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ABSTRACT
Prospective Life Cycle Assessment of an Electrochemical Hydrogenation Process Over a Nickel
Foam Cathode
Hanson Appiah-Twum

The need for a safe and sustainable chemical industry has called for the development of emerging
technologies with improved environmental performance. In this study, an emerging electrochemical
hydrogenation process over Ni foam is being developed at the laboratory scale with an expectation of
less environmental impacts than a conventional palladium on carbon hydrogenation process. To
understand better the potential environmental performance of the process at the matured scale, a
prospective life cycle assessment was conducted to identify environmental hotspots for early process
improvement. There is no standardised method for prospective life cycle assessment, hence a
methodological recommendation in conducting a prospective LCA was proposed through a literature
review.
    The proposed methodology consists of three steps which are a pre-inventory stage, an inventory stage,
and a post-inventory stage. These steps have been connected to the ISO 14044 standard methodology
for conducting an LCA where the pre-inventory stage relates to the goal and scope definition, the
inventory stage to inventory analysis, and the post-inventory connected to both the inventory analysis,
impact assessment, and interpretation stages of the ISO methodology. The proposed methodology was
applied to the electrochemical hydrogenation process over nickel foam cathode where a three-case
scenario (lab, worst- and best-case scenarios) was investigated to identify hotspots for early process
improvement. The theoretical upscaled process had a better environmental performance compared to
the lab process. The identified hotspots in the upscaled process (worst-case) include electricity process,
evaporation process, and solvent recycling process for ecotoxicity (freshwater), human toxicity (cancer),
human toxicity (non-cancer), climate change and resource use (minerals and metals) impact categories.
The best-case scenario had its identified hotspots in the electricity process, solvent recycling process,
and distillation process. This shows the importance of circularity, recycling, and lean manufacturing to
the pillars of sustainability. Reducing resource consumption per unit product while increasing the
recycling efficiency of process waste will be imperative towards ensuring a green chemical industry.
Based on the results, a reduction of electricity demand for the process, utilisation of an alternative less
energy-consuming processes, or cleaner energy sourcing could further improve the potential
environmental performance of the process. Based on the quality of the data used, it is recommended that
the outcome of the study be cautiously interpreted.

Keywords: Scale-up, early process design, catalysis, environmental impact, hotspot analysis, green
chemistry
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1 INTRODUCTION 

Many industrial chemical processes are made possible by the action of catalysts. Without catalysts, most 

of these reactions may result in an undesired outcome or would entirely not be possible and one of such 

processes is catalytic hydrogenation (Hagen, 2006). Catalytic hydrogenation is a chemical reaction that 

involves the reduction of unsaturated organic compounds by the addition of molecular hydrogen in the 

presence of a catalyst (Jackson & Al-Taher, 2010). The catalyst makes it possible for the molecular 

hydrogen to be transferred to the unsaturated substrate for the reduction reaction to occur. 

Hydrogenation is an important chemical process that has a wide application in the petrochemical, 

pharmaceutical, and food industry (Sanfilippo & Rylander, 2009). A common example of its application 

in the food industry is the production of shortening and margarine from liquid oil (Jackson & Al-Taher, 

2010).  

    There are a variety of metals that could be utilised as a catalyst in the hydrogenation reaction. But 

metals from the platinum group (palladium, platinum, rhodium, and ruthenium) have mostly been 

utilised (Sanfilippo & Rylander, 2009). Hydrogenation applications have seen the wide usage of 

palladium as a catalyst due to its relatively high selective reduction of substrates at low temperatures 

and hydrogen pressure (Tungler et al., 1998). Palladium’s (Pd) unique properties make it attractive in 

numerous industrial applications (Wataha & Shor, 2010), and notably among them is its high usage as 

an automotive catalytic converter (Johnson Matthey, 2021). The metal has a relatively low concentration 

in the earth's crust (Rao & Reddi, 2000) which affects its supply security (Thormann et al., 2017).  

    The demand for palladium has increased (Johnson Matthey, 2021) which has caused an increase in 

its price in the past years (U.S. Geological Survey, 2022), and this is expected to increase in the coming 

years (Thormann et al., 2017). It is because of this reason that the European Union has classified it as a 

critical raw material (Bobba et al., 2020). To reduce the impact of critical raw materials on economies, 

several recommendations have been made by experts and one of such recommendations is their 

substitution in industrial and technological applications (Haupt & Zschokke, 2017).  

In the case of hydrogenation, an alternative electrochemical method that utilises nickel (Ni) foam as a 

catalyst has been developed in its early phase (Valiente et al., 2022). This system allows for the 

simultaneous reduction of the substrate electrolytically and the in situ electrolytic production of metal 

hydrides and hydrogen from the electrolyte. This reaction occurs at ambient temperature and pressure 

and eliminates the need for an external source of fossil-based hydrogen (Valiente et al., 2022). This 

process presents a potentially sustainable alternative to the traditional Pd process as Ni has relatively 

higher supply security compared to Pd. Also, the elimination of the need for an external source of fossil-

based hydrogen gas could lead to an improvement in the environmental performance of this process.  

    To understand the environmental performance of the emerging electrochemical hydrogenation over 

the Ni foam process, there is the need to quantify potential impacts attributable to the technology. One 

method that can be used to achieve this purpose is life cycle assessment (LCA). LCA is an internationally 
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standardised method that is used to evaluate the environmental or social performance of a product, 

process, or service (EC-JRC, 2010). LCA takes into consideration the full life cycle of a product or 

process right from the raw materials extraction stage through to its end-of-life management stage. 

However, depending on the goal and scope of the study, this perspective can be limited to cradle to gate 

or gate to gate (EC-JRC, 2010).  

    Taking a life cycle perspective makes it possible to prevent burden-shifting from one process to the 

other by identifying hotspots in each life cycle stage and then applying the necessary measures to 

mitigate these impacts. LCA also provides the avenue for the consideration of multiple impact categories 

associated with a product or process and gives a quantitative estimate of these impacts. The quantitative 

feature of LCA makes it possible to conduct a comparative assessment using multiple products or 

processes to determine which is more sustainable based on a selected impact category (Bjorn et al., 

2018). LCAs are mostly conducted for matured and existing products or processes, and this is termed 

ex-post (Cucurachi et al., 2018) or retrospective LCA (Arvidsson et al., 2018). This has been the case 

because data can be obtained with a relatively high level of certainty (Cucurachi et al., 2018). There 

have been instances where a product that is thought to be more sustainable than an existing one did not 

meet the expected outcome when introduced to the market. These situations happen because the LCA 

was conducted retrospectively. Some earlier LCA studies have shown that some product alternatives are 

not more sustainable as claimed to be. For example, a study by Zah and Laurance (2008), showed that 

biofuels are not always more sustainable than the fossil fuel alternative. The study indicated that 

although biofuels had a better performance in greenhouse gas emissions, their performance in impact 

categories such as biodiversity loss, land use, and acidification was worse compared to the fossil fuel 

alternative (Zah & Laurance, 2008).  

    It becomes problematic when an alternative product or process that is thought to be more sustainable 

than an existing one is developed for the market and later appears not to be the case (Delgove et al., 

2019). When these unexpected results are revealed ex-post, it becomes challenging for major changes 

to be applied to the product or process. Attempts to make any improvement alterations would come with 

considerable cost to the technology owners (Cucurachi et al., 2018). To have an idea of the potential 

environmental impacts of a non-existing commercial system, methodological frameworks in this regard 

should be developed.  

On the issue of scale-up of technologies from the lab to the pilot or industrial scale, it is inappropriate 

to use methodologies and data from retrospective LCA to evaluate the environmental performance of 

emerging technologies (Tsoy et al., 2020). The outcome of an LCA conducted on a technology at the 

lab scale is not representative of that technology at the pilot or industrial scale and this is because of 

several reasons. Firstly, the environment consists of complex interactions with a variety of systems 

whose conditions change with time (Olsen et al., 2018). Secondly, the outlook of a process at the lab 

scale might change when it matures to the industrial scale. For example, several industrial processes 

consider the recycling of side streams and exchange of heat which is mostly not the case at the lab scale 
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(Tsoy et al., 2020). This may result in less environmental impact per normalised unit than it was on the 

lab scale. Hence using the outcome of a study at the lab scale to represent its environmental performance 

on the matured scale might be misleading. This makes it necessary that the environmental performance 

of products or processes are quantified at the early development phase and the data that is obtained can 

be scaled up to have a clue about the probable impacts in its matured state. This can help improve the 

integrity of the assessment conducted (Piccinno et al., 2016).  

To address this issue, an LCA approach that seeks to assess the environmental performance of a product 

or process at its early development phase to make it possible for an improvement in its impacts before 

they become available commercially or upscaled has been developed in recent years. This approach of 

LCA is termed prospective, ex-ante, dynamic, anticipatory (Cucurachi et al., 2018) or future-oriented 

LCA (Olsen et al., 2018). For the sake of this study, the “prospective LCA” term will be adopted.  

    Despite the benefits prospective LCA presents to emerging technologies, it has a limitation on data 

availability (Caduff et al., 2014) and when data is obtained, its quality is of a relatively higher uncertainty 

(Olsen et al., 2018). Prospective LCA, therefore, does not provide definite answers but rather a set of 

answers about what to expect in the future (Cucurachi et al., 2018). There is currently no standardised 

methodological framework for conducting a prospective LCA. However, one area that has been of 

debate between experts is whether prospective LCA should be modelled using the attributional LCA 

(ALCA) or consequential LCA (CLCA) approach. ALCA is defined as an “LCA that aims to assess the 

environmentally relevant physical flows to and from a life cycle and its subsystems, while CLCA aims 

to describe how environmentally relevant flows will change in response to possible decisions” 

(Finnveden et al., 2009). ALCA tends to estimate the impacts that are connected to the system being 

studied and how much of the global environmental impact is associated with the understudy system. 

CLCA on the other hand tends to estimate the potential impacts that can result because of the system 

being implemented. Average data is utilised for the system modelling in ALCA while CLCA generally 

employs the use of marginal data to model its system (Ekvall, 2019).  

    The International Reference Life Cycle Data System (ILCD) handbook has set a guideline on when 

and how to apply attributional and consequential approaches (EC-JRC, 2010). According to the ILCD 

handbook, attributional LCA can be used for product-related decisions while consequential LCA should 

be adopted for policy-related decisions (EC-JRC, 2010). However, a study by Ekvall et al. (2016) has 

argued the limitations of the ILCD recommendation (Ekvall et al., 2016).  

    Many authors have indicated that either ALCA or CLCA can be employed in prospective studies 

depending on the goal and scope of the study (Finnveden et al., 2009; Hillman, 2008). Both approaches 

have been applied in recent studies on the same product and they have both shown considerably different 

results (Fauzi et al., 2021; Moretti et al., 2022). For example, an LCA study by Moretti et al. (2022) on 

a novel bio-jet fuel produced contrasting findings concerning the environmental burdens related to the 

processes. This was due to the different allocation methods used in both approaches and the sensitivity 

of CLCA to uncertainties in the modelling (Moretti et al., 2022).  
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    As this study aims to assess the environmental performance of an emerging electrochemical 

hydrogenation technology over Ni foam by determining the possible attributable impacts associated 

with the system an attributional LCA approach will be used. To achieve this goal, a methodological 

approach to conducting a prospective LCA will first be reviewed and developed for this study. The 

developed methodology will then be used to conduct a prospective attributional LCA to determine 

environmental hotspots for early process modification. 

1.1 Research questions 

1. What methodological approach can be recommended for a prospective LCA for electrochemical 

hydrogenation over Ni foam covering all relevant environmental impacts, including resource 

use and (eco)toxicity? 

2. What is the environmental performance of the emerging technology at a large scale? What are 

the hotspots and what can be done to improve its environmental performance? 
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2 METHODOLOGY 

To answer the two research questions highlighted in section 1.1, an LCA based on the ISO 14044 

standardised method in conducting an LCA was implemented (this study does not claim to completely 

follow the standard). This was complemented with the recommended methodological framework 

connected to the first research question which will be discussed in a later part of this chapter. A review 

of the LCA methodology was carried out based on the ISO 14044 (2006) standard document, and the 

ILCD handbook whose motivation is based on the ISO standard. Other credible literature sources that 

have done a standalone study on the standard were also utilised. 

2.1 Standardised method for conducting retrospective LCA. 

As mentioned earlier in the previous chapter, the method for conducting retrospective LCA which is 

standardised in the ISO 14044 involves the evaluation of the environmental performance of a product, 

service, or system taking into consideration the life cycle of the product or system. The potential impacts 

of the product or system are quantified from a life cycle perspective which helps prevent burden shifting 

(EC-JRC, 2010). The outcome of an LCA study is presented quantitatively and covers multiple 

environmental impacts which make this assessment tool one of the most preferred in environmental 

assessments. LCA may be conducted for a broad number of reasons which include a comparative study 

of multiple products, product development, support tool for policy formulation, environmental product 

declaration, and hotspot analysis of a product system. Identification of hotspots in the product life cycle 

gives the opportunity for product developers to improve the environmental performance of the product 

or system (Bjørn, Owsianiak, Molin, et al., 2018). 

    The ISO 14044 (2006) standard categorises the process for conducting an LCA into four stages as 

listed below (EC-JRC, 2010). 

1. Goal and scope definition 

2. Inventory analysis 

3. Impact assessment 

4. Interpretation 

2.1.1 Goal and scope definition 

The goal and scope definition is the first stage of the LCA methodology. They provide a basis for the 

succeeding stages of the methodology. The standard subdivides this stage into a goal and then a scope 

definition which must clearly be defined (EC-JRC, 2010). The goal definition sets the theme for the 

LCA and provides a foundation for the scope definition (Bjørn, Laurent, Owsianiak, & Olsen, 2018). 

According to the ILCD Handbook, there are six requirements to be addressed in defining the goal based 

on the ISO standard. These include the intended application of the study, limitations of the study, 

motivation for the study, target audience, whether the study will be of a comparative manner, and if the 

results will be made public, commissioner of the study, and other relevant stakeholders (EC-JRC, 2010).  
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    The scope definition is carried out based on the goal definition and highlights the product or system 

to be evaluated and the extent of this assessment. The scope should address the system to be studied, the 

system boundary, its function, and the functional unit (EC-JRC, 2010). The system under study is often 

divided into the foreground and background systems. The foreground system is made up of the processes 

belonging to the product system which can be modified by the decision-maker while the background 

system is made up of processes that are behind the scenes of the product system and not under the control 

of the decision-maker. Examples of background systems are electricity and raw materials supply (Bjørn, 

Owsianiak, Laurent, et al., 2018). The system boundary describes the division between the product 

system being studied from other parts of the technosphere and the natural environment (EC-JRC, 2010). 

