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Abstract

Purpose The aim of this paper is to highlight the challenges that face the use of life cycle assessment (LCA) for the
development of emerging technologies. LCA has great potential for driving the development of products and processes
with improved environmental credentials when used at the early research stage, not only to compare novel processing with
existing commercial alternatives, but to help identify environmental hotspots. Its use in this way does however provide
methodological and practical difficulties, often exacerbated by the speed of analysis required to enable development
decisions to be made. Awareness and understanding of the difficulties in such cases is vital for all involved with the
development cycle.

Method This paper employs three case studies across the diverse sectors of nanotechnology, lignocellulosic ethanol
(biofuel), and novel food processes, demonstrating both the synergy of issues across different sectors and highlighting the
challenges when applying LCA for early research. Whilst several researchers have previously highlighted some of the
issues with use of LCA techniques at early-stage, most have focused on a specific product, process development, or sector.
The use of the three case studies here is specifically designed to highlight conclusively that such issues are prevalent to use
of LCA in early research irrespective of the technology being assessed.

Results The four focus areas for the paper are; system boundaries, scaling issues, data availability and uncertainty. Whilst
some of the issues identified will be familiar to all LCA practitioners as problems shared with standard LCAs, their
importance and difficulty is compounded by factors distinct to novel processes as emerging technology is often associated
with unknown future applications, unknown industrial scales, and wider data gaps that contribute to the level of LCA
uncertainty. These issues, in addition with others that are distinct to novel applications, such as the challenges of
comparing laboratory scale data with well established commercial processing, are exacerbated by the requirement for
rapid analysis to enable development decisions to be made.

Conclusions Based on the challenges and issues highlighted via illustration through the three case studies, it is clear that
whilst transparency of information is paramount for standard LCAs, the sensitivities, complexities and uncertainties
surrounding LCAs for early research are critical. Full reporting and understanding of these must be established prior to
utilising such data as part of the development cycle.

Keywords: Life Cycle Assessment, biofuel, nanotechnology, food processing, novel, emerging technologies, scale-up
1.0 Introduction

As a tool designed to quantify the full range of environmental impacts within a system, LCA has traditionally been
undertaken retrospectively, using data from existing large scale processes. However great potential for environmental
improvement exists using LCA within the design stage of any product or process where it is estimated that about 80% of
all environmental effects associated with a product are determined in the design phase of development (Tischner, 2000) .
Indeed determining where improvements can be made whilst a process is still at the laboratory stage can be key to
unlocking the environmental improvement potential, forming the basis of eco-design. Its use through the more generic life
cycle thinking is also encouraged through numerous policies and legislation, such as those based on producer
responsibility (eg EU Directives such as the WEEE Directive (EC, 2006), End of Life Vehicle Directive (EC, 2003)) and
those that promote the use of aspects of LCA such as the Renewable Energy Directive (EC, 2009).

Whilst a myriad of methodological challenges are debated within the LCA community (Ekvall and Weidema 2004; Roy et
al. 2009), there is a general consensus on LCA’s suitability as an effective tool for determining environmental
performance (Finnveden et al. 2009) and it is used widely as a decision-making tool in process selection, design, and
optimization (Del Borghi et al. 2007). Koller et al (2000) and Tufvesson et al (2013) note that full-scale LCA is often
thought of as too difficult or time consuming to pursue at the research or development stage of a new product or process.
There are certainly a number of methodological and practical difficulties that arise from using LCA at this stage and
Kunnari et al (2009) discuss options for methodological changes, based on the work of Nielsen and Wenzel (2002) who
advocate the use of a stepwise LCA procedure in parallel with the development process. Use of LCA in this way often
entails the assessment of lab and/or pilot-scale processes to generate environmental load data, which can then be used to
optimise the developing process. This data may also be used to compare with existing industrial processes, to demonstrate
or identify the environmental advantages of the ‘novel’ process over the existing activities.



