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1. Introduction 

1.1. Context and objectives 

A flexible and modular electrochemical reactor system is being developed in the PERFORM 

project, which is suitable for paired electrosynthesis. The design basis is the know-how and 

experience acquired during the design, construction, and operation of a conventional 

electrochemical flow reactor used for the electrooxidation of bio-based feedstock compounds, 

such as hydroxymethylfurfural oxidation to FDCA and propanediol (from glycerol) to lactic 

acid.  

When an electrochemical route is available, the novel reactor will be made flexible for the 

production of biobased derived chemicals. Electrodes, membranes, flow patterns, and 

configurations may be replaced/changed in this reactor depending on the needs. The reaction 

products of the lines (Figure 1.12) to be shown in this project are the carboxylic acids: maleic 

acid, valeric acid, glucaric acid, and adipic acid, which are common chemical building blocks 

used in performance products like coatings, resins, adhesives. Glucaric acid is an intermediate 

and product in the tandem electro-synthesis of glucose to adipic acid. 

The integrated process systems can be seen as below for both lines: 

 

 

1.2. General objectives work package 5 

In this work package, the sustainability of the electrochemical PowerPlatform for the 

valorization of biomass is assessed. The environmental impacts, energy efficiency, and cost-

feasibility of the proposed system will be evaluated. Besides, KPIs based on anticipated impacts 

will be monitored, including technical, economic, and environmental indicators and the quality 

of the final products will be assessed. Additionally, the potential of dicarboxylic acids for 

polymers will be investigated, first with commercial monomers and later with PowerPlatform 

produced monomers. 

The five main tasks of the work package are: 

• Task 5.1 Environmental Life Cycle Assessment (LCA) 

• Task 5.2 Life Cycle Costing (LCC) 

Figure 1: Integrated system schemes for both lines 1 and 2. 
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• Task 5.3. Optimization and scale-up of the system based on energy efficiency simulation 

• Task 5.4. Impact Analysis 

• Task 5.5. Quality products Assessment 

This report aims to define the preliminary goal and scope, the data collection framework, and 

management needed to carry out the Life Cycle Assessment (LCA) as well as the Life Cycle 

Costing (LCC) in the PERFORM project. Additionally, an overview of the current progress of 

Task 5.4 and 5.5 is given. 

1.3 Objective of the deliverable 

D5.1 is the definition of the scope and system boundaries for the LCA and the LCC. 

(Responsible partner: UHOH; Participating partners: VITO, AVT, INSTM, GENS, HST, 

PERS, RCH). This first step is the foundation of the LCA and LCC, which will be carried out 

in WP5. 

The goal and scope, boundaries of the systems to be studied, technologies to be compared, the 

data requirements, collection, and management of the tasks have been described in the present 

deliverable. The data collection management including the availability, sensitivity, and 

confidentiality of the data required by the various partners will be handled and secured and is 

included as part of this definition. 

2. Goal and scope definition 

2.1. Reasons for carrying out the study 

This study aims to perform sustainability and economic analysis of the two lines that will be 

demonstrated in the PowerPlatform. A basis for benchmarking analysis of related commercial 

technologies as well as state-of-the-art electrochemical treatment of biomass will be provided 

within this study. An LCA will be carried out which starts at the beginning of the project. The 

goal is to make corrections on the demonstrators to verify and, if necessary, to apply corrections 

to the process to achieve more positive impact environmental indicators. The impact categories 

contain climate change, energy demand, resource use, and depletion, amongst others. The 

participation of technology developers and integrators is necessary to get the needed 

information for the data collection and inventory of LCA. 

At the same time, an LCC will be performed that has a similar structure in terms of scope and 

system boundaries. Within the LCC, the costs associated with the planning, design, acquisition, 

operation, maintenance, and disposal will be evaluated. The first step of the study is to identify 

the costs followed by the cost-benefit analysis. The results of the LCC will allow the 

comparison of the implementation of the proposed biomass valorization ways with the current 

benchmarks from an economic point of view. The total possible cost reduction will be 

calculated and additional areas will be identified where efforts to reduce costs are likely to be 
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more effective. For the inventory of LCC analysis inputs from the technology developers and 

integrators will be required. 

The studies will be performed with the specialized software tool Umberto LCA+. With the 

software, it is possible to evaluate economic and environmental impacts in one model. Umberto 

LCA+ enables the combination of LCA and LCC. Another advantage is the standard integration 

of the two most used databases ecoinvent and GaBi. 

Furthermore, WP5 will promote public acceptance and trust around the sustainability and 

societal value aspects of the project by accompanying and studying the developments and 

results of the other work packages. Besides, WP5 will help to steer, if possible, the project 

towards the realization of more environmentally friendly and affordable systems.  