Within the system boundary are the foreground and background processes. The system boundary of a 

study could be cradle to grave, cradle to cradle, cradle to gate, or gate to gate (EC-JRC, 2010).  

    The specification of a system is closely related to its function and functional unit, making these two 

elements a central part of an LCA. The functional unit of a system provides a quantitative description 

of the performance of a system in executing its functions (Bjørn, Owsianiak, Laurent, et al., 2018). The 

wrong definition of the functional unit can have a negative impact on the outcome of the study (Curran, 

2017). An example of a functional unit for assessing the life cycle of an outdoor paint could be “complete 

coverage of 1 m2 primed outdoor wall for 10 years in Germany at a uniform colour at 99.9% opacity” 

(Bjørn, Owsianiak, Laurent, et al., 2018, p.84). 

    After the definition of the functional unit, the reference flows are then identified. A reference flow 

refers to the amount of product flows that are needed to fulfil the functional unit. It is necessary that the 

defined reference flow for each system satisfies its proposed function and must not be confused with the 

functional unit (Bjørn, Owsianiak, Laurent, et al., 2018). An example of a reference flow for the life 

cycle of the outdoor paint could be, “0.67 L of water-based paint needing two applications and a re-

paint every 2½ years” (Bjørn, Owsianiak, Laurent, et al., 2018, p.85) would be needed to fulfil the 

defined functional unit. The scope definition should consider the geographical location of the foreground 

and background processes, time horizon, handling of multifunctionality, and data quality assessments. 

Also, the impact assessments used, types of impacts considered, assumptions made, and the cut-off rules 

utilised should be stated here. A flowchart or system diagram should finally be created as a basis for the 

next stage (EC-JRC, 2010). 

2.1.2 Inventory analysis 

The inventory analysis is concerned with the collection, treatment, and analysis of data for the modelling 

of the system under study. The product system is modelled by the identification and quantification of 

material inflow and outflow of a unit process, system, and system boundary. Material inputs include 

raw materials, processed materials, energy, and natural resources while products, emissions, and waste 

are examples of material output (Bjørn, Moltesen, Laurent, Owsianiak, et al., 2018). The physical 

quantity for the study is determined for all unit processes identified in the process diagram from the 

scope definition (EC-JRC, 2010). It is often the most time-consuming part of the LCA process. Due to 
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time and budget constraints, it is mostly impracticable to obtain high-quality data for all processes. 

However, assumptions can be made to obtain secondary data for the study (Bjørn, Moltesen, Laurent, 

Owsianiak, et al., 2018). Data collection for the inventory analysis is mainly based on the goal and scope 

definition. A disconnection between this stage and the previous can have an impact on the outcome of 

the study (EC-JRC, 2010). The inventory analysis results in the generation of a life cycle inventory 

(LCI) containing information on the quantity of each flow for the product system related to the 

functional unit (Hauschild, 2018).  

2.1.3 Life cycle impact assessment 

The LCIA aims to a quantification of the potential environmental impacts of the product system based 

on the physical quantity of flows used in the LCI (EC-JRC, 2010). This allows for a visual presentation 

of multiple environmental impacts for easy interpretation (Rosenbaum et al., 2018). The ISO standard 

identifies six steps in completing an LCIA of which three are mandatory. These steps have been 

summarised in Table 1 (EC-JRC, 2010)  

Table 1 Steps in the execution of an LCIA 

Mandatory Optional 

• Identification of relevant impact 

categories, category indicators and 

characterisation models 

• Classification 

• Characterisation  

• Normalisation 

• Grouping 

• Weighting 

 

 

There are several available LCIA methods for potential environmental impact quantification in LCA. 

Examples of these methods are ReCiPe, CML, TRACI, EDIP, LIME, IMPACT 2002+ (Rosenbaum et 

al., 2018), and EF 3.0 (Fazio et al., 2018). The selection of an LCIA method must be done at the very 

early phase of the study and must be in line with the goal and scope of the study (Curran, 2017). This 

also ensures that the type of data collected is consistent with the chosen LCIA method (Rosenbaum et 

al., 2018). For example, a study whose goal is focused on carbon emissions should select an LCIA 

method that has a strong modelling inclination in carbon quantification. In the classification step, the 

potential impacts of the physical flows into and out of the system are quantified by estimating and 

assigning them to the impact categories they could contribute to. The results are an aggregation over 

time and geographical location and do not give information about the exact situation of the affected 

environmental compartment. This is why the results of LCA studies are not interpreted as actual impacts 

but rather potential impacts (Rosenbaum et al., 2018). After classification, the physical flows are 

assigned an impact score in each category they have been classified under based on the extent of impact 

(EC-JRC, 2010).  
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2.1.4 Interpretation 

This is the final stage of the LCA, and it involves the analysis and interpretation of the outcome of the 

study. The interpretation is done by taking into consideration the quality of the data, assumptions made, 

and the goal and scope of the study (Hauschild et al., 2018). The visual presentation and quantification 

of the results by LCA software reduce the complexity at this stage. Based on the goal of the study, the 

findings from the interpretation could be used to draw conclusions and make recommendations on the 

outlook of the studied system (Curran, 2017). Although this seems to be the last part of the stages in 

conducting LCA, the method is iterative and can be done through several loops to arrive at the most 

appropriate model through the performance of sensitivity analysis and quality checks (Hauschild et al., 

2018). Interpretation is also closely connected to the previous stages and is carried out throughout the 

LCA study (EC-JRC, 2010). According to ISO 14044, the interpretation should consider the 

identification of significant issues and execution of completeness and sensitivity checks. Finally, a 

conclusion and recommendation are made taking into consideration the limitations of the study (Curran, 

2017).  

2.2 Literature review for prospective LCA methodology 

In developing a methodological approach in conducting a prospective LCA in this study, a review of 

literature on research publications that have performed similar studies has been carried out. To find 

relevant literature for the study, certain keywords were defined and used for the literature search. These 

keywords include “prospective LCA”, “prospective life cycle assessment”, prospective LCA upscale”, 

“prospective life cycle assessment upscale”, “ex-ante LCA”, “ex-ante life cycle assessment”, “ex-ante 

LCA upscale”, and “ex-ante life cycle assessment upscale”. The literature search was further filtered to 

include studies conducted between 1995 and 2022. The search was conducted in the databases of Wiley 

Online Library (https://onlinelibrary.wiley.com/), ScienceDirect (https://www.sciencedirect.com/), 

SpringerLink (https://link.springer.com/), ACS Publications (https://pubs.acs.org/) and Scopus 

(https://www.scopus.com). The obtained publications were screened and further filtered based on their 

titles and abstracts. Studies that met the following criteria were chosen: 

• Studies that performed LCA from laboratory scale to industrial scale for chemical processes 

• Review papers that made a recommendation on prospective LCA methodological frameworks 

from laboratory scale to industrial scale. 

Based on these criteria, five studies were selected out of 23 that were obtained through the search 

criteria. The 23 obtained studies have been presented in Appendix 1. The five selected studies were 

intensively reviewed, and a methodology has been developed based on the framework each study 

applied or proposed for conducting a prospective LCA. 

2.2.1 Results  

The selected studies have similar methodological approaches to conducting a prospective LCA. They 

all used different terms in describing the steps applied in their frameworks but presented the same 

https://onlinelibrary.wiley.com/
https://www.sciencedirect.com/
https://link.springer.com/
https://pubs.acs.org/
https://www.scopus.com/
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ideology or concept. Some of the studies condensed their approach into fewer steps while others 

expanded the steps involved in their framework. There were slight differences in the approach 

recommended by the different studies.  

    Simon et al. (2016) proposed a three-step procedural framework that includes “analysis of function”, 

“analysis of dimensions”, and “analysis of similarities” and applied the framework to a novel nanofiber 

technology. According to Simon et al. (2016) analysis of function is the first step in process scaling from 

the laboratory scale to a higher technology readiness level (TRL). Laboratory processes use simple 

apparatus and steps to generate the needed results. These are mostly a simplified miniature of large 

processes and cannot be used in an industrial setting. What the analysis of function step aims to achieve 

is to conduct a descriptive analysis of the lab processes and procedures and then relate them to processes 

or equipment that perform similar tasks at the industrial scale. For example, mixing at the lab may be 

done by a magnetic stirrer while this task may be performed by an in-tank stirring at the industrial scale. 

This needs to be done for each process step or unit process to obtain a process flow diagram for the 

theoretical large-scale process. In the application to the nanofiber technology, they listed all the process 

steps identified in the laboratory procedures and found a corresponding process that performs similar 

tasks on large-scale operations, and this summarised the “analysis of function” step (Simon et al., 2016).  

    The next step which is the analysis of dimensions aims to obtain information about the quantitative 

description of the production process at the laboratory. These include information on material and 

chemical input, reaction conditions, and process kinetics. These data can be scaled to obtain a similar 

theoretical industrial process. In the application of the framework at this step, all information related to 

the material input, chemical input, reaction conditions, and operating parameters at the lab scale were 

identified. Information obtained directly from the laboratory protocol was used while data that were not 

accounted for in the lab protocol were obtained from the literature (Simon et al., 2016).  

    The final step is the analysis of similarities. This step seeks to model the operational characteristics 

of each unit process identified in the analysis of the function step for the proposed large-scale process. 

These include the energy requirements for each unit process, yield, and material balance of the 

theoretical industrial process (Simon et al., 2016). The terms used by Simon et al. (2016) to describe the 

framework steps can be confusing. For example, the “analysis of dimensions and similarities” terms 

might not be fully understood unless a comprehensive review of the study including the application is 

made. Also, the study does not give a detailed guide on how the scaling calculations were made.  

The study by Piccinno et al. (2016) gives a comprehensive guide to conducting a prospective LCA and 

a detailed guide on how the inventory could be estimated based on engineering calculations was given. 

The proposed framework by Piccinno et al. (2016) consists of five steps which include the acquisition 

of a laboratory protocol, design of a theoretical industrial process flow diagram based on the laboratory 

process, and procedures using the information obtained from the laboratory protocol. The third step 

involves scaling up each unit process step identified in the theoretical process flow diagram in the 

previous step. The fourth and fifth steps focus on the linkage of the process steps and the performance 
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of the LCA respectively. The studies by Simon et al. (2016) and Piccinno et al. (2016) used manual 

calculations and proxies exclusively in the data estimation step.  

    A review by Tsoy et al., (2020) on 18 studies that have performed a prospective LCA led to the 

development of a three-step framework. A new concept or procedure not mentioned in the previous 

studies was introduced which is the first step that is focused on defining the projected technology 

scenarios. Here, the current TRL of the technology must be assessed and the proposed TRL for the 

theoretical upscale must be defined. According to Tsoy et al. (2020), the technology experts are mainly 

responsible for this step. The next steps are similar to the previously described studies and include the 

design of an LCA flow diagram and data estimation for the theoretical upscaled process. In the data 

estimation step, a hierarchy for the selection of the appropriate estimation methods based on available 

resources to reduce uncertainty in the results was proposed by the authors Figure 1. The most preferred 

data estimation method is process simulation while the least preferred is the use of proxies. However, 

each method should be chosen based on the availability of data, resources, expertise, and the level of 

accuracy of the expected result of the study (Tsoy et al., 2020).  

 

Figure 1 Hierarchy for the selection of data estimation methods in prospective LCA. Going down the diagram is 

the least preferred data estimation method. Modified from source; (Tsoy et al., 2020) 

    van der Hulst et al. (2020) propose a methodological framework that involves three phases in 

conducting a prospective LCA. In their study, similar steps to the previous studies as well as new 

concepts were introduced. In the first phase, the development stage of the technology must be defined. 

This is similar to the first step in the framework by Tsoy et al. (2020). The second phase focuses on the 

“assessment of developments toward technology and manufacturing readiness”. Here, “process 

changes”, “size scaling” and “process synergies” are determined and are mainly obtained through data 

estimation. This step is similar to the other previously described studies. The final phase is the 

“assessment of developments for industrially produced technologies”. This phase requires modelling 

the “industrial learning” and “external developments” that may affect the process understudy.  

“Industrial learning” seeks to model the experience mechanisms that may improve the environmental 

performance of the technology in operation at the industrial scale. The “external development” concept 

Use of 
proxies

Molecular 
structure 
models

Manual 
calculation

Process 
simulation
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focuses on modelling the background processes that may change with time and any other process or 

equipment alternatives that may emerge within the development timeframe (van der Hulst et al., 2020).  

    A study with the goal of identifying hotspots for early process modification can conduct an LCA on 

the laboratory process directly to give an idea to the practitioner on the possible hotspots to be taken 

into consideration during the upscale. In a study by (Thonemann & Schulte, 2019), they recommended 

a four-step approach to conducting a prospective LCA which includes firstly, a retrospective LCA on 

the laboratory process to identify the hotspots. A prospective LCA is then conducted on a best-case 

scenario in the second step. The third step involves a prospective LCA on a realistic scenario of the 

emerging technology and finally the interpretation of the results (Thonemann & Schulte, 2019). 

Application of the third step applies when the emerging technology has similar existing processes, or 

the technology developers have enough information on the expected outlook of the technology on the 

matured scale. This however becomes challenging especially when the technology is novel. 