Within all LCA’s, the clear stipulation of goal and scope is essential, however for emerging LCAs several elements
require particularly careful attention. Clarity on the intended use of the output and the anticipated target audience need
especially careful definition to ensure that methodological choices are correctly made and results reported in a manner
appropriate to the needs. As will be demonstrated within the case studies discussed here, the differentiation of purpose has
significant ramifications for methodological choices which are exacerbated for early-stage LCA and information on
whether the study is for ‘hot-spot’ identification or comparison with existing processes, together with whether the results
are purely for internal use or future external publication must be agreed by all stakeholders at the outset..

For an appropriate and detailed LCA in practical decision-making, a wealth of information is required, which might be
hard to obtain within the early phase of process design. Whilst inventory data collection for existing processes may be
arduous, the task is exacerbated for lab-scale processes, with issues such as the use of unfamiliar and/or novel materials,
significant differences in laboratory methods and equipment compared with those on an industrial scale and processing
issues that differ from those at a larger scale. Wider topics that can be investigated within an ‘early-stage” LCA are the
exploration of many alternative pathways for the future, with features including diversity in feedstocks, fuel composition,
and by-products. Emerging technologies and novel products are often significantly different from the established materials
or processes they aim to replace, with operational, in-use and disposal data all likely to differ. LCAs at this stage therefore
pose a multitude of challenges due to scale issues and technology uncertainties, which make choice of functionality for
assessment problematic.

The purpose of this paper is to highlight the methodological issues and complexities concerning the integration of LCA for
early research, spanning differing technological spheres, through the collation of experience from case studies in three
completely different sectors: nanotechnology, lignocellulosic bio-fuel, and novel food processing. Whilst researching the
environmental impacts within these different areas, the authors identified many commonalities in the challenges and issues
encountered, some of which, whilst similar to those encountered in standard LCA’s, became more prominent and critical
due to the requirement for speed of assessment for ‘novel’ technologies. Kunnari et al (2009) note that ‘simplification of
LCA cannot be avoided in the development of new products’, however even when simplified, using LCA for assessment of
emerging technologies brings in complexities that must be acknowledged and understood by all stakeholders to enable
effective development decisions to be made. The main issues discussed in this paper are comparability, scaling, data and
uncertainties. Each of the emerging technologies discussed within this paper are within the laboratory stage, or very early
stages of industrial pilot-schemes, and therefore LCA at this stage is key in order to ensure reduced environmental
impacts, whilst expedience in providing results that are as representative as possible is paramount to support the required
pace of development.

2.0 Case Studies

Each of the three case studies represent areas where there is increasing research interest and so offer good examples for the
use of LCA at an early phase. Although diverse in nature, the experiences gained through using LCA to assess
environmental impacts as part of the development process within each case study area illustrate that such issues are not
technology dependant, but span different sectors and are common to early stage LCA studies. This supports commentary
by (Nielsen and Wenzel (2002), Kunnari (2009), Tufvesson et al (2013), who reported similar challenges within their
particular research areas. For each case-study, an overview is presented to enable work to be put into context.

Nanotechnology

Nanotechnology (the synthesis and manipulation of objects at the nanoscale, <100nm) is an emerging multi-disciplinary
field. The inventory of consumer goods incorporating nanomaterials has increased by 521% since it the start of
measurement in March 2006 (Woodrow, 2011); industrial applications are also being rolled-out at a similar rate of
progress. Nano materials are found in numerous every day products, such as sun cream, antibacterial coatings, dirt-
repellent and anti-crease textiles, and are used in medical imaging techniques. Despite increased understanding of the
science and engineering behind nano-synthesis and likely nano-applications, very few published studies investigate the life
cycle implications of nanomaterials (Bauer et al, 2008, Buchgeister et al. 2008; Gavankar, Suh et al. 2012; Kim and
Fthenakis 2012)).

Carbon nanotubes are, arguably, the most established examples of engineered nanomaterials with one of the earliest
reported synthesis routes (ljima 1991), and a material with wide-ranging emerging and near-term projected applications.
However, the production of carbon nanotubes has only recently moved from laboratory to industrial, pilot-scale levels, and
the selection of the ‘finalised” industrial process design is still under development (Zhang et al. 2011). Upadhyayula et al.
(2012) recently reviewed the progress made in understanding the life cycle impacts of carbon nanotubes, concluding only
7 examples of LCA publications presently available, all of which relate to laboratory and small-scale synthesis of
nanotubes. Similarly, a more recent literature search by the authors yielded in the region of 20 examples of a life cycle
approach being applied to the assessment of nano-, manufacturing, materials, technologies other than carbon nanotubes
(eg, Lloyd and Lave, 2003, Ju-Nam and Lead, 2008, and Kushnir and Sanden, 2011). The lack of life cycle information
on nanotechnology is a matter for concern when attempting to quantify the holistic environmental benefits these materials
may, or may not, deliver (Bauer et al. 2008; Som et al. 2010).