The findings of the studies will also offer information and assistance to different stakeholders 

and decision-makers, such as industry, European Commission services, research institutions, 

and government agencies. 

2.2. Intended audience 

The results of the tasks in WP5 will be confidential. They will be shared only with the members 

of the consortium. All public communications and interactions will be carried out after the 

validation of the consortium. 

2.3. PERFORM value chains 

As said before, PERFORM aims to build up a flexible and modular electrochemical reactor 

system for paired/paired tandem electro-synthesis. The two lines, shown in Figure 2, of 

industrial relevance, are selected to serve as exemplary showcases.  

 

Figure 2: The two showcases to be demonstrated in PowerPlatform. 

LINE 1: Inline 1, furfural is oxidized to maleic acid (MA) at the anode paired with levulinic 

acid (LA) reduction to valeric acid (VA) at the cathode. Milman described the electro-oxidation 



 
 

4 

of furfural to MA at 1.45-1.5 V versus SCE in 0.5 M H2SO4 on PbO2 anode at RT and obtained 

nearly quantitative yields. With the use of mediators like vanadates, molybdates, or manganates 

the current density, i.e. the reaction rate, can be significantly increased. At RT the reaction was 

reproduced in a divided cell (Nafion® membrane) under acidic conditions with anode Pb/PbO2 

and cathode Pt gauze or Pb/PbO2 with anolyte: 0.5 M H2SO4 + 0.02 M V2O5 and catholyte 0.5 

M H2SO4. Potentiostatic and galvanostatic electrolysis modes were utilized for the production 

of MA. Optimum potentiostatic operation was carried out at 1.5 V against SCE, while the 

optimal galvanic operation was carried out at a current density of 9 mA cm-2. With an initial 

concentration of 0.05 M furfural, the yield on MA was ~80 %. The main side product is the 

oxidation intermediate formyl acrylic acid and if the entire side product is converted to furfural, 

almost quantitative yields can be achieved. The testing of the reaction at temperatures of 25 and 

35 °C resulted in higher reaction rates and yields of MA at raised temperatures. 

At the cathode, the simultaneous electro-reduction of levulinic acid to VA takes place, which 

was described by Santos [1] on a Pb electrode at -1.8 V versus Ag/AgCl, in 0.5 M H2SO4 at 

RT. A selectivity >80 % and a conversion >70 % of the reaction was reported. The electro-

reduction was reproduced in a divided cell (Nafion® membrane) at 50 °C under acidic 

conditions, with Pb anode and Pt gauze cathode. The used anolyte and catholyte were 1 M 

H2SO4. The current efficiency was approx. 50 % compared to SCE at a voltage of -1.8 V in 

potentiostatic electrolysis mode. The VA yield was ~90 % with the initial LA concentration of 

0.5 M. The main side product of the reaction is γ- valerolactone. 

Within the Perform project, the electro-oxidation of furfural to MA and the electro-reduction 

of LA to VA are performed as paired reactions. The two reactions are carried out under similar 

conditions: acid electrolyte, temperature range (25-50 °C). In the case of different temperatures 

for the operation is required, electrodes with local heating can be used. 

LINE 2: In this line, a paired tandem reaction takes place, which is shown in Figure 3. First 

glucose is electro-oxidized to glucaric acid (GA) at the anode, the subsequently produced 

glucaric acid (GA) is than hydrodeoxygenated to adipic acid (AA) at the cathode. 

 

Figure 3: Electro-oxidation and electro-reduction reaction schemes for line 2. 

The first thing to mention is that the (thermal) catalytic conversion of glucose to GA and the 

subsequent conversion of GA to AA is possible (US Pat., 2010/0317822 A1). The screening of 

catalysts for the oxidation of D-glucose showed that Pt catalysts were the most suitable. Pt/silica 

provided GA yields of 66 % after 8 h reaction at 90 °C and 5 bar O2, despite the absence of any 



 
 

5 

added base. Especially problems like the pH effect and the deactivation of the Pt catalysts 

during the oxidation of D-glucose remain of concern. The subsequent GA hydrodeoxygenation 

to AA could be obtained by using PdRh/SiO2 catalysts. After 3 h at 140 °C and 49 bar H2, in 

the presence of HBr and acetic acid, PdRh/SiO2 catalysts were able to convert GA into AA 

yielding 50 to 77 %. 

Within the PowerPlatform an integrated electrochemical process system design is aimed. The 

integrated processes combine electrochemical reactors with downstream processing (DSP) and 

with recycle of electrolytes back to the reactor. 

The capacity of the DSP in the PowerPlatform relates to the capacity of the electrochemical 

reactor of ~ 250 g/hour. The goal is to recover 90 % of the product from the reaction mixture 

with a purity of 95% in raw form. The product can be further purified to 99.9%. 