2.3 Proposed methodological framework 

A proposed methodological approach for conducting a prospective LCA in this current study is based 

on the reviewed literature. The developed framework was mainly based on the availability of data and 

other resources. The framework applied in this study is categorised into three stages which are pre-

inventory, inventory estimation, and post-inventory stages. Each stage has further been divided into 

individual steps. The proposed framework has been summarised in Table 2. 
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Table 2 Proposed methodological approach in conducting a prospective LCA in this study  

Stages Steps Approach Motivation 

Pre-inventory 

stage 

Current and projected TRL 

definition 

• Collaboration with technology developers 

• Laboratory protocol 

Tsoy et al., 2020; van der Hulst et 

al., 2020 

Familiarisation with the current 

technology 

• Collaboration with technology developers  

• Laboratory protocol 

• Publications 

Piccinno et al., 2016; Simon et al., 

2016; Tsoy et al., 2020; van der 

Hulst et al., 2020 

Design a theoretical industrial 

process flow diagram and an LCA 

flowchart 

• Collaboration with technology developers  

• Laboratory protocol 

• Publications 

Piccinno et al., 2016; Simon et al., 

2016; Tsoy et al., 2020; van der 

Hulst et al., 2020 

Inventory stage Scale up each unit process step • Manual engineering process calculations 

• Use of proxies 

Piccinno et al., 2016; Simon et al., 

2016; Tsoy et al., 2020; van der 

Hulst et al., 2020 

Linkage of the process steps • Identification of relevant inputs and outputs, aligned 

to selected impact assessment methods 

• Identification of relevant allocation procedures, or 

avoidance of allocation 

Piccinno et al., 2016  

Post-inventory 

stage 

Execution of the LCA • Performance of an LCA for a lab, worst and best-case 

scenarios using LCA software and LCI database 

• Selection of an LCIA method to assess impacts 

• Interpretation of results 

Piccinno et al., 2016; Thonemann 

& Schulte, 2019 
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The proposed framework has been linked to the ISO 14044 standard for conducting an LCA as shown 

in Figure 2. The pre-inventory, inventory, and post-inventory stages relate to the goal and scope 

definition, inventory analysis, and impact assessment phases of the ISO 14044 respectively. The whole 

process is iterative and can be done through several loops until the most appropriate results are obtained. 

The proposed methodologies for conducting prospective LCA in literature are standalone, that is, most 

of the focus is on the upscaling and inventory calculations but do not give guidance on the requirements 

as in the ISO standard. Hence, the proposed framework in this study touches on each stage of conducting 

a prospective life cycle assessment and then connects each stage to the ISO standard in conducting an 

LCA. This helps in the easier integration of this methodology into the already accepted standard in 

conducting an LCA and makes it more robust. 

 

Figure 2 A summary of the proposed methodology for conducting a prospective LCA which has been connected 

to the ISO 14044 standard. The proposed methodology is on the left of the diagram while on the right is the ISO 

standard for conducting an LCA 

2.3.1 Pre-inventory stage 

This stage involves all the necessary tasks that need to be performed to build a foundation for the data 

estimation. This includes the current and projected TRL definition, familiarisation with the current state 

of the technology, design of a process flow diagram, and an LCA flowchart. 

2.3.1.1 Current and projected TRL definition 

This is the first step in conducting a prospective LCA and involves identifying the current TRL the 

technology is and the projected TRL it would be upscaled to. The timeline and other necessary 
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conditions necessary for the upscaling period should be defined. This step should be defined in the goal 

and scope section of the LCA and should be completed in consultation with the technology developers 

and the laboratory protocols. 

2.3.1.2 Familiarisation with the current state of the technology 

This step involves obtaining a good knowledge of the technology and is most important especially if the 

LCA practitioner is not an expert on the technology. Having a good knowledge of the technology will 

help reduce uncertainties, costs, and the time needed for the study. This step should be completed in 

consultation with the technology experts, laboratory protocols, publications about the technology, and 

any other relevant literature. 

2.3.1.3 Design a process flow diagram and LCA flow chart of the theoretical upscaled 

technology 

Information obtained from the laboratory protocol, technology experts, and any other relevant literature 

should be used in preparing a theoretical process flow diagram. The individual procedures involved in 

the laboratory process should be analysed and a process or equipment that could perform a similar task 

for each process function should be identified and included in the process flow diagram. The designed 

process flow diagram should be used to prepare a flowchart for the LCA.  

2.3.2 Inventory estimation stage 

This stage includes the necessary tasks that must be performed to obtain quantitative data for the LCI. 

Most industrial reaction process consists of the reaction stage and a post reactions stage which includes 

processing, purification, and isolation stages as shown in Figure 3 (Piccinno et al., 2016). Each of these 

stages requires material and non-material input such as the reactant (s), solvents, and energy. The 

individual processes lead to material and non-material output in the form of the reaction mixture, 

product, and possible by-product(s) and emissions. All these material input and output must be estimated 

using various data estimation methods. This includes scaling up flows for each unit process using 

applicable data estimation methods (Piccinno et al., 2016).  
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Figure 3 Illustration of a typical industrial process consisting of a reaction and a post-reaction stage(s). Material 

and non-material input and output of such reaction processes have been illustrated with arrows. Modified from 

(Piccinno et al., 2016) 

2.3.2.1 Reaction stage 

To generate LCI data for the theoretical industrial process, the laboratory process needs to be scaled up. 

The generated inventory data will then be used to conduct the LCA. Scale-up of laboratory processes 

consists of a variety of tasks that needs to be considered. Since this study is focused on the scale-up of 

an electrochemical reaction, this section will be dedicated to this reaction type. Electrochemical 

reactions occur under a series of steps that involve the transfer of the reactants or electroactive species 

from the electrolyte to the electrode surface. There is the adsorption of the reactants to the electrode 

surface and electrons are then transferred between the adsorbed reactants and the electrode. Finally, 

there is desorption and subsequent diffusion of products from the electrode surface (Goodridge & Scott, 

1995). The recommended process employed in the scaling up of electrochemical reactions has been 

adopted from Goodridge & Scott (1995) and summarised in Figure 4. 
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Figure 4 Process for electrochemical reactor scale-up (Goodridge & Scott, 1995) 

According to Goodridge & Scott (1995), the first step is to determine the production rate of the proposed 

reactor on an industrial scale. This will give a fair idea of the reactor size, number of cells, electrode 

area, amount of reactants and solvents, and any other important parameters. The next step is to obtain 

information on the reaction mechanism and performance. This is done by the analysis of the laboratory 

data to obtain information on the reaction rate, reaction kinetics, mass transfer rates, current efficiencies, 

and yield. On occasions where important data are missing, perform lab experiments, if possible, to 

reduce the introduction of uncertainties into the study. Proxy values or assumptions can be made but 

this results in the introduction of uncertainties in the study. Design a flowsheet for the proposed 

theoretical industrial process and then perform a material balance on the theoretical industrial process 

flow (Goodridge & Scott, 1995). 

    Determine the reactor specification, configuration, and operation. Several factors should be taken into 

consideration at this stage. These include determining the mode of the reaction (batch or continuous), 

and if continuous what type of flow model will be used (whether mixed or plug flow). The flow 
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characteristics, flow rate, estimation of conversion per flow through the cells, electrode dimensions, 

current densities, and the mode of current supply should be determined. Also, the type of electrical 

connection, type of electrode, and the configuration of the electrode should be considered (Goodridge 

& Scott, 1995). 

    In the scale-up of reactors, a geometrical similarity is used. That is, the upscaled process should have 

the same dimensional scale-up ratios. However, in electrochemical reactor scale-up, this criterion does 

not apply as increasing the interelectrode distance will result in overvoltage which will indirectly affect 

the energy cost. Hence the interelectrode distance is kept constant on scale-up (Sulaymon & Abbar, 

2012). 

    The cell voltage is obtained from the laboratory experiments. The current density and current too can 

be obtained or estimated from the laboratory data. At this step, another important criterion is maintaining 

an electrical similarity. This is achieved by ensuring that the potential and current densities have constant 

ratios between different cell units. This necessitates that the interelectrode distance is kept constant on 

scale-up as mentioned earlier. This is made possible by increasing the area of the electrodes and placing 

the electrodes in several stacks within the reactor (Goodridge & Scott, 1995). 

2.3.3 Post inventory stage 

After all the necessary inventory has been obtained for the prospective study, the final step is executing 

the LCA using an appropriate LCA software and an LCI database. The LCA is conducted for a lab, 

worst-and best-case scenarios. The impacts are calculated using an LCIA method that was selected in 

the pre-inventory phase related to the goal and scope definition. The impacts are interpreted and 

recommendations and conclusions are made. Uncertainties related to the data and the results should be 

discussed appropriately. Although the framework has been categorised in stages and listed in steps, the 

practical implementation should be done iteratively.  
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3 RESULTS 

In this section, the resulting application of the proposed methodology to this current study is presented 

in three parts. The first section emphasizes the pre-inventory stage. The second section focuses on the 

inventory stage while the last section presents the LCIA and interpretation which is a part of the post-

inventory stage. 

3.1 Pre-Inventory Stage 

3.1.1 Goal and scope definition 

The goal of this study is to assess the environmental performance of an emerging technology which is 

a Ni catalysed electrochemical hydrogenation system (Valiente et al., 2022) at a theoretical industrial 

scale to identify hotspots. This will enable the technology developers to have an idea of the 

environmental implications of their design choices and then get the opportunity for early process 

modification and development. Knowledge of the hotspots prevents avoidable environmental impacts 

and allows material or process substitutions. The main audience of the study is the research partners in 

the Mistra SafeChem hydrogenation study. The results of the study will be disclosed to the public. Since 

this study was to fulfil the academic requirements of a master thesis at Uppsala University, there was 

no critical review from a third party as required by the ISO 14044 standard and it is not claimed that this 

study follows the ISO standard in all detail. Owing to this, the results cannot be used for marketing 

purposes of the technology but could be of interest to the technological developers for process 

improvements. The outcome could also be of interest to the scientific community that aims to conduct 

a prospective ALCA for hotspot analysis on electrochemical processes. 

3.1.1.1 Description of the laboratory process 

According to Valiente et al., (2022), the laboratory process (Figure 5) investigates the semi-reduction 

of alkynes to Z-alkenes through an electrochemical process. The reaction occurs in a divided 

electrochemical cell consisting of a carbon cloth electrode at the anode (counter electrode), a Ni foam 

cathode (working electrode), and an Ag/AgCl reference electrode. Before the Ni foam is used in the 

reaction, its surface is activated by washing with a hydrochloric acid (HCl) and water solution in an 

ultrasonic cleaner. Material input to the electrochemical cell includes sulphuric acid (H2SO4), acetone, 

and a diphenylacetylene substrate. The electrochemical cell is placed on a magnetic stirrer for the 

reaction which was assumed to take place for 20 hours. During the reaction, there is a simultaneous 

production of O2 and H2 at the anode and cathode respectively (Valiente et al., 2022).  

The electrochemical reaction leads to the reduction of diphenylacetylene to Z-stilbene which is 

accompanied by E-stilbene and 1,2-diphenylethane impurities. At the end of the reaction, the mixture 

containing the product, electrolyte, and other solvents is sent to the separation and purification stage. 

This stage involves the separation of the reaction components in a solvent extraction process using 

dichloromethane (DCM). The product is finally purified in column chromatography. 
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Figure 5 Simplified flowchart of the laboratory process 

3.1.1.2 Theoretical industrial-scale process 

At the industrial scale, technology owners seek to adopt a system that gives high throughput at less cost. 

A continuous flow process seeks to achieve this aim. Hence, the theoretical upscaled electrochemical 

reaction process will occur using a continuous flow regime on a flat parallel plate connected in series at 

a turbulent flow ensuring high mass transfer. Another difference that occurs in the theoretical upscaled 

process is the use of a distillation and evaporation process after the solvent extraction stage to separate 

the product from the reaction mixture in the best-case and worst-case scenarios respectively. Although 

most stilbenes have been isolated by a chromatography process (Błaszczyk et al., 2019; Chi et al., 2014; 

Pan et al., 2020), the assumption of distillation and evaporation for the best and worst-case scenarios 

respectively was because data could be estimated from manual calculations and literature for these 

processes. Also, other substrates had been isolated through this process by the technology developers. 

The theoretical industrial process is illustrated in Figure 6. 
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Figure 6 Theoretical industrial process flow diagram for electrochemical hydrogenation over Ni foam 

The theoretical industrial process was modelled in two scenarios (best-case and worst-case scenarios). 

This approach was chosen because of limited information from the technology developers on the outlook 

of the process at the industrial scale and because the study aims to identify environmental hotspots for 

earlier process improvements. The general process selection was the same for both cases, the differences 

were the improved process conditions for the best-case scenario which served as a sensitivity analysis 

for the worst-case scenario. 

3.1.1.3 Assumptions and limitations 

There was little experimental data related to the kinetics of the system, hence the industrial outlook was 

generated based on assumptions. The reaction mechanism and performance of the worst-case were 

assumed at the industrial scale to be similar to the laboratory scale while the best-case had improved 

performance. The following assumptions were made. 

1. A rectangular flow channel (plate and frame) is chosen for the reactor. 

2. Both the catholyte and the anolyte are sent to the isolation stages. 

3. The effect of scale-up on mass transfer is neglected. 

4. The effect of the membrane on the system is neglected and there is no transfer of fluids between 

the catholyte and the anolyte. 

5. The transfer of fluids to the electrochemical system is turbulent to ensure a high mass transfer 

rate. 

6. Although the cathode is a 3-dimensional porous material, it is assumed to be a flat electrode. 
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7. A galvanostatic operation of the reactor is chosen due to its flexibility and low costs. This is 

because potentiostats are hardly implemented on a large scale due to high costs (Goodridge & 

Scott, 1995). 

8. The flow arrangement is assumed to be in series and bipolar electrical connections. Bipolar 

electrical connections have the merit of a relatively high voltage and current distribution and 

cost-saving in their operation (Goodridge & Scott, 1995). 

9. There are no current losses or increases in overvoltage due to the presence of multiple stacks of 

cells placed in series in the reactor. 

10. The system operates almost perfectly like the laboratory process except in the best-case scenario 

where the necessary assumptions will be highlighted later in this study. 

    One of the most important aspects of prospective LCA is the future forecast of the background system. 

That is, the study needs to model how background processes such as sources of energy, materials, and 

transportation systems will look like in the future modelled system. Since the timeline of the study is 

assumed to be the near future as stated earlier, the background data were utilised retrospectively because 

it is assumed that the retrospective data is representative of the near future. 

3.1.1.4 Function and functional unit 

The function of the system under study is the electrochemical hydrogenation of hydrocarbons over Ni 

foam. An alkyne (diphenylacetylene) is used as a model substrate which is reduced to stilbene (alkene). 

Due to this, the functional unit was the production of 1kg of an isolated stilbene product. The isolated 

stilbene product in this study contains Z-stilbene, E-stilbene, 1,2-diphenylethane, and some unconverted 

substrate each in percentage composition of 76, 4, 13, and 6 respectively.  