The impacts of nano-specific environmental effects are wanting from all published LCAs of nanomaterials. Despite
scientific evidence purporting to potential, albeit largely unquantified, human health risks (Oberdoester 2010) and wider
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ecological impacts (Wiesner, Lowry et al. 2006), exact understanding and accounting of cause-effect and transport
mechanisms of nanomaterials are still under-development (Rickerby and Morrison 2007; Peralta-Videa, Zhao et al. 2011).
The lack of impact assessment methodologies to account for any potential ‘nano-impacts’ result in LCA studies only going
so far as to measure the energy usage and bulk material and chemical consumption when assessing nanotechnology
impacts (Bauer, Buchgeister et al. 2008; Gavankar, Suh et al. 2012; Kim and Fthenakis 2012).

Lignocellulosic biofuel

The use of bioenergy is promoted within the EU and UK through, for example, the Renewable Energy Directive (EC,
2009) and the RTFO (DfT, 2012). However, there has been much discussion surrounding the sustainability of bioenergy,
especially focusing around the food versus fuel debate (Royal Society, 2008). For this reason second generation biofuels
such as lignocellolosic biofuel are considered to be more beneficial than fuels made from crops that can also be used for
food. With the focus on the sustainability issues surrounding biofuel, an increasing amount of published material in the
area of biofuel LCA can be found, as outlined within Bessou et al (2011). Although LCA work (Kim and Dale 2006) has
shown environmental benefits associated with lignocellulosic ethanol, most studies have focused on assessing the farming
systems with a generic assumption of the ethanol conversion process; very few have addressed any specific environmental
issues for the conversion process. This is due to process uncertainties and the non-availability of commercial plant (Spatati
et al. 2010). Despite extensive research on lab and small scale within the scientific community, there is presently no large
scale commercial lignocelluloses-to-ethanol facility. Thus, technology uncertainty and potential commercial scale
operation parameters also contribute to the gap (Spatati et al. 2010).

Novel foods and food processes

LCA is an established tool for the assessment of whole-life impacts of food products, and Anderson and Ohlsson (1998)
and Roy et al. (2009) provide information on the multitude and variety of LCA studies performed in this sector. In recent
years however its popularity has soared with the increased focus on greenhouse gas (GHG) accounting over the entire
supply chain fostered by such initiatives as the UK ‘Carbon Label’ and Sweden’s ‘Klimatméarkning’. Edwards-Jones et al
(2009) note that ‘in the future consumer and legislative responses to carbon labels may favour goods with lower
emissions’ a statement which highlights the importance of using LCA techniques to optimise environmental performance
of food production at the earliest possible stage of development.

Despite the popularity of LCA within food manufacturing, and the obvious requirement for studies at the earliest possible
developmental stage, there is very little published literature concerning LCA of ‘new processes’ within food products or
the challenges of performing LCA at this early stage. Pardo and Zufia (2012) reported on their study concerning LCA of
food-preservation technologies and Hospido et al. (2009) discuss some of the methodological issues associated with
performing LCAs over novel food products. The latter provides useful confirmation of some of the challenges identified
with using LCA at this stage, with issues such as the inventory development stage, definition of functional unit (FU) and
the assumptions required to estimate future developments and uses all being highlighted. They propose a recommended
approach within five identified areas, namely ‘type of LCA, functional unit, system boundaries, data gathering and
scenario development’ and advocate a check of its applicability to other industrial sectors.