Raw mixtures of the product can be obtained from the reaction broth by nanofiltration (NF) and 

/ or electrodialysis (ED). NF enables smooth, non-thermal separation of liquid flows at the 

molecular level by put on a pressure gradient to a nanoselective membrane. The solutions 

remain selectively preserved due to size differences and / or charge effects. The retention of 

organic acids by LF membranes strongly depends on the pH value of the solution and the 

temperature. ED is based on an electric field as the driving force for the separation and therefore 

optimal for removing or concentrating carboxylic acids. 

A cascade of two mixed suspension mixed product removal crystallizers (MSMPR) is used to 

obtain carboxylic acids from electrochemical reaction mixtures. The result is large 

monodisperse crystals with few inclusions that can be easily filtered, washed, and dried to get 

a high purity product for further testing in applications. The electrolyte is contained in the 

filtrate for recycling into the electrochemical reactor. (Reactive) Liquid-liquid extraction is a 

second technology to obtain a highly pure mixture of the wanted products. The organic acids 

enter the extract and liquid phases, which can be obtained after additional extraction and 

crystallization steps for further purification of the products. Regarding VA, it separates in the 

phase even at low concentrations (~ 50 g/l at room temperature). Therefore, it can be obtained 

from the electrolyte solution by relatively simple phase separation. 

2.4. Function, functional units and reference systems 

The functional unit (FU) quantifies a product system's performance serving as a reference unit 

and is the reference variable to which the input and output data from the inventory analysis are 

normalized (in a mathematical sense). It is therefore important that this parameter is clearly 

defined and measurable because all impacts are allocated to the FU. For the comparison 

between the novel PERFORM technologies and the corresponding reference technologies, the 

FU is the baseline. 

The function of the systems developed in PERFORM is divided into four parts containing two 

value chains per line. GA is intermediate and product at the same time. This decision was made 
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in accordance with WP6. Therefore, the LCA and LCC for PERFORM will have four FUs, 

each related to one value chain. The FUs are shown in Table 1. 

Table 1: Four PERFORM value chains, their end product, functional unit, and reference system. 

Line 
Value 

chain 
End product  Functional unit Reference system 

1 

1 Maleic acid 
The production of 1 kg MA 

from furfural 

Current commercial 

production process 

2 Valeric acid 
The production of 1 kg VA 

from LA 

Current commercial 

production process 

2 

3 Glucaric acid 
The production of 1 kg GA 

from glucose 

Current commercial 

production process 

4 Adipic acid 

The production of 1 kg AA 

from glucose through the 

intermediate GA 

Current commercial 

production process 

The monoacid VA is a chemical that is used in a wide range in the specialty and consumer 

sectors (VA esters are used in perfumes and cosmetics), food additives (ethyl valerate and 

pentyl valerate) and other applications (plasticizers and pharmaceuticals, fuel additives). For 

VA, it is of interest to the end-user to quantify the purity and performance of subsequent 

reactions for certain applications. 

The diacids MA and AA can be used as monomers for sustainable polymers and as building 

blocks for sustainable polyesters. However, very high-purity monomers are required for the 

production of polymers. The molecular weight is decisive for the physical properties and thus 

for the quality of the polymer. More specifically, monofunctionalized by-products can act as 

chain stoppers that restrict the polymerization. Even the slightest contamination can cause the 

material to color and thus limit its marketability. This results in the need to qualify and quantify 

the impurities and examine whether and how they influence the quality of the polymer or 

polyester produced. 

In WP5 (Task 5.5 Evaluation of Quality Products) the chemical building blocks will be 

evaluated concerning the quality of the samples produced with the PowerPlatform during the 

demonstration phase of the two concept lines The first chemical analysis will be executed on 

samples of 50-100 g. The further preliminary validation in an application will be performed in 

laboratory tests with quantities of about 100-200 g. 

Both the functional units and the reference systems reflect the present status of the project 

development. Therefore it might be possible that they will get adjusted or more specified within 

the progress of the other WPs and the PERFORM project generally. Possible reference systems 

are described in chapter X. Though, the functional units must have similar characteristics and 

intent for the PERFORM value chains as for the reference systems. Since the end products must 

be able to achieve the same function as the end products of the current state of the art reference 
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systems. In some cases, defining the functional unit and the reference case can be a challenge 

and requires an extended definition effort within the progress of the project. 

2.5. System boundaries 

This chapter outlines the life cycle stages of the studied systems, which represent the system 

boundaries. The system boundaries shall be consistent with the goal of the study and determine 

the processes and flows included in the LCA and LCC. The system boundaries define what is 

included in the system and is therefore analyzed. At the same time, the system boundaries 

describe what is outside the system and therefore not included in the study. 