3.1.1.5 System boundary 

Due to the several applications of the product, the scope of the study was limited to a cradle to gate 

approach. All upstream processes comprising the production of the nickel foam and carbon cloth 

electrodes and solvents for the reaction were taken into consideration. A simplified flowchart illustrating 

the process chain from the production of supplies to the gate of the system when the product is finally 

isolated is shown in Figure 7. A detailed plan or system modelled in the Gabi LCA software has been 

presented in Appendix 2.1, Appendix 2.2, and Appendix 2.3 for the lab, worst- and best-case scenarios 

respectively. 
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Figure 7 Simplified flowchart illustrating the cradle to gate system boundary for the theoretical industrial process 

(worst- and best-case scenarios) for the electrochemical hydrogenation over Ni foam. In the lab process, the 

evaporation/distillation process is represented by a chromatography process and waste solvents are not treated in 

this model though actual lab procedures include proper waste handling. The green and yellow-coloured processes 

represent the foreground and background processes. Linkage of more than one material to a single transport 

process means that the materials were manufactured at the same location but does not indicate co-transportation. 

 

Since the novel technology is being developed in Sweden and there are industrial actors in the region 

that could be relevant users of this technology, the geographic scope of the foreground system study 

was focused on Sweden while the background system was extended to a global setting. All solvents 

needed for the process were assumed to be sourced from Germany because Germany is among the top 

exporters of organic solvents (OEC, 2020a) and inorganic acids (OEC, 2020b). Also, there was adequate 

data for the background processes for the German region in the manufacturing of these solvents. The 

Asia Pacific region has the highest market share in the Ni foam market (Business Fortune Insights, 

2021), hence the Ni foam catalyst was assumed to be sourced from China. The substrate and product 

were modelled as a dummy process and flow, hence its potential impacts were not considered in the 

study. 

3.1.1.6 Cut-off criteria 

In modelling the system, the following processes or flows have been cut-off from the study;  

1. Modelling of infrastructure or equipment in the foreground processes was cut off from all case 

scenarios. For example, glassware, laboratory equipment, reusable installations, etc were 

excluded from the lab-case scenario. In the theoretical upscale scenario, all process equipment, 

machines, buildings, etc were not accounted for in the study. This decision was taken as it is 
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assumed that the excluded processes would have a long life and their impacts would be 

negligible over their life cycle. 

2. Heat and electricity generated from waste management facilities were excluded. 

3.1.1.7 Current and projected TRL definition 

The system under study was assessed to be at a TRL of three, which is a concept validation stage based 

on the TRL scale by the European Association of Research and Technology (EARTO) (EARTO, 2014). 

The LCA considers an upscale from the current TRL to the highest TRL when there is full production. 

The projected timeline is to the near future which is 5-10 years from now when the new technology 

might have been implemented at an industrial scale. The scenario modelling was focused on the 

foreground based on the laboratory data obtained from the technological developers. Since the timeline 

of the study is to the near future, the background data used was based on the GaBi professional database 

version 2021.2. 

3.1.1.8 Familiarisation with the current state of the technology 

With the familiarisation of the technology, laboratory protocols and published information about the 

technology were accessed. Interviews with the technology developers and other experts of chemical and 

electrochemical experts were conducted. Finally, an educational visit was made to the laboratory for 

visual evidence of how the technology works.  

3.1.1.9 LCIA method and impact categories 

The process was modelled using GaBi LCA software version 10.5.1.124 and GaBi professional database 

(DB) version 2021.2. The EF 3.0 method was chosen for the life cycle impact assessment. This decision 

was made based on the premise that the models used to estimate the various impact categories are 

standardised and it is a recommended LCIA method by the European Commission (Fazio et al., 2018). 

This method contains 16 midpoint impact categories which include climate change, ozone depletion, 

human toxicity (non-cancer effects), human toxicity (cancer effects), particulate matter, ionizing 

radiation, photochemical ozone formation, acidification, eutrophication (terrestrial), eutrophication 

(aquatic freshwater), eutrophication (aquatic marine), ecotoxicity freshwater, land use, water use, 

resource use (minerals and metals) and resource use (energy carriers). The normalised results of all 

16 impact categories were presented. However, since the driver for the study is climate change, toxicity, 

and resource efficiency, emphasis was placed on the impact categories in bold letters for further 

discussion. The characterised results for the chosen impact categories were further explored to identify 

the potential hotspots of the process. 

3.2 Inventory stage (Inventory analysis) 

The inventory stage which corresponds to the inventory analysis phase of the ISO 14044 standard seeks 

to generate all the inventory data needed for the study. Explanation of the calculations made for each 

process and process data used in the study have been presented in this section. The foreground system 
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was modelled based on the assumptions presented in 3.1.1.3 and where need be, further assumptions 

that apply to separate processes are highlighted.  

3.2.1 Electrodes 

Material and energy requirement for the product of Ni foam was modelled based on Majeau-Bettez et 

al., (2011). The study by Majeau-Bettez et al., (2011) determined the input and output of this process 

through assumptions as data was not readily available. The Ni foam used by the current technology was 

manufactured from the chemical vapour deposition (CVD) method however, the data used for the 

modelling comes from the electrodeposition (ED) method of Ni foam manufacture. This decision was 

chosen based on data availability on the ED method. The material input for the ED method is similar to 

the CVD, however, there is a production of carbonyl gas in the CVD method which is absent in the 

current model. According to the CVD patent, an advantage of this process is its less energy requirement 

(Ettel et al., 1990). The absence of a carbonyl gas and relatively high energy consumption in the ED 

method introduces uncertainties into the current model and therefore affects the data quality for the Ni 

foam process.  

    In determining the required surface area of the electrode for the reaction in the upscaled process, 

information on the reaction kinetics, mass transfer coefficient, Tafel slope, and reaction rates are needed 

(Goodridge & Scott, 1995). Because this information is not available for the current system, the 

electrode area was scaled up linearly. According to the laboratory data, the Ni foam could be used 14 

times with a reaction time of 2 hours. With a reaction time of 20 hours, it is assumed that the Ni foam 

could be used for two reaction times for the lab and worst-case scenarios. In the best-case scenario, 14 

reaction runs for 20 hours are assumed. This is quite uncertain as it is unknown if the Ni foam in the 

upscaled system could be active for 280 hours of reaction time. Input and outputs of the Ni foam 

manufacture are summarised in Appendix 3.1.  

   As stated earlier, the Ni foam was assumed to be manufactured in China because of the product’s large 

market in the Asia Pacific region (Business Fortune Insights, 2021). GLO: Nickel (Class 1, >99.8% 

Nickel) process was chosen for the Ni process because Class one Ni is needed in the manufacture of Ni 

foam because it contains high purity Ni and contains a very low amount of Fe (Gait & Absolon, 2018). 

It is assumed that there is no Ni loss during the Ni foam manufacture, and this introduces uncertainty in 

the quality of the data. Polyurethane flexible foam (PU) (EU-27) which is a European average is used 

for the polyurethane foam because there was no data available for China. The polyurethane foam is 

burnt in the Ni foam process (Majeau-Bettez et al., 2011) so municipal incineration was used as a proxy. 

The municipal incineration process consists of aggregated processes and flows which present an 

allocation issue. This was however not addressed in the study. 

    The carbon cloth (CC) was upscaled linearly similarly to the Ni foam based on the reasons given in 

the latter’s case. In terms of the electrode’s lifetime, a study by Zhao et al. (2018) shows that CC 
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electrodes have a relatively long-life span hence the Ni foam life was assumed for the CC electrode. The 

carbon cloth process was not directly available in the database, hence “DE: Carbon Fiber (CF; from 

PAN; standard strength)” proxy was used. Carbon fibers have been used as electrode materials in past 

studies (Gholipour et al., 2016) but using them as a proxy for carbon cloth may cause an underestimation 

of its impacts as textile manufacture is excluded. In addition, it is not known if the fiber raw material is 

correct.  

3.2.2 Solvents 

Several solvents are employed in the electrochemical hydrogenation process which has been mentioned 

earlier. The volume of the chemicals only in the solution was computed and then converted to mass 

units using their corresponding densities. Industrial processes tend to use relatively fewer solvents than 

their laboratory processes. Owing to this, all solvents used in this study were scaled up according to 

Piccinno et al., (2016) in reducing solvent usage by 20% (Piccinno et al., 2016). In the solvent recycling, 

which will be explained later, a 68% recovery was assumed according to Piccinno et al., (2016), and 

this resulted in a further reduction of the solvent demand in the worst scenario. The solvents used in the 

best-case scenario were reduced by 40% and a recycling rate of 95% was assumed for all solvents which 

are then reused in the process. The quantity of solvents in the lab case was not reduced but used directly 

as in the laboratory process and scaled up to the 1 kg functional unit.  

    In the modelling, DE: Hydrochloric acid mix (100%) was chosen for the HCl used at the lab scale. 

This is a German industrial mix average for the production of HCl as a by-product of chlorination and 

halogen exchange reactions, sodium chloride and sulphuric acid reaction, and a direct reaction between 

hydrogen and chlorine. DE: Sulphuric acid (96%) was selected for the H2SO4 process which is a German 

average for the production of the acid in a contact process. In terms of acetone, DE: Acetone by-product 

phenol, methyl styrene (from Cumene) Sphera, which is a German average for the production of acetone 

from cumene with phenol as a by-product. Since the process requires a clean source of water, a Swedish 

average for tap water from groundwater is assumed for the process water in all cases for the foreground 

system. An acetic acid proxy from methanol was selected for ethyl acetate in the solvent extraction 

process.  

    Dichloroethane was used as a proxy for DCM in the solvent extraction stage of the lab scenario due 

to its unavailability in the database. Both solvents have similar properties and production routes. 

Dichloroethane is produced by the oxychlorination of ethylene while DCM is produced by a reaction 

between chlorine and methane. This choice might affect the quality of the data but provides a good 

proxy for DCM.  

3.2.3 Catalyst washing 

In the activation of the surface of the Ni, HCl and water solution is used at the laboratory scale. Since 

HCl is hardly used in industrial processes due to its cost, it was substituted with H2SO4. According to 
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Bu et al., 2021, the leaching of Ni from Ni foam is insignificant at lower temperatures. In their study, 

they noticed exponential leaching of Ni from Ni foam into solution above temperatures of 170 °C (Bu 

et al., 2021). Considering the catalyst washing and the electrochemical reaction occurs at room 

temperature, the release of Ni from the catalyst as well as in the electrochemical reaction was considered 

negligible in this study. A two-reuse period for the solvents in the catalyst washing was assumed for the 

lab and worst-case scenarios based on the life of the catalyst in these scenarios. It was assumed that the 

catalyst is sonicated on the completion of each reuse period of 20 hours. In the best-case scenario, a 14-

reuse period was assumed before the solvents are treated. The amount of electricity required for the 

sonication process in the catalyst washing was obtained from the laboratory data as 54 kJ/g of isolated 

product. This was scaled up linearly for the theoretical industrial process due to data availability. This 

might not be representative of the industrial process and would affect the quality of the result. The 

Swedish average electricity grid mix process was used for this as well as all other processes within the 

foreground system. A detailed inventory list with inputs and outputs has been summarised in Appendix 

3.2. 

3.2.4 Electrochemical reaction 

In the electrochemical reaction, energy is needed to drive the reaction process. Since the reaction does 

not require heat, the energy needed for the reaction is only for the electrochemical hydrogenation of the 

alkyne to alkene and the transfer of fluids to the system. To do this, the total energy for the 

electrochemical reaction was calculated from the laboratory data. A proxy of 76 kJ was assumed for the 

lab case scenario based on the energy consumption of a similar reaction at the lab. Since proxies are the 

least preferred data estimation method (Tsoy et al., 2020), the quality of the data would be affected. 

The current at the lab was determined using the equation (1).  

𝑃 =  𝐼𝑉 

Where P is power (W), I= current (A); and V= voltage. 

    At a constant electrode potential, the current passing through the electrode and the electrolyte is 

directly proportional to the electrode area. This means that an increase in the current will cause a factor 

increase in the current by that factor (Goodridge & Scott, 1995). This makes current density which is 

stated in equation (2) an important parameter in electrochemical scale-ups.  

𝑗 =
𝐼

𝐴
 

Where j= current density (A/m2); I= current (A) and A is area (m2) 

The upscaled electrode area was then divided by the lab electrode area to determine this factor increase 

which is 1000. This value is then multiplied with the current for the laboratory process to obtain the 

upscaled current. Equation (1) is then utilised to obtain the total requirement for the upscaled process in 

the worst-case scenario. The resulting energy is scaled up linearly due to the linear scale-up of the 

electrode area and the current. As stated earlier, the interelectrode distance is kept constant to maintain 

(1) 

 

(2) 
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the cell voltage which also affects the linear scale-up of the energy for the worst-case scenario. The 

linear scale-up of the energy is unlikely in an industrial setting and will introduce uncertainties to the 

outcome of the study.  

    In the best-case scenario, the total cell voltage was assumed at -1.5 V based on other reaction 

conditions according to Valiente et al. (2022). Although -2.5 V was the total cell voltage for optimized 

conditions used in the worst-case scenario, there is a possibility of achieving a lower cell voltage when 

improvements are done to reduce the overvoltages at the industrial scale. The current efficiency (CE) of 

the product was very low (12.1%) on the lab scale which was also used for the worst-case scenario. This 

means that a larger amount of energy is being used to produce H2. In the best-case scenario, a 95% CE 

is assumed for the product. With an assumed 5% CE for H2 and a mass of 0.1 kg, the total current for 

the best-case scenario was better which together with the reduced cell voltage resulted in lower energy 

demand for the reaction. Details of the reactor performance have been presented in Table 3. The lab and 

worst-case scenarios had similar reaction performance while the best-case scenario had a better reaction 

performance.  

 

Table 3 Summary of the reactor performance at the lab and industrial scale per functional unit 

Parameter Lab case Worst-case Best-case 

Total cell voltage (V) -2.50 -2.50 -1.50 

CE of Stilbene product (%) 12.10 12.10 95.00 

CE of H2 (%) 85.00 85.00 5.00 

Current (kA) 8.44 8.44 2.76 

Membrane Neglected Neglected Neglected 

Energy for reaction (MJ) 76.00 76.00 14.90 
 

 

The energy required for pumping the solvents into the electrochemical reactor was calculated based on 

Goodridge & Scott (1995). The flow velocity was first determined according to Reynold’s equation in 

equation (3). 