3.0 LCA for early research

The majority of LCAs are traditionally performed at the pilot scale, where primary data can be readily acquired, or
industrial scale when the process is mature and thus generates necessary detailed inventory data. As indicated in figure 1
however, for LCAs on emerging technologies there is no ‘mature’ plant available for data collection and a considerable
amount of secondary and proxy data must be utilised. Whilst the requirement for and variability of this data may reduce as
the development progresses, the future potential for development of such plant may in part be dependent on the
verification of improved environmental credentials at the earliest stage. Such LCAs are typically commissioned to provide
information for a variety of stakeholders including project researchers, developers, and decision makers, which may be
internal project managers, external project financiers or both. Practitioners of early stage LCAs must be sensitive to the
increased levels of uncertainty that can be prevalent and ensure clarity on the intended and allowable use of results within
the goal and scope. All information communicated must be commensurate with the needs of each stakeholder and the
sensitivities or caveats of the study adequately explained to enable the recipients to appreciate the true nature of the
results.

3.1 Comparability

As previously highlighted, one of the objectives of performing LCA on emerging technologies can be to benchmark
environmental performance against existing commercial products or processes. The problems of incomparable functional
unit and system boundaries exist in all LCAs and are certainly not restricted to studies into novel processes, however, it is
proposed that these problems are exacerbated when applying LCAs to early research and compounded by the required
speed of assessment which is critical to enable development decisions to be taken in a timely fashion. Suh et al. (2004)
confirms this, noting that choice of system boundary may have an influence on rankings in comparative studies, thus
leading to incorrect conclusions and decisions about which products to promote. The function of the product may not be
comprehensively defined, with systems prone to change when scaled up, processing stages may not be fully identified, co-
product usage unclear and end of life treatments unknown, all of which can result in the exclusion of processes and life



cycle stages from the system boundary. Such actions can lead to inadequate interpretation of the results and incorrect
decisions being taken.

Rapid advancement in nanomanufacturing practices, likened to that seen by the semiconductor industry (Klopffer 2007),
see advancements in tooling and production techniques resulting in process cycle times of 18 months (Krishnan et al.
2008). When practices, and therefore associated manufacturing data, are subject to changes within such short time periods
the comparability of studies becomes much more difficult. The functional unit for many cradle-to-gate traditional bulk
materials within nanotechnology is often based on the mass of a formed product. However, when dealing with
nanomaterials, dominant functional changes can occur from subtle alterations in the surface area, structure, and purity of
the product (Daniel and Astruc, 2004). Thus nanomaterials require a greater level of technical definition to be stated for
the actual product formed and its applicability to specific applications (Wender and Seager, 2011).

Functional equivalence is paramount, as stressed within Hospido et al. (2010) who suggest that for comparative studies;
only the part of the production chain that is affected by the change in production technique is included within the system
boundary. This suggestion would be compatible with the observations of Kunnari et al (2009) however such simplification
is not always possible if functional equivalence is to be achieved. ‘New’ materials produced will not necessarily be direct
replacements for their existing counterparts and as such will not be functionally equivalent as a stand-alone commodity.
Their inclusion within an established process may often entail process or procedural changes within the process or product
system to be used and the functional unit chosen must be able to reflect and encompass this. For example during early
stage LCA of oil body extraction from oilseeds, the 'new’ ingredient could not be compared with the ingredient it had
replaced, since the ‘new’ material possessed qualities and attributes that entailed the removal of several process steps and
augmentation with others when incorporated into the production of an existing foodstuff. In this instance the material
needed to be compared as part of a food product system to ensure functional equivalence. Simplification of boundaries
was not possible if functional equivalence was to be assured.

Similarly, the system boundaries of lignocellulosic biofuel can vary from study to study depending on the inclusion or
exclusion of some processes. For the same supposed system boundary, e.g. well to gate, in terms of ethanol conversion
process, the actual boundaries are not always clear, and in some studies the processes used have not been specified
(Borrion et al 2012). For example, among LCA studies published in this area, not all studies have taken account of
chemicals, enzymes, nutrients, and the infrastructure such as equipment (MacLean and Spatari 2010). The decision to
exclude certain elements of the process in the system boundary leads to problems, such as incomparability with similar
studies and fossil reference systems. Functional equivalence may also be impossible to define when consumption patterns
are altered by a new product, Bauer et al. (2008) suggest that in such cases the expected changes to the market and
resultant effects on existing products need to be modelled. This links a more traditional attributional type LCA with a
consequential LCA.

