

Part II of the framework introduces three newly defined integration types (A, B, C), which are the 
basis for the phases of impact calculation (III) and interpretation (IV). These type definitions were 
tested to validate their fit with existing integrated studies. Firstly, the types were determined for 
the analyzed set of 70 papers, then further validation was carried out against a sample for a 
specific technology field. The field of CO2 utilization technologies (Styring et al., 2015) was chosen, 
as integration of LCA and TEA has been highlighted as a desirable assessment tool for this area 
(Mission Innovation, 2017; Müller et al., 2020; Sick et al., 2019; Zimmermann et al., 2020a, 2020b). 
From the non-reduced literature set of 711 papers, 25 papers met the required criteria of 
containing both an economic and environmental assessment and covering CO2 utilization (a 
summary of the results is found in the Electronic Supporting Information). Therefore, considering 
both sets together a total of 95 papers were analyzed. The distribution across the integration and 
reporting types is presented in Figure 7. No papers were found that could not be fitted to one of 
the types. However, the type ‘separate reporting’ is not included, as all papers were screened to 
include both an economic and environmental assessment. In both literature sets, co-reporting and 
Type C integration (preference-based) are most prevalent. However, in the smaller set of CO2 
utilization literature, a fairly uniform distribution of reporting and integration types is observed.  

 

Figure 7: Distribution of identified reporting and integration types across two sets of analyzed literature; Set 1 is the 
sample of 70 randomly selected studies from a non-reduced set of 711 papers, Set 2 is the field-specific validation set 

containing all 25 studies within the non-reduced set of 711 papers matching the concept of CO2 utilization 

Part II of the framework further presents a criteria matrix (see Figure 4) to distinguish the reporting 
and integration types. These criteria can be applied in a straightforward fashion. An exception is 
criterion 3 that demands sufficient alignment of TEA and LCA data in accordance with the 
integration goal. While TEA and LCA results contribute inherent uncertainty to the final integration 
result, additional integration uncertainty is correlated inversely with the alignment of TEA and LCA 
data, as depicted in Figure 8. In general, a higher degree of alignment lowers additional 
uncertainty. The highest level of uncertainty is theoretically introduced when TEA and LCA would 
rely on entirely different data; the lowest level of uncertainty follows from TEA and LCA that rely 
on the same data wherever possible. Criterion 3 can only be met if the level of alignment reflects 
the accepted uncertainty of integration defined by the goal and scope. In contrast, some proposed 
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frameworks in literature demand full alignment as the leading criterion to be met for assessments 
to be integrated (Azapagic et al., 2006; Miah et al., 2017; Serna et al., 2016; Thomassen et al., 
2019). In those cases, the specified set of data would need to be common for both TEA and LCA. 
The methodology described here does not require a full or a pre-determined degree of alignment 
of TEA and LCA data for meaningful integration. An adequate degree of alignment follows the 
integration goal: the degree of alignment needs to be such that the uncertainty obtained in the 
final, integrated result is in line with the uncertainty requirement implied in the integration goal. 
Therefore, the framework is flexible enough to apply to any goal that is set; and does not cater to 
a specific level of uncertainty that is pre-determined by the way the integration is performed (i.e., 
fixing which data basis have to be common for both TEA and LCA).  

 

Figure 8: Inverse relationship between the alignment of scope and data between TEA and LCA and acceptable 
additional uncertainty caused by integration. 

Part III of the framework proposes the three-step procedure to select a suitable integration type 
which is designed in a way that other purposes can easily be added. We hereby acknowledge that 
the specific environments, tasks, and circumstances that practitioners find themselves in can vary 
substantially. To make sure the framework can be applied right away by practitioners without 
substantial prior experience, the proposed restrictions set by technology maturity (TRL) and 
resources are kept at a low level of granularity. However, advanced practitioners may benefit from 
expanding the framework by including a finer differentiation of the nine TRLs for data availability 
or additional categories allowing finer sorting of the level of resources. 

Overall, the specificity of the proposed framework seeks to provide a balanced level that is, on the 
one hand, detailed enough to give strong guidance, and on the other hand, open and flexible 
enough to serve stakeholders with different backgrounds regarding experience, skill, function, and 
mission. No suggestion for concrete indicators is included and no normalization references or 
weighting schemes for MCDA are proposed. Whilst such specification could facilitate the 
comparison of different integrated assessments, it is necessary to leave this level of specification 
to the practitioner: due to the unique goal and scope of each integrated assessment, appropriate 
choices for one may not be appropriate for another. Practitioners should choose methodological 
options such as selected (combined) indicators, normalization, weightings, or MCDA 
methodologies, based on the advantages and disadvantages of each method with respect to the 
integration goal. Specifying a discrete range of such options would be detrimental to the flexibility 
and applicability of the framework. 
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5 Conclusion 

TEA and LCA have proven to be valuable tools for interpreting impacts separately in regard to 
different criteria, however, properly integrating them can effectively enhance decision-making. The 
proposed integration framework increases the knowledge basis by providing a methodology that 
defines TEA and LCA as subordinate assessments linked by a superordinate integrated 
assessment. Integration can only support decision-makers if it is understood as individual 
assessment providing additional insights linking the LCA and TEA reports. The framework 
provides practitioners with step-by-step guidance through the four phases of integration and can 
quickly be adopted due to its familiarity with LCA and TEA methodologies.  

Integration can only be achieved by interpreting the link between TEA and LCA as the main 
criterion, thus avoiding mere reporting of results. A one-size-fits-all solution for integration would 
force practitioners to make an identical methodological choice for varying goals. Therefore, the 
framework derives three types of integration characterized by: the limitation to a qualitative 
discussion (Type A), the calculation of combined indicators (Type B) or the inclusion 
of preferences via multi-criteria decision analysis (Type C). Here, practitioners are guided by the 
presented step-by-step approach for choosing a suitable integration type. It allows for type 
selection according to the intended integration purpose as well as restrictions imposed by 
technology maturity and resource availability. By developing a widely adopted understanding of 
integrated assessments, it can be ensured that decisions will no longer be based on either an 
economic or an environmental criterion in isolation, but on highlighting their interlinkages. 
Furthermore, in the future, the framework could be expanded to include social sustainability 
metrics by incorporating assessments such as SLCA. However, if SLCA results are of qualitative 
nature, then combined indicator-based integration (Type B) would not be supported.  

This framework helps to expedite advances in sustainable chemical technology development, as 
it provides a consistent understanding of integration to assist diverse stakeholders in selecting a 
suitable integration methodology. 
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