The setting of system boundaries identifies the stages, processes, and flows considered in the 

LCA and LCC and should include: 

• Activities related to achieving the present studies objectives and therefore needed to 

carry out the studied functions 

• Processes and flows that considerably contribute to the potential environmental and 

economical impacts 

 

Figure 4: LCA / LCC system boundaries for PERFORM value chains. 

The system boundaries and FUs of LCC/LCA can only be defined with the actual level of 

precision and is specified in cooperation with WP6. LCA and LCC in PERFORM cover the 

value chain, including biomass feedstock, which are the precursors furfural, LA and glucose, 

transports, and processing, so-called from “cradle-to-gate”. This can be seen as a partial product 

supply chain, from the raw materials (cradle) up to the manufacturer’s “gate”. It is important to 

note that the raw biomass is usually within the system boundaries of an LCA / LCC. A graphical 

scheme of the system boundaries is shown in Figure 4 below. The time horizon of the systems 
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cannot be defined at the current state of project progress. The system boundaries of the LCA 

and LCC will be the matter of discussions and decisions in upcoming project stages.  

3. Life cycle assessment 

3.1. General remarks 

Society is becoming more aware of the importance of environmental protection and the 

environmental impacts associated with the production and use of products. This sparked interest 

in the development of methods that take these effects into account and contribute to 

understanding. The most important technique developed for this purpose is the LCA, a method 

standardized by the International Organization for Standardization (ISO) 14040/44 standards 

[2,3]. 

The LCA is characterized by a large number of applications. The study can be used to identify 

opportunities that lead to the improvement of the environmental performance of products in the 

various phases of their life cycle. Furthermore, the LCA can help to inform decision-makers in 

industrial, governmental, or non-governmental organizations. This can influence decision 

making, e. g. in strategic planning, prioritization, and product or process design. The LCA is 

advantageous for the selection of relevant indicators of environmental properties including the 

associated measurement methods. Besides, the LCA can serve as a marketing tool, e. g., by 

implementing an environmental label or producing an environmental declaration for a product 

[2,3]. 

The life cycle assessment relates to the environmental aspects and potential environmental 

impacts in the course of a product's life cycle, from the raw materials to production, application, 

waste treatment, recycling, and finally disposal i.e. “cradle-to-grave”. This study will be, as 

already mentioned, from “cradle-to-gate”. The distribution, storage, use stage, and end-of-life 

stages of the supply chain are omitted at the current state of the project. The LCA is best 

practiced as an iterative process, where the findings at each stage influence changes and 

improvements in the others. The objective is to create a study design that is of satisfactory 

quality to reach the defined goals. The principles, framework, requirements, and guidelines to 

conduct an LCA are defined by the previously stated international standards ISO 14040 series. 

An LCA study consists of four phases, as shown in figure 6 [2,3]: 

1. Goal and scope definition: defining the objectives of the study, determining the 

boundaries in which the assessment is to be made and identify environmental effects to 

be reviewed for the assessment; 

2. Inventory analysis: identifying and quantifying all input/output data concerning the 

system being studied, involves the gathering of the data needed to achieve the goals of 

the study; 

3. Impact assessment: assessing the environmental impacts among a limited set of 

comprehensible impact categories identified in the inventory analysis; 
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4. Interpretation: evaluating the results of the inventory analysis and impact assessment, 

results serve as the base for conclusions, recommendations, and decision-making 

relative to the goal and scope of the study. 

 

Figure 5: Four phases in an LCA study 

The goal and scope definition is the first phase in an LCA study. The determination is the base 

for all subsequent phases and it defines the objective of the study. Both modeling and data 

availability problems are identified. Besides, the definition of goal and scope will help 

interested parties after completion of the study to understand the framework under which the 

study was derived and the extent to which its results can be compared with those of other 

studies. The following questions (amongst others) which are addressed in the goal and scope 

definition are characteristic [2,3]: 

• What is the aim of the study? 

• What is the function of the analyzed system? 

• What systems exactly are going to be analyzed? 

• What reference system/ technology will we compare our system against? 

• What are the system boundaries of the analyzed product? 

• What is the data availability for the study? 

This document answers the above-mentioned questions within LCA study for the PERFORM 

technologies and value chains with the degree of clarity provided by the further development 

at the time of the creation of the document. 

 



 
 

10 

3.2 Inventory and data availability 

The second phase of LCA is the life cycle inventory analysis phase (LCI phase). Within the 

LCI identifying and quantifying all input/output data concerning the system being studied takes 

place. The data needed to build the LCI to PERFORM and the current assessment of its 

availability will be discussed in the subsequent chapters. 