𝑅𝑒 =
𝑢𝜌𝑑𝑒

𝜇
 

Where; Re= Reynold’s number; u= Flow velocity of the solution; µ= Dynamic viscosity of the solution; 

ρ= Density of the fluid solution; de= Equivalent diameter of channel. The equivalent diameter of the 

channel, de is calculated using equation (4). 

𝑑𝑒 =
2𝑊𝑑

𝑊 + 𝑑
 

Where, W= electrode width and d= the interelectrode distance. 

Assuming the electrode occupies the complete wall of the reactor, then the reactor area is computed 

from the current density and the current in equation (2). For a flow to be turbulent, the Reynolds number 

(3) 

(4) 
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should be a minimum of 2000 (Goodridge & Scott, 1995). Since a turbulent flo w is assumed for the 

system, this minimum value is assumed for the Re. The resulting flow velocity, u is multiplied by the 

dimensions of the reactor to determine the flow rate, Q (m3/s) per gap. The total flow rate over the two 

electrodes is then determined by equation (5). 

𝑄𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = 2𝑄 

A total pressure loss of 40 kN/m2 was assumed for pumping the electrolyte into the reactor according to 

Goodridge & Scott (1995) for the worst-case scenario. A hypothetical total pressure loss of 30 kN/m2 

was assumed for the best-case scenario. Total energy Epump (kW) needed for pumping the catholyte and 

the anolyte is calculated based on equation (6). 

𝐸𝑝𝑢𝑚𝑝 = 2(𝑄 ∗ 𝑃𝑙𝑜𝑠𝑠) 

Where Q= Volumetric flow rate (m3/s) and Ploss= Pressure loss for pumping the electrolyte in the reactor 

(kN/m2). Results for electrolyte transfer for the worst- and best-case scenarios are shown in Table 4. A 

detailed inventory list with inputs and outputs for the electrochemical process has been summarised in 

Appendix 3.3. 

 

Table 4 Calculated results of electrolyte transfer to the electrochemical reactor per functional unit 

Parameter Worst-case Best-case Unit 

Flow velocity 1.68*10-2 1.68*10-2 m/s 

Total flow rate past 2 electrodes 3.37*10-4 3.37*10-4 m3/s 

Pressure loss 40.00 30.00 kN/m2 

Energy for catholyte and anolyte 96.96 72.72 kJ 

 

3.2.5 Isolation stage 

After the reaction, the reaction mixture containing the hydrogenated compound needs to be separated to 

obtain the target product. Two main steps are identified for this step, and these are presented in this 

section. 

3.2.5.1 Solvent extraction  

The reaction mixture containing the product and the solvents are sent to the extraction stage. Here a 

solvent is used to extract the product from the reaction mixture. The laboratory process utilises DCM 

for this extraction. This solvent is however exchanged with ethyl acetate in the scaled-up process as 

DCM is a highly toxic chemical and efforts have been made in banning its use within the European 

region (MacMillan et al., 2012; Welton, 2015). This means that it's highly unlikely for the technology 

owners to implement its use on a large scale. At this stage, the only input that is considered for the 

extraction is the extraction reagent and the reaction mixture from the previous stage. A continuous flow 

extraction is assumed for the extraction, and it is assumed that the flow rate of the fluids will be enough 

to cause an efficient mixing for the extraction to occur. It is assumed that the extraction efficiency is the 

(6) 

(5) 
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same as the laboratory process, hence the same amount of extractant per unit of the extract is used as in 

the laboratory process and then reduced for the worst- and best-case scenarios as discu ssed in 3.2.2. 

The energy needed for pumping the reaction mixture and the extraction reagent is calculated based on 

equation (7) (Piccinno et al., 2016). Details on the energy for fluid transfer to the solvent extraction 

process are shown in Table 5.  

𝐸𝑝𝑢𝑚𝑝 =
𝑚 ∗ 𝑔 ∗ ℎ

𝜂𝑝𝑢𝑚𝑝
 

Where m= mass of the fluid being transferred (kg), g= acceleration due to gravity (9.81 m/s2),  

h= hydraulic head (estimated to be 4.2m), and ƞpump= energy efficiency of the pump (estimated at 75%). 

A detailed inventory list with inputs and outputs for the solvent extraction process has been presented 

in Appendix 3.4. 

 

Table 5 Details for fluid transfer to the solvent extraction process per functional unit 

Parameter Worst-case Best-case Unit 

Total mass of solvents 599.81 473.43 kg 

Energy for fluid transfer 32.95 26.01 kJ 

 

3.2.5.2 Chromatography 

In the lab case scenario, a column chromatography separation is performed on the reaction mixture from 

the solvent extraction to isolate the final product using a mixture of pentane and ethyl acetate as eluent. 

Due to data availability, ethyl acetate only was assumed to be the eluent for the process. The efficiency 

of isolating the product with ethyl acetate only is unknown. Consequently, acetic acid was used as a 

proxy for ethyl acetate in the LCA. A volume of 10 ml ethyl acetate was assumed based on a study by 

Lee et al., (2022). The study used the same volume of pentane in isolating an alkyne in an electrocatalytic 

semihydrogenation of the substrate over a Ni catalyst. Since this study assumes the utilisation of ethyl 

acetate only, the same volume of pentane was assumed for the eluent. The stationary phase of the column 

chromatography uses silica gel for the separation. A silicon mix was used as a proxy for the silica gel. 

This does not provide a good proxy for the material as the process does not include the final production 

of the silica gel. The amount of silica gel needed for the separation was estimated as 9 g per 1 g substrate 

based on the study by Lee et al., (2022). The use of proxies in this process will have an impact on the 

quality of the result. A detailed inventory list with inputs and outputs has been summarised in Appendix 

3.5. 

3.2.5.3 Distillation 

After the extraction stage, the reaction mixture containing the product and the extractant is sent to the 

distillation stage in the best-case scenario to obtain the isolated product. This step is done in an 

(7) 
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evaporation process in the worst-case scenario. The idea is that, in the best-case scenario, the extraction 

reagent is recirculated for reuse while in the worst-case scenario, the reagent is lost to the environment.  

In both separation scenarios, energy is needed for heat provision isolation of the product. This was 

calculated using equation (8) according to (Piccinno et al., 2016). Distillation involves heating the 

reaction mixture above the boiling point of the component to be separated. At this stage, the mixture is 

made up of ethyl acetate and stilbene. Ethyl acetate with the lower boiling in the mixture will be captured 

in the distillate and the bottom product will be the stilbene product.  

𝐸𝑑𝑖𝑠𝑡 =
𝐶𝑝 ∗ 𝑚𝑚𝑖𝑥 ∗ (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) + Δ𝐻𝑣𝑎𝑝 ∗ 𝑚𝑑𝑖𝑠𝑡 ∗ (1.2𝑅𝑚𝑖𝑛 + 1)

𝜂ℎ𝑒𝑎𝑡 − 0.1
 

Where, Edist= energy for the distillation; Cp= specific heat capacity of the fluid mixture (J/kg K); Tboil= 

Boiling point temperature(K); To= initial temperature (K), a value of 298K is assumed since the reaction 

occurs under standard temperature. ∆Hvap=enthalpy of vapourisation (J/kg), mmix= mass of mixture, 

mdist= mass of liquid to be vapourised. Rmin= minimum reflux ratio, a minimum value of 1.2 is assumed. 

Ƞheat is the heating efficiency of the heating element and a 10% heat loss is assumed. As stated earlier, 

the evaporation process was adopted for the worst-case scenario. Equation (8) therefore needs to be 

modified by eliminating the reflux ratio term to obtain equation (9) reflux of liquids is not performed in 

evaporation. 

𝐸𝑣𝑎𝑝 =
𝐶𝑝 ∗ 𝑚𝑚𝑖𝑥 ∗ (𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑜) + Δ𝐻𝑣𝑎𝑝 ∗ 𝑚𝑑𝑖𝑠𝑡

𝜂ℎ𝑒𝑎𝑡 − 0.1
 

The defined terms in equation (8) apply in equation (9). 

The energy needed for fluid transfer to the distillation unit was calculated based on equation (7). The 

result for energy for fluid transfer and heat provision has been presented in Table 6. A detailed inventory 

list with inputs and outputs has been summarised in Appendix 3.6.  
 

Table 6 Energy for fluid transfer and heating in the final isolation stage per functional unit 

Parameter Worst-case Best-case Unit 

Energy for fluid transfer 4.01 0.31 kJ 

Energy for heating 57.27 43.72 MJ 

 

3.2.6 Waste treatment 

Wastewater resulting from the solvent extraction stage contains considerable amounts of acetone, 

H2SO4, and needs to be treated within the system boundary. A solvent recycling process through a multi-

stage distillation or rectification is adopted for this purpose. The recovered solvents are reused in the 

processes within the system boundary in both industrial case scenarios and the treated water is dumped 

into the environment. The wastewater from the laboratory process is assumed to exit our system 

boundary without any treatment. This is not the practice by the lab working on this technology but 

(9) 

(8) 
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modelled this way for simplicity’s sake because the focus of the LCA was on upscaling the lab process, 

hence less attention was given to the wastewater management at the lab. 

Equation (8) and its assumed values were utilised in the solvent recycling by distillation or rectification 

process for the worst-case scenario. In the best-case scenario, a heating loss of 0.05% and heating 

efficiency of 0.85% was assumed. The wastewater is a multicomponent mixture of acetone, water, and 

H2SO4. The application of equation (8) on a rectification unit presents a limitation as the arrangement 

of a multi-distillation steps in a vertical cascade and vapour-liquid counter-current flow were not 

considered (Stichlmair, 2010). It is however assumed that the reflux ratio will cater for this, but this is 

uncertain. A 68% recovery is estimated for the solvents in the worst-case scenario based on (Piccinno 

et al., 2016), while a 95% recovery is assumed for the best-case scenario.  

    The separation focused on the removal of each component based on their boiling points. Water and 

acetone were removed as the distillate and H2SO4 with the highest boiling point were left as the bottom 

product. It is assumed that the recovered substances have the required purity to be recirculated back to 

the electrochemical reactor and the recovered water is channelled into the environment. The remaining 

constituents end up as emissions into the environment as no further wastewater treatment process was 

modelled and this will be highlighted in the next section. Energy for fluid transfer to the wastewater 

treatment process was calculated based on equation (7) and the results together with the heating energy 

have been presented in Table 7. 

 

Table 7 Energy for fluid transfer and heating in the final wastewater treatment process per functional unit 

Parameter Worst-case Best-case Unit 

Energy for fluid transfer 28.94 23.58 kJ 

Energy for heating 4235.73 2858.91 MJ 

 

 

In the management of Ni Foam and CC electrodes, the waste was sent to a municipal solid waste 

management facility. All burdens are given to the electrochemical process and the system was not 

credited for heat and electricity generated from the solid waste management facility. A detailed 

inventory list with inputs and outputs for the wastewater treatment process has been summarised in 

Appendix 3.7. 

3.2.7 Emissions 

Emissions do occur in industrial processes and the process under study is no exception. During the 

electrochemical reaction, a considerable amount of water is dissociated to produce H2 gas which leads 

to water loss. To determine the amount of water being lost due to H2 gas evolution, the faraday’s law in 

equation (10) (Schlesinger et al., 2011) was used to determine the mass of H2 produced. 
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𝑚 =
𝑀𝐼𝑡𝜉

𝑛𝐹
 

Where m= mass of substance of concern (g); I= current induced (A); M= molar mass (g/mol); t= time 

for which the current is passed (s); ξ= current efficiency (%); n= number of transferred electrons and F= 

Faraday’s constant (96 485 A/mol). 

If 1 mole of water contains 2 grams of hydrogen and 16 grams of oxygen, then the amount of water loss 

to H2 production is determined by the expression in equation (11). 

𝑚𝐻2𝑂 =
𝑀𝐻2𝑂 ∗ 𝑚𝐻2

2
 

Where mH2O is the mass of water loss to H2 production, M is the molar mass of H2O and mH2 is the mass 

of H2 produced (obtained from equation 9). No losses of other solvents except water were assumed in 

the electrochemical stage for all case scenarios. In the upscaled system, no solvent loss was assumed at 

the solvent extraction stage. Details on the amount of water loss for H2 evolution for all cases have been 

presented for all case scenarios in Table 8. The 0.10 kg mass of H2 was assumed to be calculated for 

water loss in the best-case scenario. 

 

Table 8 Calculated results on H2O loss for H2 evolution per functional unit 

Parameter Lab case Worst-case Best-case Unit 

Mass (H2) 5.21*10-3 5.21 0.10 kg 

Mass (H2O) 46.88*10-3 46.88 0.90 kg 

 

In the lab case scenario, all solvents (acetone, acetic acid, water, and H2SO4) are emitted into the 

environment at the solvent extraction stage as mentioned earlier in section 3.2.6. DCM and ethyl acetate 

in the lab case are emitted into the environment after the chromatography stage. In the worst- and best-

case scenarios, 32% based on Piccinno et al. (2016) and 5% (assumption in this study) respectively of 

the unrecovered solvents are emitted into the environment at the solvent recycling stage. 32% of the 

acetic acid (a proxy for ethyl acetate) used in the worst-case is emitted into the environment after 

evaporation in the worst-case scenario while 5% of the unrecovered acid is emitted into the environment 

in the best-case scenario after the distillation stage. The system was modelled on the assumption that no 

losses of the substrate and product occur. Hence emissions concerning the substrate and product were 

not captured. 

3.2.8 Transport process 

As stated earlier, all solvents and the carbon cloth were assumed to be sourced from Germany, likewise 

the silica gel. In the transportation of the materials from Germany, a “GLO: Truck, Euro 6, 20 - 26t 

gross weight / 17.3t payload capacity” was used, and “DE: Diesel mix at refinery Sphera” was utilised 

as a fuel source. A distance of 1417 km was used based on information from Google maps (Google 

Maps, 2022b). In the transport of the Ni foam from China to Sweden, “GLO: Container ship, 5,000 to 

(10) 

(11) 
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200,000 dwt payload capacity, ocean going Sphera” was used as the transport medium and a “CN: 

Heavy fuel oil at refinery (1.0 wt.% S) Sphera” was used as the fuel source. Only the sea freight distance 

was considered at 6394 km according to Google maps (Google Maps, 2022a). Distance only was 

parameterised in the transport process. All other parameters were set at a default value based on the 

database. 