When applying LCA to early research, whilst speed of execution is important, information supplied to decision makers
must contain clear statements and explanations of the complexities of the modelling undertaken. Clarity of purpose must
be ensured within the goal and scope, with care taken to ensure that identical system boundaries are applied and functional
equivalence is assured with any system used for comparison. Assumptions concerning future scenarios and technology
development should be clearly labelled, functional units carefully selected and where appropriate, multiple functional units
should be shown within studies to aid future comparisons. Whilst many of these aspects may not appear unique to early
research LCAs, the way that the data may be used heightens their importance and makes clarity amongst all concerned
essential.

3.2 Scaling issues

In order to conduct an LCA study one must gather inventory data. For ‘standard’ LCAs, this is typically industrial data
from established processes, however this is clearly a problematic proposition for novel processes. Obviously, lab-scale
processes do not entail the same level of complexity of equipment and commercial or industrial scale processes will
almost certainly require additional processing elements such as material and heat transfer equipment (at the minimum) and
entail the use of alternative processing equipment more suited to larger scale production. Conversely, at the lab-scale,
processes may exhibit a far lower yield than would be possible in a commercial facility. For example, within a novel food
processing project, the authors observed a lab-scale yield of approximately 10% when producing a particular material,
however when this was transferred to pilot-scale for further testing, the larger scale equipment was able to attain yields in
the region of 80%. Clearly, such a large discrepancy in the basic mass balance data would have an enormous impact on the
overall results of an LCA, and the assessment of viability of the process.

In the absence of peer-reviewed life cycle inventory datasets for nanomaterials, achieving confidence in the suitability of
data collected from a particular laboratory scale synthesis route can be difficult. There are often a multitude of alternative
reported synthesis routes for any given nanomaterial. In such cases the LCA practitioner needs to establish, based on given
technical, economical or other related information, whether a particular nanomanufacturing process is likely to continue
onto further stages of industrial development. In the case of carbon nanotubes (CNTSs), many synthesis routes exist, each
have merits and give rise to different structures and properties, but with only a few pilot schemes producing CNTs
worldwide (Zhang et al. 2011), the process most likely to be adopted for widespread industrial growth of CNTs is a matter
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of considerable uncertainty. Failure to keep abreast of current material production methods could potentially result in, at
best, wasted effort and, at worst, a misrepresentative and wholly inaccurate LCA; counterproductive in achieving the
objectives of forecasting the impacts of emerging technologies.

Manufacturing at increasingly smaller scales is proving to be ever more energy intensive (Gutowski et al 2007). Whilst
efficiency gains are likely to be realised with larger-scale processes, the extraordinary energy intensity of nanoproducts,
many orders of magnitude above existing traditional materials (Bauer et al. 2008, Kim and Fthenakis, 2012), is likely to be
a dominant area of the life cycle impacts. Subtle discrepancies in laboratory measurements could potentially lead to high
orders of error when scaled up to larger production levels. As Khanna (2008) concludes, the projected LCA impacts may
well be over-estimates when, in all likelihood, process yield and efficiency gains are realised at industrial levels (Khanna,
Bakshi et al. 2008).An area presently omitted from many LCA studies is the specific impact attributable to the requirement
of high precision instruments and bespoke infrastructure necessary in the formation of materials where precise control and
monitoring is required to achieve the desired product. The omission of these elements hamper an accurate ‘full-scale’
estimation of overall life cycle impacts.

The problem associated with scaling issues can be also observed from the variation of LCA results from lignocellulosic
ethanol. As most research is still in the early stage of development and has not even reached the pilot scale stage, process
simulation is often used to generate data about the industrial-scale process. In such a way, lab-scale data and information
from simulation can be used to assess the technology under development. The resulting assumption from process
simulation, data generated and predicted scales contribute to the uncertainties of LCA results. Additionally, lignocellulosic
biofuel production is anticipated with co-generation of by-products such as electricity and chemicals; the scale of biofuel
production with the resulting scale of co-product will affect the choice of selected allocation methods. The results of LCA
studies can be significantly influenced due to choices of different allocation method and these may well change as a result
of the scale of the operation. For example, if the production of bioethanol from wheat straw is only done as a niche process
then the allocation on a mass, energetic or economic basis may be accepted, but if the production of bioethanol becomes
the driver for the growth of a field of wheat, it may well be that economic allocation is more commonly chosen.
Information regarding the sensitivities resulting from allocation must be reported and shared with all members of the
development team to ensure that decisions concerning future direction of development are made appropriately.