3.2.1. Data requirements 

The data required for carrying out LCA are summarised below: 

• Description of the process and process flow diagrams  

• Mass and energy balance 

• Equipment used and related dimensions  

3.2.2. Data availability 

As the PERFORM consortium consists of experts along the entire supply chain, the idea is to 

use project-specific primary data from project partners as much as possible (through personal 

meetings and discussions, based on results already published, etc.). This affects at least the 

quantities of the necessary raw materials, energy, and direct emissions that occur in input 

materials, intermediates, and building block processes. For other phases, where higher 

uncertainties occur, it might be necessary to rely on literature data and experts’ feedback. In the 

unlikely event that no data is available within the consortium, other sources are examined, e.g. 

results from the literature, similar EU projects, industry associations, or others. 

Besides, data on the environmental impacts of background processes such as general transport 

services, the production of the manufacturing infrastructure, the generation of the necessary 

raw materials, or the production of the required fuels will be taken from the internationally 

known environmental databases ecoinvent and GaBi. 

3.3. Life cycle impact assessment  

The next step of LCA is the life cycle impact assessment (LCIA). LCIA aims to convert the 

data of LCI in terms of its potential impact on the environment and society. LCIA consists of 

three mandatory stages [2,3]: 

• selection and identification of impact categories, 

• classification, and 

• characterization, 

and three optional stages: 
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• •normalization, 

• •grouping, and 

• •weighting  

Within the first step, the relevant environmental impacts (e.g., global warming, acidification, 

terrestrial toxicity, etc.) are identified. The classification step aims to sort and combine the LCI 

results into classes or impact categories according to the corresponding impact on the 

environment, human health, and resource use. The next step is the characterization. Within this 

step, all LCI findings are multiplied by characterization factors to convert and combine into 

representative impact indicators that emphasize their relationship to the different impact 

categories. The result is presented as an impact assessment in a unit that is common to all inputs 

within the impact category. The goal of the normalization step is to compare the quantified 

impacts of a defined flow with a reference value, e.g. in a global or regional sum. In the next 

step of grouping, impact categories are assigned in groups to facilitate the interpretation of the 

results in certain problem areas. The last step is the weighting. In this step, the results of the 

category indicators are grouped and weighted to include the social preferences of the different 

impact categories [4]. 

LCIA can be performed using various methodologies. Each methodology has in common that 

the environmental impacts are classified and characterized using two main approaches. These 

are the problem-oriented approach (midpoint) and the damage-oriented approach (end-point). 

The first converts impacts in environmental issues such as climate change, acidification, human 

toxicity, etc., while the second translates environmental impacts into issues of concern like 

human health, natural environment, and natural resources [5]. Within the LCA one or more 

LCIA methods will be selected, that is used in the LCA study for assessing the potential 

environmental impacts. Various methods of impact assessment provided by ecoinvent and GaBi 

are available in Umberto (e.g. IPCC 2013, Impact 2002+).  

3.4 Life cycle interpretation 

The last phase of LCA is the life cycle interpretation. Interpretation is the part of the study 

where results of the LCIA step are discussed and interpreted. The base of the study is the 

interpretation phase and the definition of the goal and scope phase, whereas LCI and LCIA 

create information on the product system. Figure 7 shows the relationship of the interpretation 

phase to other phases of LCA. 

The results of the LCI or LCIA phases shall be interpreted according to the goal and scope of 

the study. The life cycle interpretation of an LCA comprises three main elements: identification 

of the significant issues based on the results of the LCI and LCIA phases of the LCA study, 

evaluation of results, including completeness, sensitivity, and consistency checks. Results from 

uncertainty analysis and data quality analysis are considered as well. Finally, the interpretation 

concludes and gives recommendations mentioning the limitations of the study [2,3]. 
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Figure 6: Relationships between elements within the interpretation phase with the other phases of LCA [2] 

5. Life cycle costing 

5.1. General remarks 

Due to the increasing attention to systems thinking, LCC is receiving more awareness, 

especially when planning and controlling processes and as one of the pillars of sustainability 

analysis together with LCA. The LCA does not address the economic elements of the product 

life cycle, thus additionally an LCC will be performed. LCC must ensure that all costs of a 

product or system that occur over its entire life cycle are integrated into the decision-making 

process to make decisions transparent. With the combination of LCA and LCC, both the 

economic and environmental impacts of a product or system can be analyzed.  

Although LCC is older than LCA, it is not yet standardized. The framework of the LCC is based 

on the four-phase structure of the ISO 14040/44 standard. LCC consists of three steps, as shown 

in figure 8. The reason why there are three steps instead of 4 is that in an LCC there is no 

comparable phase of LCIA because all inventory data relates to a single unit of Measure, the 

currency. It is therefore not necessary to characterize or weight LCI data. The gathered cost 

data deliver a direct measure of the financial impact [6].  
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Figure 7: Three phases in an LCC study 

1. Goal and scope definition: similar to LCA but not identical (e.g. R&D costs have 

to be included in the system boundaries) 

2. Inventory analysis: identifying and quantifying of all costs concerning the system 

being studied, involves the gathering of the data needed to achieve the goals of the 

study; 

3. Interpretation: evaluating the results of the inventory analysis results, serves as the 

base for conclusions, recommendations, and decision-making relative to the goal 

and scope of the study. Interpretation procedures are equivalent to those for an LCA. 