3.3 Life cycle impact assessment and interpretation 

The results from the impact assessment of the LCA study have been presented in this subsection and 

have been divided into three parts. Comparative performance of the three scenarios based on the 

characterised and normalised results for the three case scenarios for all impact categories according to 

the EF 3.0 method are presented. Each process for all case scenarios is secondly broken down to identify 

potential hotspots based on the chosen impact categories which are ecotoxicity, human toxicity, climate 

change, and resource scarcity of the EF 3.0 method. A sensitivity analysis of the lab case scenario is 

conducted. Lastly, uncertainties in the results are highlighted. For the sake of clarity, a definition of each 

process (foreground and background) identified as a hotspot or has a potential impact contribution has 

been presented in Table 9. 
 

Table 9 Definition of process names for clarity in the results and discussion 

Process names Meaning in the text 

Acetone process  Background process consisting of aggregated data from 

cradle to gate for the manufacture of acetone 

Dichloroethane process Background process consisting of aggregated data from 

cradle to gate for the manufacture of dichloroethane 

Acetic acid process Background process consisting of aggregated data from 

cradle to gate for the manufacture of acetic acid 

Electricity process Background process consisting of aggregated data from 

cradle to gate for the production of electricity 

Evaporation, distillation, solvent 

extraction, chromatography, and 

solvent recycling processes 

Foreground processes. These are unit processes  

that are not aggregated 

 

 

3.3.1 Comparison of the three case scenarios based on their normalised results 

A difference in environmental performance has been identified between the lab, worst- and best-case 

scenarios. The normalised results according to the EF 3.0 method which compares the global average 

person’s annual impact contribution and expressed in person equivalent for all the 16 impact categories 
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(Sala et al., 2017) are shown in Figure 8. Ecotoxicity, freshwater shows relatively higher impact as 

compared to the other impact categories. Human toxicity (non-cancer), photochemical ozone formation 

(human health), and resource use (fossil fuels) also stood out. In the human toxicity (cancer) only the 

lab case scenario showed some recognisable impact in this impact category. The best-case scenario had 

the best performance in all impact categories as compared to the other case scenarios. This is evident by 

the fact that the best operating performance in terms of resource use and emissions was assumed for this 

case scenario.  

    A reduced resource and materials used as well as emissions into the technosphere and ecosphere were 

modelled for the system. The lab case had the worst performance in all impact categories except for 

photochemical ozone (human health) and ionisation radiation (human health) impact categories. This 

was attributed to the linear use of the operation mode of the system. Inputs to the system at the laboratory 

scale were used linearly and then scaled to the functional unit of which none of the materials were 

recycled. The lab case scenario was modelled in an unrealistic worst-case scenario and a sensitivity 

analysis of the wastewater treatment process will be conducted later in this study. Some of the impact 

categories such as climate change, resource use (minerals and metals), and ozone depletion showed 

lower to insignificant potential impacts. Normalisation according to the EF 3.0 method presents a 

significant amount of uncertainties related to the inventory used, classification, and the characterisation 

factors (Sala et al., 2017). Certain impact categories such as climate change, and ozone depletion, 

resource use (minerals and metals) may be incorrectly estimated (Sala et al., 2017) due to the reason 

stated earlier. Few substances contribute to a majority of the impacts in most impact categories (Sala et 

al., 2015). Hence the absence of these flows or substances may underestimate the impacts of certain 

impact categories while their presence may cause the impact category, they are classified to stand out. 
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Figure 8 Characterised and normalised results of the total potential impacts of the three case scenarios for all 

impact categories according to the EF 3.0 method.  

 

3.3.2 Contribution Analysis 

To better understand the processes with the highest contribution to the potential environmental impacts 

of each case scenario, a breakdown of the various case scenarios is conducted in this section and 

analysed based on the characterised results. The characterised results for five impact categories are 

chosen for further discussion based on the goal of the study as well as the outcome of the normalised 

results in the previous section. The results presented for each scenario are for processes with a combined 

contribution that is more than 95% of the total potential environmental impacts of the chosen impact 

categories. All processes or other flows with an insignificant contribution are summed up in “others” 

with a total contribution less than 5%. It must be noted that the results presented in this section are based 

on the characterised results and should not be confused with the previous section which was based on 

normalised results. 

3.3.2.1 Lab case scenario 

Processes that contributed to the total potential impacts in the lab case scenario have been summarised 

in Figure 9. Solvent manufacturing processes (aggregated background processes) and emissions from 
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the foreground processes had the largest share in this scenario. In the climate change impact category, 

acetone process and dichloroethane process (the proxy used for DCM) had the highest contribution, 

each contributing about 39% and 40% respectively. This was attributed to carbon dioxide (CO2) 

emissions from both aggregated processes and methane (CH4) emissions from the dichloroethane 

process. The solvent extraction process had the highest contribution of 62% of the total potential impact 

in the ecotoxicity (freshwater) impact category. This was a result of sulphuric acid emissions to 

freshwater. The EF 3.0 LCIA method estimates the ecotoxicity (freshwater) impact category based on 

the USEtox 2.1 model (Rosenbaum et al., 2008). Sulphuric acid is not within the applicability domain 

of the USEtox 2.1 model (Kirchhübel & Fantke, 2019) which presents a high level of uncertainty in the 

result. The chromatography process contributed to 30% of the total potential impact in this category. 

This was attributed to the release of dichloromethane and acetic acid into the environment.  

    In the human toxicity (cancer) category, the chromatography process contributed to about 97% of the 

total potential impact in this category. The emission of dichloromethane to freshwater in this process 

was the reason for the identified potential impacts. The chromatography process, dichloroethane 

process, and acetone process had a contribution of 79%, 11%, and 6% respectively in the human toxicity 

(non-cancer) category. Finally, in the resource use impact category, acetone and dichloroethane 

background processes contributed about 43% and 39% respectively of the impact. Metals such as lead, 

silver, and antimony resulted in the acetone process potential impacts in this category while copper and 

mercury were the main reasons for the dichloroethane process.  

 

Figure 9 Characterised results for the potential impacts of the lab case scenario for the chosen impact categories 

according to the EF 3.0 method. The results have been scaled to 100% to illustrate the relative contribution of the 

individual processes to the total potential impacts. 
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The identified hotspots in the chosen impact categories in the lab case scenario are solvents (acetone 

and dichloroethane) processes, solvent extraction, and chromatography processes as shown in Table 10. 

 

Table 10 Identified hotspots in the lab case scenarios in the chosen impact categories 

Process  Process type Hotspot in impact category 

Acetone process Aggregated background 

process 

Climate change, resource use (minerals 

and metals) 

Dichloroethane 

process 

Aggregated background 

process 

Climate change, resource use (minerals 

and metals), human toxicity (non-cancer) 

Solvent extraction 

process 

Foreground process Ecotoxicity (freshwater) 

Chromatography 

process 

Foreground process Human toxicity (cancer), human toxicity 

(non-cancer), ecotoxicity (freshwater) 

 

3.3.2.2 Worst-case scenario 

A breakdown of the characterised results for the worst-case scenario with its moderate performance 

relative to the other case scenarios is shown in Figure 10. The identified hotspots for the chosen impact 

categories include the electricity process, evaporation process, solvent recycling process, and acetone 

process. The electricity process had the highest contribution in the resource use and human toxicity 

(cancer) impact categories with a relative contribution of 75% and 74% respectively. The solvent 

recycling process accounted for more than 90% of the electricity demand of the whole process. The 

potential impact of the electricity process in the human toxicity (cancer) impact category was attributed 

to halogenated organic emissions such as polychlorinated dibenzo-p-dioxins and furans to air and heavy 

metals such as mercury emission to air. In the resource use (mineral and metals), the potential impacts 

from the electricity process were attributed to the use of non-renewable resources such as antimony, 

molybdenum, copper, lead, silver, and sulphur. It should be noted from Table 9 that the electricity 

process consists of aggregated process from cradle to gate. The “Swedish electricity grid mix” consists 

of nuclear, biofuels and waste, oil, hydro, coal, natural gas, wind, and solar power sources (IEA, 2020). 

These energy sources require the use of metals which especially windpower and solar facilities require 

critical raw materials (Bobba et al., 2020).  

    In the climate change category, a contribution of 37% was also attributed to the electricity process 

which was the second-highest in this impact category. The potential impact of the electricity process in 

the climate change category was attributed to CO2, CH4, and nitrous oxide (N2O) emissions into the air. 

Fossil energy sources have potential impacts on climate change (IPCC, 2021). The evaporation process 

used for the isolation of the product had the highest contribution (86%) in the human toxicity (non-

cancer) impact category. This was attributed to acetic acid emission into the air. The solvent recycling 
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process which is a multistage distillation or rectification process had the highest contribution in the 

ecotoxicity (freshwater) impact category with a relative contribution of 73%. Sulphuric acid emission 

to freshwater was the reason was this potential impact. As stated earlier, Sulphuric acid is not within the 

applicability domain of the USEtox 2.1 model which presents a high level of uncertainty in the result 

The acetone process had a considerable contribution to climate change, human toxicity (cancer), and 

resource use impact categories with the relative contribution of 39%, 19%, and 13% respectively. Acetic 

acid process (a proxy for ethyl acetate) had a relative contribution of 18% in the climate change impact 

category.  

 
 

Figure 10 Characterised results for the potential impacts of the worst-case scenario for the chosen 

impact categories according to the EF 3.0 method. The results have been scaled to 100% to illustrate the 

relative contribution of the individual processes to the total potential impacts. 

 

The identified hotspots in this case scenario are for the chosen impact categories are the electricity 

process, evaporation process, solvent recycling process, and acetone process. This has been summarised 

in Table 11. 
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Table 11 Identified hotspots in the worst-case scenario for  the chosen impact categories 

Process  Process type Hotspot in impact category 

Electricity process Aggregated background 

process 

Human toxicity (cancer), resource use 

(minerals and metals), climate change 

Evaporation process Foreground process Human toxicity (non-cancer) 

Solvent recycling 

process 

Foreground process Ecotoxicity (freshwater) 

Acetone process Aggregated background 

process 

Climate change, human toxicity 

(cancer)resource use (minerals and 

metals) 

 

3.3.2.3 Best-case scenario 

The best-case scenario served as a sensitivity analysis to the worst-case scenario. The results from the 

impact assessment of this scenario produced the best environmental performance relative to the other 

scenarios in this study. The characterised results, scaled to 100% of the total potential impacts of the 

chosen impact categories have been presented in Figure 11. Similar to the worst-case scenario, the 

identified hotspots include the electricity process, distillation process, and solvent recycling process. 

The electricity process had the highest relative contribution in all the chosen impact categories except 

the human toxicity (non-cancer) impact category. The human toxicity (non-cancer) impact category had 

its highest relative contribution of 58% from the distillation process.  

    The electricity process stands out in this case scenario because the contributors in the other cases are 

reduced such as reduction in emissions and solvent use. The solvent recycling process had its 

contribution to the ecotoxicity (freshwater) impact category at 46%. Potential impacts from solvent 

process (background process) and emissions were not visible in this case scenario due to reduced solvent 

use and high recycling rate which reduced solvent emissions into the environment.  
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Figure 11 Characterised results for the potential impacts of the best-case scenario for the chosen impact categories 

according to the EF 3.0 method. The results have been scaled to 100% to illustrate the relative contribution of the 

individual processes to the total potential impacts. 

The identified hotspots in the best-case scenario are the electricity process, solvent recycling process, 

and distillation processes as summarised in Table 12. 

Table 12 Identified hotspots in the best-case scenario for the chosen impact categories 

Process  Process type Hotspot in impact category 

Electricity process Aggregated background 

process 

All five chosen impact categories 

Distillation process Foreground process Human toxicity (non-cancer) 

Solvent recycling 

process 

Foreground process Ecotoxicity (freshwater) 

 

3.4 Sensitivity analysis 

The outcome of the characterised and normalised results showed a relatively higher impact associated 

with the lab case as compared to the other case scenarios. This, as discussed earlier was due to the lab 

scenario being modelled in an unrealistic worst-case scenario where all the waste solvents are emitted 
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into the environment. A sensitivity analysis was explored to ascertain how this will evolve with the 

introduction of a waste management process for the waste solvents. Owing to this, a sensitivity analysis 

was performed on the lab case scenario by incorporating a hazardous waste incineration process for 

management of the waste solvents arising from the process. The outcome of the sensitivity analysis (lab 

with wastewater treatment) has been displayed in Figure 12 together with the three case scenarios. The 

lab (with wastewater treatment which will be referred to as the “modified lab case scenario” in the 

remaining part of the study had a better performance in three of the five chosen impact categories 

compared to the lab case scenario. These include ecotoxicity (freshwater), human toxicity (non-cancer), 

and human toxicity (cancer) impact categories. This improvement was a result of the reduced emissions 

of toxic waste solvents into the environment in the modified lab case scenario.  

    The modified lab case scenario had the worst performance in the climate change and resource use 

impact categories relative to the lab case scenario and this contribution was attributed to resource use 

and emissions arising from the hazardous waste incineration process. The emission of CO2, CH4, and 

N2O into the air from the hazardous waste incineration process accounted for the increased potential 

impacts in the climate change impact category. The hazardous waste incineration process is a generic 

process in which all emissions cannot be related to the system under study here. This results in an 

allocation issue but was not considered further. All impacts from the hazardous waste incineration 

process were attributed to the electrochemical process. This decision would cause an overestimation of 

the potential impacts of the process. Compared to the worst-case scenario, the modified lab case had a 

better performance in the ecotoxicity (freshwater) and human toxicity (non-cancer) impact categories. 

This further affirms the importance of waste treatment or management in chemical processes. 
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Figure 12 The outcome of the sensitivity analysis on the lab case scenario with the integration of a wastewater 

management process. The new case scenario is labelled “lab (with wastewater treatment”). The impacts associated 

with the modified lab case scenario have been displayed comparatively together with the other case scenarios for 

the chosen impact categories according to the EF 3.0 LCIA method per functional unit. 