Lack of published analysis concerning LCA of novel food processing makes determination of the impact of scaling issues
difficult to quantify. Following the rationale proposed by Hospido et al. (2010), the boundary should be drawn such that
the analysis concerns only that part of the production chain affected by the change in technique, however in doing this, not
only will small discrepancies take on a disproportionate importance, but by neglecting certain elements of the process, full
optimisation potential may be prevented due to certain environmentally critical aspects being overlooked. When
comparisons are essentially of the changes within versions of the same novel process, e.g. if comparing the impacts of
using different component solutions for soaking seeds within the same basic operation, the omission of data concerning
equipment that would be required for a commercial facility may not be important, since that omission would be consistent
across all comparisons. Difficulties arise however, when comparisons are made against existing, established routes for
producing the functionally equivalent foodstuff, for example where process flows and life cycle inventories are developed
based on an industrial scale processing facility with all the necessary ancillary equipment. Whilst an LCA can be
developed using mass balance and collected energy usages from laboratory test runs, these will not be comparable with
industrial scale processing.

Apart from the obvious difference in scale, laboratory production is often completed as a batch process with significant
impacts on energy consumption for start-up and shut down, in addition to potential product wastage through clean-down
of equipment. A comparative LCA was performed of the same process — production of food grade oil-bodies, using i)
laboratory measurements including energy for start-up ii) laboratory measurements with start-up energy removed and iii)
laboratory mass balances projected as a continuous 50 tonne/day production unit, using manufacturers data for equipment
energy consumption. Figure 2 shows the results generated, in which it can be seen that even when removing the energy
requirements for start-up of the batch production, there is a significant disparity between the projected industrial scale
LCA and that generated using laboratory results alone. Even taking into account the additional energy requirements for
material heating and transfer processes at the industrial scale, it is clear to see that basing an LCA on laboratory data alone
would give rise to very different conclusions concerning the environmental credentials of the process and potentially lead
to ill informed decisions being made. This clearly links in with the requirement to not only identify how the LCA results
obtained will be used, but also who will be viewing and using them, both at the time of presentation and in the future.

Other scale up methods could potentially be used for LCA, for example, future scenarios of using new technologies can be
estimated by using an economic input and output model to obtain national average data. Process simulation could provide
material and energy flows at different scales for LCA, and engineering design could supply infrastructure information,
although the use of such design techniques may not always be successful due to lack of data and functionality within the
simulation packages for modelling new processes and unusual or novel materials. It must also be noted that the use of
these alternative methods for obtaining scale-up data could increase the uncertainty within the process to an even greater
extent.



Throughout the three case studies outlined, the range of methods to overcome scaling issues is being investigated by the
authors. With the issues outlined here, there could clearly be a case to say that the results from LCAs performed at this
early development stage should never be published and that they should be consigned to internal use only. Certainly the
results from figure 2 would indicate that a study based purely on laboratory-scale data should never be used to publish a
comparative LCA against an existing commercial technology to an external audience. However the authors would argue
that publication of information concerning the impact of scale up within novel process LCA is important to be shared
within the LCA community and that failure to do so would prevent progress in understanding the complexities and
considerations presented by use of LCA at this early development stage. As such, dissemination of LCA results generated
using the scaling techniques described here should be encouraged, providing such publications provide clear narrative on
the complexities and sensitivities encountered, together with some estimation of uncertainty and adequate caveats on the
use of the data. It is anticipated that future research in each case-study will enable the publication of data concerning the
uncertainties associated with scaling within LCA to help in the further quantification of this issue.