The LCC has a similar structure in terms of the definition of goal and scope to that of LCA is 

the first phase in an LCC study. In LCC the FUS are analogous to those of LCA and both are 

based on the identical system. From the actual point of view within the PERFORM project 

WP5, und WP6 define the system boundaries from cradle-to-gate but may be refined. The 

system boundaries for both LCA and LCC need to be equivalent. However, it must be 

considered that the life cycle in LCC can start even earlier. Since the LCC can also include the 

research and development as well as acquisition via the supply chain. For most industrial mass 

products, the resources and substances consumed during the R&D phase have no significant 

environmental impact, as they can be assigned to a large number of products. Therefore, R&D 

is usually not included in LCA because its direct effects can be neglected. Additional elements 

that are of interest from an economic, although not an environmental, perspective can be 

included without changing the framework that the boundaries of life cycle assessment and life 

cycle assessment should be equivalent [7]. 

The goal and scope definition is the base for all the following phases and it outlines the objective 

of the study. Besides the data availability problems are identified. 
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The aims of LCC are in general [7]: 

• Comparing the life cycle costs with reference systems, 

• Detecting direct and indirect cost drivers, 

• Recording of improvements to a product (reporting), 

• Estimating improvements of product variations, together with process changes within a 

life cycle, or product improvements; and  

• In combination with LCA win-win situations and trade-offs in the life cycle of a product 

can be identified. 

5.2 Inventory and data availability 

The second phase of LCC is inventory analysis. Within the inventory analysis identifying and 

quantifying all costs concerning the system being studied takes place. The data required to build 

the inventory analysis for PERFORM and the current assessment of its availability will be 

discussed in the following chapters. 

5.2.1. Data requirements 

The data required for carrying out LCC is divided into two categories [6]: 

• Internal costs: All costs along the life cycle (“cradle-to-gate”). These costs concern 

all costs and revenues within the economic system.  

• External costs: External costs include environmental impacts not directly linked to 

the product life cycle. The externalities are outside the economic considerations and 

can be seen as costs for society of specific environmental impacts (e.g. climate change 

or acidification of soil or water). However, nonmonetary units accounted for in LCA 

should not be converted to monetary values because they are valued using LCIA (risk 

of double counting and inconsistencies). 

5.2.2. Data availability 

As the PERFORM consortium consists of experts along the entire supply chain, the idea is to 

use project-specific primary data from project partners as much as possible (through personal 

meetings and discussions, based on results already published, etc.). This affects the internal and 

external costs. For other stages of the project, where higher uncertainties occur, it might be 

necessary to rely on literature data and experts’ feedback. If the needed data are not available 

within the consortium, then scenario development, forecasting, or other estimation methods 

may have to be employed (as in LCA). 

Besides, cost data of background processes such as general transport services, the production 

of the manufacturing infrastructure, the generation of the necessary raw materials will be taken 

from the databases ecoinvent and GaBi. 
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Problems with data gathering result from allocating costs to products that are produced together 

with co-products or by-products. In LCC, the costs for personnel and capital as well as for 

purchased goods and services are to be allocated between the various outputs based on their 

market prices. The cost allocation methods are usually of the gross sales value method, in which 

the costs are specifically allocated back to a "split-off point", with all upstream costs created on 

the share of proceeds [8]. 

5.4 Life cycle interpretation 

The third phase of LCC is the interpretation. The interpretation methods are equivalent to those 

for an LCA. Interpretation is the part of the study where results of the inventory analysis step 

are discussed and interpreted. The base of the study is the interpretation phase and the definition 

of the goal and scope phase, whereas inventory analysis creates information on the product 

system.  

The interpretation of an LCC is a systematic process for the identification, qualification, review, 

and evaluation of information from the results of the inventory analysis of a product system and 

its presentation to meet the application requirements described in the goal and scope of the 

study. Procedures of uncertainty analyses, in addition to sensitivity analysis, can also be one 

element of interpretation. Uncertainty and sensitivity analysis should focus on those data that 

contain the highest uncertainties due to the involvement of rough assumptions, expected 

variations, or value choices. To identify the desired eco-economic win-win situations or 

compromises, the interpretation of the final results of the LCC study will be analyzed together 

with the results of the LCA study [6]. 