3.4 Data quality and validation 

Interactions with the technology developers and interviews with experts influenced the process 

selections and some of the assumptions made. The engineering calculations were adopted from the 

literature on similar processes. The results were not reviewed critically by an external reviewer as this 

was beyond the requirements for the master thesis. The data is of low quality and with high uncertainties. 
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Quantitative uncertainty analysis was not performed on the results but it is assumed that the different 

case scenarios will complement each other. The modelling choices and assumptions that have effects on 

the quality of the results have been summarised in Table 13.  
 

Table 13 Modelling choices and assumptions that influence the quality of the results 

Process Uncertainty contribution 

Ni foam • Modelling through the ED method. 

• Neglect of Ni losses which is unlikely in a manufacturing process 

and Ni carbonyl gas process were not captured. 

• Linear scale-up of the required surface area and use of a flat electrode 

as a proxy for the 3D electrode have a subsequent effect on the 

energy required for the reaction. 

• The two reuse periods for the lab and worst-case scenarios and 14 

for the best-case scenarios may not reflect reality and would 

influence the potential impacts of this process on the chosen impact 

categories. 

Carbon cloth • Use of carbon fiber proxy which does not take into account some 

steps in the textile manufacture 

Chromatography • Use of ethyl acetate as the only eluent 

• Use of proxies in the inventory 

Solvent extraction • Neglect of energy in the theoretical upscale 

Substrate • Dummy flow which neglects the impact contribution of the substrate 

Electrochemical 

reactor 

• Neglect of membrane effect influences the total energy needed for 

the reaction 

• The assumption of no current losses on scale-up is hypothetical and 

affects the total energy demand. 

Emissions • Direct emission of all solvents to the environment by the lab process 

is not the current practice by the technology developers and affects 

the potential impacts of the lab process. 
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4 DISCUSSIONS 

This section seeks to discuss the results obtained from the LCIA based on the identified hotspots. 

Recommendations on how these identified could be improved are made. A discussion of the proposed 

methodology is also be made. Finally, recommendations for future studies will be identified. 

4.1 Analysis of the identified hotspots 

The results of the LCIA have shown that the poor performance of the lab case is mainly attributed to the 

solvents (acetone and dichloroethane) processes, the solvent extraction process, and chromatography 

process. Refer to Table 9 for a clear definition of the various process types. The identified hotspot in the 

isolation processes (solvent extraction and chromatography) was a result of the modelled release of the 

used solvents directly into the environment which could cause a potential impact on life and the 

environment. As explained earlier, this does not reflect the lab practice but was modelled on a worst-

case. The sensitivity analysis conducted by the introduction of the hazardous waste incineration process 

for treatment of the waste solvents in the lab case scenario saw an improvement in three impacts of the 

five chosen impact categories. This illustrated the importance of waste management in chemical 

processes. The use of proxy data in the chromatography and solvents extraction stages as highlighted 

earlier also has an impact on the quality of the results. 

    The scale-up from the lab to the theoretical industrial scale in the worst-case scenario saw electricity, 

evaporation, and solvent recycling processes stand out as hotspots. The impact of the electricity process 

can be improved by sourcing from a cleaner or a more sustainable source. Another consideration for 

improving the potential impacts of the electricity process would be to reduce the energy consumption 

of the processes in the foreground system. Processes that require electricity include electrochemical 

reaction, evaporation, solvent recycling, and fluids transfer (pump). The solvent recycling process and 

evaporation process alone accounted for more than 95% of the total electricity demand of the system. 

Efforts can be made to reduce the energy consumption of these processes or find alternative processes 

with less energy consumption. Other isolation processes such as chromatography can be explored to 

ascertain their environmental impact in comparison to the evaporation process. Although the 

chromatography process was identified as a hotspot in the lab case, its impact can be reduced by 

recycling solvents from the output of the process to prevent harmful solvent emissions into the 

environment. The solvent recycling process utilising a rectification unit is also energy-intensive and 

alternative processes with relatively lower impacts could be explored.  

    The worst-case scenario saw a relatively lower contribution of solvents compared to the lab case and 

this is because of the reduced solvent use and emissions into the environment. Identification of 

evaporation and solvent recycling processes as hotspots in the human toxicity (non-cancer) and 

ecotoxicity (freshwater) impact categories would need to be addressed. The process efficiency could be 

improved to increase the recycling efficiency of the solvents and generate less waste. Among the three 
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cases, the best-case scenario having the best environmental performance illustrates the importance of 

solvent recycling, solvent use reduction, reduced energy consumption, and reduced emissions. The 

hotspot in the best-case scenario processes was mainly attributed to the electricity process, the isolation 

process (distillation), and the solvent recycling process which is a rectification unit. Alternative isolation 

and solvent recycling processes could be explored for the best-case scenario as recommended for the 

worst-case scenario. Ni foam had an insignificant contribution in all the case studies and chosen impact 

categories. Modelling the Ni foam process from a different manufacturing method as highlighted in 

Table 13 would influence the results.  

    To summarise this section, the identified hotspots in the theoretical upscaled process are the electricity 

process, isolation (evaporation for worst-case scenario and distillation for the best-case scenario), and 

the solvent recycling process. The technology developers may consider reducing the energy 

consumption of the most energy-intensive processes in the foreground or find alternative processes with 

less energy requirement.  

4.2 Proposed methodology in conducting prospective LCA 

The proposed methodology in conducting a prospective LCA which has been developed mainly through 

literature provides a laid-out procedure for assessing the environmental impacts of emerging 

technologies from a life cycle perspective. Using the framework developed by previous studies presents 

limitations to the LCA study as it can create confusion for the LCA practitioner on which stage of the 

LCA study the frameworks should be implemented. Most of the frameworks in different literature 

studies focus on the inventory analysis stage. Paying less attention to any of the phases of the ISO 14044 

methodology disconnects the different stages of the study which could have a considerable impact on 

the expected outcome of the LCA. Each stage of the methodology is equally important and the goal and 

scope stage which provides the foundation of the LCA study should be paid equal attention to as well 

as the post-inventory analysis stages. Because the ISO 14044 methodology provides a standardised 

procedure for conducting an LCA, it may be advisable that any methodology developed for conducting 

a prospective LCA be connected to the ISO method for added robustness. This was the motivation 

behind why the ISO methodology was integrated into the current methodology to complement it.  

    The developed methodology has been designed to fit any prospective LCA study but the inventory 

stage that considers the lab, worst- and best-case scenarios fit best studies with the goal of conducting a 

hotspot analysis. As stated earlier, the implementation of a worst-case scenario instead of a real-case 

scenario was because of the LCA practitioner’s limited knowledge of the future outlook of the upscaled 

system and this contributed to the uncertainties of the study. It is therefore recommended that the 

prospective LCA studies be carried out collaboratively with other experts. 

Prospective LCA should not be carried out by an LCA practitioner alone unless the practitioner is an 

expert in the technology of focus, has a background in upscaling similar technologies, and has an idea 
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about the outlook of the technology of focus. My interaction with experts has shown that a theoretical 

upscaling of technologies is a very difficult task. An expert in upscaling a technology would struggle in 

doing so with an unfamiliar technology with a different mode of operation and chemistry. For example, 

an expert in upscaling chemical processes has limited knowledge in upscaling electrochemical 

processes. Hence, not only experts with knowledge in upscaling of technologies should be engaged but 

rather experts with experience in upscaling similar technologies. Further, the technology developers 

should adequately be involved to provide any experimental data that may be missing but would be 

crucial in the upscaling process to reduce the uncertainty of the outcome of the study. Also, the 

technology owners or investors should be engaged to determine the trade-offs they are willing to make 

in terms of environmental and economic costs. This will guide experts in terms of equipment selection, 

product purity, solvent use, and any other parameters crucial for the environmental performance of the 

emerging technology.  

    Manual engineering process calculations and proxies were employed in the inventory estimation stage 

due to limited resources such as the expertise of the LCA practitioner in process simulation software, 

time, and costs. The use of manual calculations increases the uncertainties of the outcome of the study 

especially when the LCA practitioner is not an expert in upscaling technologies. There is also an added 

uncertainty introduced by human error and oversights which may be reduced in process simulation. A 

study by Parvatker & Eckelman (2019), in assessing different data estimation methods revealed that 

process simulation methods performed better and made a closer prediction of potential impacts of 

chosen processes present in LCI databases. The study recommended process simulation as the most 

suitable method for the generation of LCI data as process simulation tools have extensive coverage of 

the necessary process parameters and properties needed to predict their potential impacts (Parvatker & 

Eckelman, 2019). The downside of process simulation is its data intensiveness, access to expensive 

software, and expertise requirement (Tsoy et al., 2020). However, their utilisation can produce relatively 

higher quality and fast results as compared to the other data estimation methods. Unless manual 

engineering process calculation and proxy usage is the only option available, process simulation should 

be the priority option in generating LCI inventory for the prospective LCA as proposed by Tsoy et al. 

(2020) and Parvatker & Eckelman (2019). 

    Prospective LCA of emerging technologies describes a future scenario by using data with high 

uncertainties. This presents a lot of challenges in prospective studies. The outcome of prospective LCAs 

does not provide a definite answer but a range of answers about the future (Olsen et al., 2018). The 

outcome of prospective LCAs with high uncertainties such as in this study should be carefully 

interpreted. Thonemann et al., (2020) identified four challenges associated with prospective LCA which 

include data availability, data quality, difficulty in developing appropriate scenarios in upscaling to a 

higher TRL, and uncertainties. These challenges agree with the challenges faced in this study. An 
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uncertain future and the challenges in conducting prospective LCA studies produce an outcome that will 

not give answers about how the future would “look like” but a range of scenarios of how the future “may 

look like”. This gives technology developers the opportunity to influence how the future “should look 

like”.  

    Although the outcome of the LCA study comes with high uncertainties, the developed LCA model 

provides a tool for the technology developers to explore different scenarios for further development to 

find the most environmentally friendly solution. For example, the unavailability of experimental data 

related to the kinetics of the electrochemical reaction affected the estimated data quality of the Ni foam 

surface area required for the reaction. This subsequently influenced the mass of Ni foam required for 

the reaction per functional unit. The technology developers could generate experimental data to fill the 

data gaps using the developed LCA model as a tool for further improvement to obtain the most 

appropriate environmentally sound solution. 

    The integration of an LCA at the early phase of a lab process will play an important role in improving 

the environmental performance with respect to a reduction in resource use and emissions as it can guide 

prioritisations. Also, technology developers will have the opportunity to choose alternative chemicals 

that are less toxic and have a better environmental footprint. This will serve as a driver to the “promotion 

of a safe, sustainable and green chemical industry” by preventing any avoidable issues that may affect 

the environmental performance of technology when in full operation (Dahllöf et al., 2021). Owing to 

this, it is relevant to conduct prospective LCAs on emerging technologies to maximise their 

environmental performance on a matured scale. 

    Several studies have conducted prospective LCA from lab to industrial, lab to pilot, and pilot to 

industrial scales (Arvidsson et al., 2018). Based on the outcome of this study and for the sake of hotspot 

analysis, other possibilities can be explored as shown in Figure 13. A prospective LCA can be performed 

from the prelab (before lab experiments are carried out) to pilot and prelab to pilot. A lab to industrial 

and lab to pilot study can be explored. A pilot to industrial prospective study can be performed to 

ascertain the technology’s potential environmental performance before going commercial. Prospective 

LCA can also be performed at any point along the TRL scale when there is a significant change in the 

process. The farther you are from the theoretical higher TRL, the higher the uncertainty based on the 

availability of data. The green line in Figure 13 goes beyond the TRL scale into an imaginary future. 

This is because technology owners try to keep up with environmental standards which change with time 

and be competitive in the market. This causes them to improve on their processes over time. A 

prospective LCA will therefore be needed to influence decision-making, anytime there is a proposed 

major change in a process.  
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Figure 13 Proposed stages in emerging technologies prospective LCA can be conducted. The TRL scale has been 

adopted from (EARTO 2014) but the broken lines recommending when prospective LCAs should be conducted 

belongs to this study. 

In summary, based on the outcome of the study, the following observations have been made in 

performing a prospective LCA. 

• Integration of the ISO 14044 method in a proposed framework for conducting prospective LCA 

makes such frameworks robust.  

• Execution of a prospective LCA in a lab, worst- and best-case scenarios fit best studies with the 

goal of conducting a hotspot analysis. 

• Prospective LCA should not be carried out by an LCA practitioner alone unless the practitioner 

is an expert in the technology of focus, has a background in upscaling similar technologies, and 

has an idea about the outlook of the technology of focus. 

• Prospective LCA should be done by a collaboration between an LCA practitioner(s). technology 

developers, experts with knowledge in upscaling similar technologies, and investors. 

• The outcome of a prospective LCA with high uncertainties such as in this study should be 

cautiously interpreted. Process simulation can be explored as a way to reduce uncertainties. 

• Prospective LCA gives technology developers the opportunity to maximise the environmental 

performance of emerging technologies by selecting alternative chemicals, materials, and 

processes with a better environmental footprint. 

• Prospective LCA can serve as a driver to the “promotion of a safe, sustainable and green 

chemical industry” by preventing any avoidable issues that may affect the environmental 

performance of a technology when in full operation. 
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4.3 Recommendations for future study 

The time and resource limitations associated with the study resulted in the limited scope of the study to 

the two defined research questions. Although the current study provides a set of answers on how a 

prospective LCA can be conducted on emerging technology and the hotspots associated with the process 

under investigation, other interesting aspects can be explored. Firstly, since the motivation for the 

development of the electrochemical process using Ni foam as a catalyst is to replace highly constrained 

Pd resource and eliminate the use of H2 from a fossil fuel source, a comparison of the current system 

should be made with an existing Pd/C system. Conducting such a study will give stakeholders a general 

overview of the environmental performance of the two systems and serve as a decision support tool in 

the adoption of the emerging technology.  

    Prospective LCA could help in the identification of environmental issues related to a process at the 

early phase of the technology. These issues when identified at a matured scale of the technology could 

cost the technology owners huge sums of money or render the technology technically, environmentally, 

or economically infeasible. Prospective LCA provides the advantage of identifying these issues at a very 

early stage which would contribute to cost reduction and the provision of knowledge about the economic 

feasibility of emerging technology (Cucurachi et al., 2018). It is therefore recommended that a life cycle 

cost analysis (LCCA) be integrated to accompany prospective environmental LCA on the emerging 

technology. The LCCA should reflect the various scenarios in terms of solvent use, energy consumption, 

cost of emissions as well any other important parameter necessary for the survival of the technology in 

its market. This will provide an idea about how much cost savings the technology owners tend to enjoy 

in the identified case scenarios. This could serve as a tool in convincing investors of the need to invest 

in sustainable processes as they (investors) will reap the benefits in the long term while protecting the 

environment for the current and future generations.  