3.3 Data

For early stage LCA work, speed of assessment is invariably an important factor for providing information at the stage in
which changes to the process can most effectively be made, and as noted by Heinzle et al. (1998), to minimise the time to
production under patent protection. In this instance, use of secondary data is often the only practical solution, since
primary data would either not be available or take too long to gather. There is a wealth of publicly available inventory data
for a wide variety of processes and substances. The European Commission Joint Research Council (JRC) publishes a list
of available databases, together with its own database of materials, the ELCD database (2012). However, novel processes
can often involve the use of new materials or materials that are less prevalent as raw materials within existing processes,
furthermore, as noted by Jimenez-Gonzalez et al. (2000) LCA databases represent just a part of the raw materials used in
chemical and biochemical companies. The practitioner is thus faced with the dilemma of whether to invest time and
resource in primary data collection or to attempt to utilise inventory data for a similar process as a proxy.

Missing datasets for nanomanufacturing processes is a large barrier in conducting valid LCAs. Nanomaterials can be
broadly defined as taking particle, fibre or plate forms, however a diverse range of structures and sub-groups stem from
these broad categories (ISO 2008; Meyer et al. 2009). Nanomaterials with existing or high potential for future industrial
applications are carbon based, composites, metals/alloys, biological, glasses, and ceramics (Bauer et al. 2008).
Nanomanufacturing techniques are split: top down; broadly mass change processes and the formation of particles from
larger parts, or bottom up; chemical synthesis utilising individual atoms or molecules as the material building blocks ((Ju-
Nam and Lead 2008). However, the number of different synthesis routes are continually growing and often unique to the
specific nanomaterial formed (Luttge, 2011). It follows, similarly to the assessment of chemicals, that a generic LCA
covering all nanomaterials cannot be produced (Kldpffer 2007); the requirement for bespoke nanomaterial datasets is thus
required.

In response to missing nanomaterials data, inventory information for bulk material counterparts is often used in place of
the actual nanomaterial. Modelling life cycle impacts using bulk materials alone omit downstream life cycle stages
required in the production of nanomaterials, which among other factors, such as additional process complexities, have
considerable additional energy demands (Bauer et al. 2008; Khanna and Bakshi 2009).

For LCA studies of the lignocellulosic ethanol conversion process, data such as material flow, energy flow, and
infrastructure of industrial scale ethanol conversion plant are all needed. Whilst laboratory data could potentially be used
to provide some of these, albeit with the issues as previously outlined in 3.2, studies taking into account the manufacturing
processes often rely on simulations due to the lack of commercially available data. Together with functional unit and
system boundaries, data inconsistencies contribute to the conflicting LCA results of lignocellulosic ethanol in the
published literature (Borrion et al. 2012). As most research in the second generation biofuel technology is at laboratory
scale, with just a few pilot plant operations, detailed design data is not available in the literature (Searcy and Flynn 2008).
Cherubini and Stromman (2011) also highlight the problem with data scarcity of advanced conversion technologies; the
few studies that exist are mainly approximations based on mass or energy balances. Furthermore, there is a gap in LCA
data for enzyme manufacture, which can vary in its energy input and emission outputs depending on both enzyme family
and energy mix at the manufacturing location (Singh et al. 2010). Such data is not available in life cycle databases or
published literature (Spatari et al. 2010).

As noted previously, there is a wealth of published literature concerning LCA studies on food ingredients and products,
with approximately 40 such papers documented in the abstract and citation database SCOPUS, between 1999 and 2010
(Notarnicola et al. 2012). Despite this the authors have found very little concerning LCAs for novel foodstuffs or
processing, with Hospido et al. (2010) and Pardo and Zufia (2012) being two exceptions. Data gathering is one of the
issues raised within Hospido et al. (2010) who recommend that specific data should be utilised for the foreground system,
whilst average data — with a suitability check, be used for the background system. Within the novel food case covered
here, there are several instances where data for previously undocumented materials is required, one of which is the
treatment chemical to ensure microbial stability. Similar to the other two case-studies, failure to access such data will
necessitate the use of proxy materials to complete the LCA study based on the laboratory scale flow, however if the



process were to be commercialised, the activity that requires the proxy data would almost certainly be replaced by a
pasteurisation unit.