5.5 Cost modeling 

The cost modeling for LCC is characterized by how the time value of money is taken into 

account and how strongly the non-linearity relates outputs to inputs. To be compatible with the 

LCA, LCC is primarily set up as a steady-state method. Steady-state models have no time 

specification and assume that all technologies stay persistent over time [9]. The LCA study for 

PERFORM is a steady-state model, therefore this is the approach used in the combined 

LCA+LCC.  

5.6. Cost categories 

The Society of Environmental Toxicology and Chemistry (SETAC) defined four levels of cost 

categories in an LCC: economic cost categories, life cycle phases, types of activity, and other 

cost categories. The four levels are shown in table 2. In an LCC study, these 4 levels are defined 

sequentially. 

The second level deals with the completeness of the system. Usually, every phase in the life 

cycle should be included. From the actual system boundary definition within the PERFORM 

project, the LCC study deals with the cost stages from cradle-to-gate. Therefore, the costs do 
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not match the whole life cycle cost, which would generally include usage, transportation, and 

end of life costs. 

Table 2: Overview of the four levels of cost categories adapted from SETAC [7] 

Level Cost category  

1 Economic cost 

categories 
Budget cost, market cost, alternative cost, and social cost 

2 Life cycle stages Knowledge development (including R&D), primary production 

(materials, energy, etc.), components production, manufacturing, 

use, and end-of-life management 

3 Activity types Development, extraction, purchase, sales, reuse, and management  

Design, agricultural production, schooling, public relations, 

recycling, and administration 

Research, testing, packaging, transport, maintenance, waste 

processing, and infrastructure 

4.1 Other (exemplary) cost 

categories  

Conventional cost Transfer 

payment 

Environmental 

cost 

Personnel and equipment costs, 

rents, and profits 

Direct 

taxes 

Damage prev. 

costs 

Materials disposal, 

communication costs, and 

investments 

Indirect 

taxes 

Wastewater 

treatment costs 

Food production, services, 

electricity, and office cost 

Excises 

and levies 

Exhaust gas 

reduction costs 

Building costs, warranties, 

infrastructure costs, and 

depreciation 

Subsidies Rehabilitation 

costs 

4.2 Other (exemplary) cost 

categories 

Management: material cost, 

energy cost, personnel cost, 

machinery cost, transport cost, 

disposal cost, revenues, and end-

of-life value  

- Residual value 

Supplementary: service cost, 

tooling cost, storage cost, taxes, 

warranties, assurances, 

infrastructure cost, building cost, 

settlement cost, control cost, 

financing cost, and appliance cos 

  

6. Optimization and scale-up 

The first stage of the LCA and LCC will be performed on a pilot-scale supply chain. 

Furthermore, the goal will be to scale up the systems under consideration to an industrial level, 

and therefore the final results of the studies will reflect them. The upscaling has the reason to 

allow a fair comparison with the reference technologies and to identify synergy effects within 

the process. 
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The optimization and scale-up of the system will be based on energy efficiency simulation and 

will be carried out with the simulation software AspenPlus. Conversion calculations will be 

encoded and integrated into AspenPlus as user-defined function blocks to enable process-

specific calculations. With AspenPlus it is possible to calculate the mass and energy balances. 

To enable an exact simulation of the process, great efforts have to be made to select suitable 

thermodynamic models. The complex blocks can be simply adapted to the existing information, 

and the compound based description can be changed between the blocks. Also, it is possible to 

have more information about the available assumptions in a spreadsheet that in a process 

simulation package, which makes the model much more accessible. The key performance 

indicators collected from the previous WPs will be taken as a reference for the correct 

development of the work as they serve to keep the goal in mind and to maximize efficiency. 

One of the main limitations of LCA/LCC studies is the lack of reliable input data. For this 

reason, LCI often rely on estimated data. The essential and determining factors in applying a 

life cycle study are the amount of necessary information and the reliability of the data available. 

In this context, the quality and validity of the decision made at the end of the analysis strongly 

depend on the accuracy of the input data. Reliable data for the studies are generated as part of 

the PERFORM project via process simulation. By using AspenPlus it is possible to achieve 

more accurate and representative models to enable a better understanding of process behavior. 

The process simulation can generate mass and energy balances in a short time, which enables 

the analysis of a variety of scenarios, even if little data is available. The use of process 

simulation coupled with the calculation of environmental and economic impacts leads to a 

robust approach, as shown by many authors [10–12]. This can eliminate the lack of reliable data 

and at the same time improve the quality of the recommendations of the studies.  

The process simulation will be set up according to the goal and scope definition of PERFORM. 