    Another aspect that needs to be explored is the background processes. Because the time scope of the 

study was assumed to be the near future, the prospective modelling was limited to the foreground 

processes. An exploration of the dynamism of the background processes in the far future, say 20 to 30 

years from now could present some interesting insights to stakeholders. For example, the outcome of 

the current study showed electricity consumption to be a hotspot in the electrochemical process. 

Scenarios of the Swedish electricity mix which was used as the background process can be explored on 

its potential outlook in the far future and how this could affect potential impacts of the process. Future 

studies should therefore aim to explore a scenario analysis of the background processes associated with 

this technology to provide a set of answers about what to expect in the far future. 
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5 CONCLUSION 

This study aimed to conduct a prospective environmental LCA on an electrochemical hydrogenation 

process over a nickel foam cathode. A methodological recommendation for conducting a prospective 

LCA was proposed through a literature review. The proposed methodology consists of three steps which 

are a pre-inventory stage, an inventory stage, and a post-inventory stage. These steps have been 

connected to the ISO 14044 standard methodology for conducting an LCA where the pre-inventory 

stage relates to the goal and scope definition, the inventory stage to inventory analysis, and the post-

inventory connected to both the inventory analysis, LCIA, and interpretation stages of the ISO 

methodology.  

    The proposed methodology was applied to the electrochemical hydrogenation process over a nickel 

foam cathode where a three-case scenario (lab, worst- and best-case scenarios) was investigated to 

identify hotspots for early process improvement. The theoretical upscaled process had a better 

environmental performance compared to the lab process. The identified hotspots in the upscaled process 

(worst-case) include the electricity process, evaporation process, and solvent recycling process for 

ecotoxicity (freshwater), human toxicity (cancer), and human toxicity (non-cancer), and climate change 

and resource use (minerals and metals) impact categories. The best-case scenario had its identified 

hotspots in the electricity process, solvent recycling process, and distillation processes for the same 

impact categories as in the worst-case scenario. Efforts were made in the best-case scenario to reduce 

the identified hotspots in the other two case scenarios which include solvent, energy, and other resources 

reduction. This made the best-case scenario exhibit the best performance in the chosen impacts 

categories compared to the other case scenarios. This shows the importance of circularity, recycling, 

and lean manufacturing to the pillars of sustainability. Reducing resource consumption per unit product 

while increasing the recycling efficiency of process waste will be imperative towards ensuring a green 

chemical industry. 

    The technology developers could seek to a reduction of the electricity demand for the process, find 

alternative less energy consumption processes, or consider a cleaner energy sourcing. The study had 

limitations with respect to data availability which created data gaps. This has affected the quality of the 

results. The effect of the data quality on the results was not explored. It is therefore recommended that 

the outcome of this study be cautiously interpreted. Challenges faced in the study have shown that 

prospective LCA studies should be carried out by a team including the LCA practitioner, the technology 

developers, experts with experience in upscale of similar technologies, and investors. Amidst the low 

data quality related to the study, the developed LCA model provides a tool for the technology developers 

to explore different scenarios for further improvement to obtain the most desirable environmentally 

sound solution as the technology develops. Other possibilities for conducting prospective LCA across 

different TRLs can be explored but the farther from the theoretical higher TRL, the higher the 
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uncertainties. The outcome of prospective LCAs will not give definite answers about how the future 

would “look like” but a range of scenarios of how the future “may look like”. which gives technology 

developers the opportunity to influence how the future “should look like”.  

    The integration of an LCA at the early phase of a process development will play an important role in 

improving the environmental performance with respect to a reduction in resource use, emissions, and 

the selection of less toxic and more environment-friendly chemicals and materials. This will serve as a 

driver to the “promotion of a safe, sustainable and green chemical industry” which makes it relevant to 

conduct prospective LCAs on emerging technologies to maximise their environmental performance on 

a matured scale. 
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Appendix 2.1 Detailed plan or system modelled in the Gabi LCA software for the lab case 

scenario 
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Appendix 2.2 Detailed plan or system modelled in the Gabi LCA software for the worst-

casescenario 
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Appendix 2.3 Detailed plan or system modelled in the Gabi LCA software for the best-

case scenario 
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Appendix 3 Inventory data for the life cycle assessment 

It must be noted that all flow amount have been scaled up to the 1 kg functional unit. 

Appendix 3.1 Inventory data for Ni foam manufacture for all case scenarios 

Real process/flow Gabi database 

process/flow 

Amount Unit 

 Lab Worst-case Best-case 

Material Input 

Energy heat, district or industrial, 

natural gas [17300: Steam 

and hot water] 

23.67 23.67 3.38 kJ 

Ni Nickel [Metals] 0.015 0.015 0.0021 kg 

Polyurethane 

flexible foam 

Polyurethane flexible 

foam (PU) [Plastics] 

2.85*10-4 2.85*10-4 4.1*10-5 kg 

Output 

Ni foam Ni Foam [Metals] 0.015 0.015 0.0021 kg 

Polyurethane waste 

incineration 

CH: disposal, 

polyurethane, 0.2% water, 

to municipal incineration 

[municipal incineration] 

2.85*10-4 2.85*10-4 4.1*10-5 kg 

Waste heat Waste heat [Other 

emissions to air] 

23.67 23.67 3.38 MJ 

 

  



 

67 

Appendix 3.2 Inventory data for catalyst washing for all case scenarios 

Real process/flow Gabi database 

process/flow 

Amount Unit 

 Lab Worst-

case 

Best-

case 

 

Material Input 

Electricity Electricity, SE [Energy] 54 54 54 MJ 

Hydrochloric acid DE: Hydrochloric acid mix 

(100%) Sphera 

0.055 NA* NA* kg 

Sulphuric acid DE: Sulphuric acid (96%) 

Sphera 

NA* 0.118 0.013  

Ni foam Ni foam [Metals] 0.015 0.015 0.0021 kg 

Process water Water (tap water) 

[Operating materials] 

0.003 0.0024 2.6*10-4 kg 

Output 

Ni foam Ni foam [Metals] 0.015 0.015 0.0021 kg 

Wastewater Processed water to river, 

regionalized, SE [Other 

emissions to fresh water] 

0.003 N/A* N/A* kg 

Process water Water (tap water) 

[Operating materials 

N/A* 0.0024 2.6*10-4 kg 

Hydrochloric acid 

waste 

Hydrochloric acid 

[Inorganic emissions to 

fresh water] 

0.055 N/A* N/A* kg 

Sulphuric acid  Sulphuric acid aq. (96%) 

[Inorganic intermediate 

products] 

N/A* 0.118 0.013 kg 

 

  

N/A* indicates Not Applicable 
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Appendix 3.3  Inventory data for electrochemical reaction process for all case scenarios 

Real process Gabi database process Amount Unit 

Lab case Worst-

case 

Best-case 

Material Input 

Acetone DE: Acetone by-product 

phenol, methyl styrene 

(from Cumene) Sphera 

149 119.303 89.364 

 

kg 

Carbon cloth DE: Carbon Fiber (CF; 

from PAN; standard 

strength) Sphera 

0.017 0.017 0.0023 kg 

Electricity for 

electrochemical 

reaction 

SE: Electricity grid mix 

Sphera 

76 76 15.47 MJ 

Electricity for fluid 

transfer 

SE: Electricity grid mix 

Sphera 

N/A 0.097 0.073 MJ 

Ni foam Ni foam [Metals] 0.015 0.015 0.0021 kg 

Unconverted 

substrate 

Substrate [Valuable 

substances] 

1 1 1 kg 

Sulphuric acid DE: Sulphuric acid (96%) 

Sphera 

4.81 3.846 2.885 kg 

Water SE: Tap water from 

groundwater Sphera 

563 450.377 337.783 kg 

Output 

Acetone Acetone (dimethyl ketone) 

[Organic intermediate 

products] 

149 119.303 89.364 kg 

Converted 

substrate 

Alkene product [Valuable 

substances] 

1 1 1 kg 

Carbon cloth Carbon fiber cuttings 

[Waste for recovery] 

0.017 0.017 0.0023 kg 

Ni foam Ni foam [Metals] 0.015 0.015 0.0021 kg 

Sulphuric acid Sulphuric acid aq. (96%) 

[Inorganic intermediate 

products] 

4.81 3.846 2.885 kg 

Water Water (tap water) 

[Operating materials] 

515 403.499 336.883 kg 
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Hydrogen gas 

emission  

Hydrogen [Inorganic 

emissions to air] 

5.370 5.370 0.1 kg 
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Appendix 3.4 Inventory data for solvent extraction process for all case scenarios 

Real process/flow Gabi database 

process/flow 

Amount Unit 

 Lab Worst Best  

Material Input 

Acetone Acetone (dimethyl ketone) 

[Organic intermediate 

products] 

149 119.303 89.364 kg 

Converted 

substrate 

Alkene product [Valuable 

substances] 

1 1 1 kg 

Dichloromethane RER: Dichloroethane 

(ethylene dichloride) 

PlasticsEurope 

133 NA* N/A* kg 

Acetic Acid DE: Acetic acid from 

methanol (low pressure 

carbonylation) (Monsanto 

process) Sphera 

N/A* 72.16 43.296 kg 

Sulphuric acid Sulphuric acid aq. (96%) 

[Inorganic intermediate 

products] 

4.81 3.846 2.885 kg 

Water Water (tap water) 

[Operating materials] 

515 403.499 336.883 kg 

Output 

Converted 

substrate 

Alkene product [Valuable 

substances] 

1 1 1 kg 

Dichloromethane Dichloromethane 

(methylene chloride) 

[Organic intermediate 

products] 

133 NA* N/A* kg 

Acetic Acid DE: Acetic acid from 

methanol (low pressure 

carbonylation) (Monsanto 

process) Sphera 

N/A* 72.16 43.296 kg 

Acetone waste Acetone (dimethyl ketone) 

[Organic emissions to fresh 

water] 

149 NA* N/A* kg 

Acetone Acetone (dimethyl ketone) 

[Organic intermediate 

products 

NA* 119.303 89.364 kg 
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Wastewater Processed water to river, 

regionalized, SE [Other 

emissions to fresh water] 

515 NA* N/A* kg 

Process water Water (tap water) 

[Operating materials] 

NA* 403.499 336.883 kg 

Sulphuric acid 

waste 

Sulphuric acid [Inorganic 

emissions to fresh water] 

4.81 N/A* N/A* kg 

Sulphuric acid Sulphuric acid aq. (96%) 

[Inorganic intermediate 

products] 

NA* 3.846 2.885 kg 

Electricity for fluid 

transfer 

SE: Electricity grid mix 

Sphera 

NA* 32.95 26.01 kJ 

 

  



 

72 

Appendix 3.5 Inventory data for chromatography process for the lab case scenario 

Real process/flow Gabi database process/flow Amount  Unit 

Material Input 

Converted substrate Alkene product [Valuable 

substances] 

1 kg 

Dichloromethane Dichloromethane (methylene 

chloride) [Organic intermediate 

products] 

133 kg 

Ethyl acetate Acetic acid [Organic intermediate 

products] 

10.51 kg 

Silica gel GLO: Silicon mix (99%) Sphera 9 kg 

Output 

Converted substrate Alkene product [Valuable 

substances] 

1 kg 

Dichloromethane Dichloromethane (methylene 

chloride) [Halogenated organic 

emissions to fresh water] 

133 kg 

Ethyl acetate (waste) Acetic acid [Hydrocarbons to 

fresh water] 

10.51 kg 

Silica gel waste Silicon [Inorganic intermediate 

products] 

9 kg 
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Appendix 3.6 Inventory data for evaporation worst-case and distillation (best-case) 

process 

Real process/flow Gabi database process/flow Amount Unit 

 Worst Best  

Material Input 

Ethyl acetate Acetic acid [Organic intermediate 

products] 

72.16 43.30 kg 

Converted 

substrate 

Alkene product [Valuable 

substances] 

1 1 kg 

Energy for fluid 

transfer 

SE: Electricity grid mix Sphera 4.01 0.31 kJ 

Heat energy SE: Electricity grid mix Sphera 57.27 43.72 MJ 

Output 

Ethyl acetate Acetic acid [Organic intermediate 

products] 

49.07 41.13 kg 

Final product Alkene product [Valuable 

substances] 

1 1 kg 

Ethyl acetate 

emissions 

Acetic acid [Group NMVOC to 

air] 

23.09 2.165 kg 

Waste heat Waste heat [Other emissions to 

air] 

57.27 2.186 MJ 
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Appendix 3.7 Inventory data for wastewater treatment for the best and worst-case 

scenarios 

Real process/flow Gabi database process/flow Amount  Unit 

  Worst Best  

Material Input 

Acetone Acetone (dimethyl ketone) 

[Organic intermediate products] 

119.303 89.364 kg 

Energy for fluid 

transfer 

SE: Electricity grid mix Sphera 28.94 23.58 kJ 

Heat energy SE: Electricity grid mix Sphera 4235.69 2858.91 MJ 

Sulphuric acid Sulphuric acid aq. (96%) 

[Inorganic intermediate 

products] 

3.846 2.885 kg 

Process water Water (tap water) [Operating 

materials] 

403.499 336.88 kg 

Output 

Recycled Acetone Acetone (dimethyl ketone) 

[Organic intermediate products] 

81.13 84.896 kg 

Recycled Sulphuric 

acid 

Sulphuric acid aq. (96%) 

[Inorganic intermediate 

products] 

2.630 2.756 kg 

Acetone emission Acetone (dimethyl ketone) 

[Group NMVOC to air] 

38.18 4.468 kg 

Treated water 

emission 

Processed water to river, 

regionalized, SE [Other 

emissions to fresh water] 

273.29 320.04 kg 

Sulphuric acid 

emission 

Sulphuric acid [Inorganic 

emissions to fresh water] 

1.238 0.145 kg 

Waste heat Waste heat [Other emissions to 

air] 

4235.69 142.95 MJ 

Water  Water vapour [Inorganic 

emissions to air] 

128.61 16.844 kg 
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