The process model created will reproduce the studied system. The majority of environmental 

indicators require mass and energy flows to calculate the environmental impact. The economic 

indicators also use flow information. They will be transformed into monetary units using prices 

to assess cash flows. Additionally, fixed investment estimates and various other parameters are 

required. Hence the aim of the PERFORM process simulation is [11]:  

• Quantifying mass flows entering or leaving the system, production of products and 

emissions; 

• Quantifying energy flows (heat and electrical); 

• Product as well as raw material prices, investments, fixed costs; and  

• Employees wages 

The result of the PERFORM process simulation will be an inventory of environmental and 

economic data. A framework of the overall information gathering within LCA/LCC is shown 

in figure 8. 
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Figure 8: Framework of information gathering 

7. Data management plan 

7.1. Data confidentiality issues 

The LCA / LCC as well as the optimization and scale-up work is subject to the general 

confidentiality restrictions of the PERFORM consortium. Additional NDAs will be set up if the 

confidentiality of data is more sensitive and data is not to be shared between consortium 

partners. In these cases, the results of each reference system and its parts will be treated 

independently, and only accumulated results will be shared with the whole consortium after the 

parties concerned have given their consent. 

7.2. Management and planning 

The data acquisition is viewed as an iterative process and will be carried out as such. The 

preliminary results will be based on the data obtained during the first phase of data collection. 

The data will be added continuously as the findings are refined.  

The overall strategy follows several stages, as outlined below: 
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• One-to-one meetings/calls are arranged to understand in detail the activities enclosed by 

each WP or partner, their confidentiality needs and inform them on the type of data 

required to carry out the LCA / LCC as well as the optimization and scale-up. 

• If necessary, NDAs will be prepared and signed by each partner. 

• An individual data collection questionnaire will be shared with each partner and if 

required, help will be provided to fill the questionnaire. 

The first round of data collection has already started. 

7.3. Data collection questionnaire 

The data required to carry out the various impact assessments will be generated via a Word-

based questionnaire in cooperation with WP6. A first version of the questionnaire was sent to 

the partners who are responsible for the respective data. The data collection sheet can be found 

in the Appendix. 

8. Quality products Assessment 

Radici is expected to perform a test on the quality of adipic acid obtained from line 2 of the 

project. This evaluation includes both a chemical quality, for which a certificate of analysis will 

be released and an applicative quality, which involves polymerization tests to produce nylon 66 

and all the downstream applications of this polymer, such as the spinning tests for the textile 

industry and the polymer molding for the plastic industry. Since the project is by now in its 

early phase, involving preliminary tests on very small scales, the real product is not yet available 

to perform quality analysis and application tests. For this reason, project partners decided to 

create a mock-up solution to emulate the possible impurities and their potential impacts on the 

downstream application. 

The results expected from Radici is the obtainment of an adipic acid gradually increasing in 

quality and, at the end of the project, to get an adipic acid with the same specifications of the 

traditional product.   

This work is of fundamental importance to provide accurate information for what concerns the 

future markets that the product could enter and the possibility of improvement, indicating 

where, how, and how much the product should get better to find the same applications of the 

traditional adipic acid produced from fossil source.   

The Radici task for this work package is the chemical and applicative evaluation of the product. 

This means both chemical analysis (HPLC, GC, UV-vis spectrophotometer, FTIR, KMnO4 

number, ashes analysis, etc.) and polymerization test in a small and medium-size autoclave. 

The polymer produced will be characterized (yellow index, viscosity, amino-terminal group 

amount, melting point, etc.) and used to downstream applications such as spinning (textile 

industry) and molding (plastic industry).  
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As before mentioned, in this phase of the project adipic acid has not been already produced in 

enough quantity to allow neither chemical analysis nor applicative tests. For this reason, it was 

decided to work with a mock-up solution that emulates a possible composition of the final 

product. This composition was provided by the partners VITO and TNO who study both the 

reaction steps and the separation and purification ones. At the moment, Radici researchers are 

focusing on the development of analytical methods using the mock-up solution, both 

chromatographic (HPLC, GC, GC-MS, IC) and spectroscopic (FTIR, UV-Vis). After this 

activity, Radici has planned to use a mock-up product, with different amounts of impurities, to 

carry out polymerization tests and study the deviations of PA66 properties as a function of 

impurities level.  

9. Conclusion and perspectives 

The presented report addressed the LCA and LCC related parts of the framework of 

environmentally and economically assessment in the PERFORM project. 

The main results and important messages from this deliverable are listed below: 

• The deliverable gives an insight into the goal and scope of the various tasks and value 

chains and specifies the system boundaries, the approach, and the required data. 

• The work process for WP5 was explained in the deliverable. Conference calls, emails, 

and a first data collection questionnaire have already been done and will continue 

throughout the progress of the project 

• The synergies and the common links between the different tasks have been identified, 

which will help to work efficiently, especially in data collection and impact assessment 

It has to be stated out that the framework and the goal and scope can be changed throughout the 

project. Because the progress of consortium work may lead to different LCA / LCC related 

requirements. 
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11. Appendix 

11.1. Data collection questionnaire for LCA/LCC 
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