As shown in each of the case studies discussed here, increasing the coverage of databases and including emerging
technologies such as enzymes and nanomaterials is essential for accurate use of LCA within the early stages of research.
Where LCI data is not available, the usage and intended audience stipulated within the goal and scope will dictate whether
time should be spent attempting to access data for such materials. Such efforts may not be beneficial or sensible where
speed of assessment and reporting is required for internal decisions, particularly as the LCA can eventually be updated as
more representative data becomes available (Kunnari, 2009) and such data may not be required for commercial scale LCA.
However where decisions are to be made based on LCA information generated using proxy materials, some form of
sensitivity and uncertainty analysis must ideally be performed to retain the credibility of the model. This is absolutely
paramount for communication of results to external parties. As with the previous three focus areas, ensuring that all
parties concerned with the development process fully understand the complexities, assumptions and limitations of any data
used for the LCA conclusions presented is vital to ensure that decision making is performed appropriately.

3.4 Uncertainty

All LCA studies will have a certain degree of uncertainty and as noted by Heinzle et al. (1998) in the design process we
can never be sure whether we know all important data and interactions’. When conducting an LCA it is important to
understand how various processes and steps such as goal definition and scoping, inventory analysis and impact assessment
impact on the confidence in the results.

Clearly, the issues discussed so far within this paper all contribute towards uncertainty and the integrity of any LCA is
dependent on restricting the degrees of uncertainty. Using the analogy of a length of rope to represent a robust LCA study,
each degree of uncertainty can be seen as a fray in one of the cords that form the rope. As depicted in Figure 3, where the
uncertainty is considerable, the fray becomes a break. When the number of frays is limited, the rope remains intact;
however, when there are too many serious frays or break, the rope falls apart. Likewise, with an LCA if the level of
uncertainty is too great, the integrity of the LCA is in such doubt that the study becomes at best meaningless and at worst
dangerous, as a decision making tool. Given that LCAs on emerging technologies are most often generated to provide
information upon which development decisions will be based, whether they be to modify a particular aspect of the process
or whether to pursue the development at all, clarity concerning the sources and levels of uncertainty is paramount. The
analyst must take absolute responsibility for ensuring that all decision makers are clear about the data provided to them.

Nanomaterials have only recently begun to be incorporated in mass consumer products and despite touted performance
gains, the newness of nanoproducts result in little data in existence for in-situ prolonged usage or disposal (Meyer et al.
2009). Nano-containing goods are subject to degradation with use, with primary effects on functional performance and the
matter of released nanomaterials to the environment, the effects of which are of great uncertainty (Oberdérster and
Oberddérster, 2005; Som et al. 2010).

Nano-specific end-of-life treatment is presenting challenges for existing waste and recycling practices and strategies
(Breggin and Pendergrass 2007; Franco et al. 2007). Additional infrastructure and life cycle stages will foreseeably be
required. Wastewater plants have been shown as ineffective in containing certain nanomaterials (Brar et al. 2010) and
incineration proposed as a way of precious material retrieval and destruction of potentially harmful materials is facing
problems such as the melting temperature of nanomaterials often being higher than bulk material counterparts
(Olapiriyakul and Caudill 2009). Incineration can potentially release more thermally stable structures such as carbon
nanotubes into the atmosphere (Franco et al. 2007). Recycling of nanomaterials is vital to close the loop and reduce the
extraction from finite mineral and metal reserves, to justify the large investment in processing and energy inherent in
nanomaterials, and will likely be a mandatory process in the future. However the details are not formulated in any strategy;
making the process of conducting LCAs on these emerging technologies all the more uncertain.

A typical LCA study of lignocellulosic biofuel consists of five main stages: biomass production, biomass transportation,
biomass conversion to biofuel, biofuel transportation and fuel use in the vehicle. Uncertainties can rise from any of these
stages due to data quality, the assumptions made, regional practices and so on. For example, within the biomass
production stage, uncertainties can arise from how indirect land use change is accounted for and measured, irrigation
practices and fertiliser usage. Within the biomass conversion process, enzyme production, co-generation of different by-
products and materials manufacturing can all contribute to a certain degree of uncertainty of an LCA result. In addition,
future scenarios such as co-product generation and fuel supply can vary due to the market effect; this will lead to different
allocation methods and different application of fuel end use contributing to the uncertainties of an LCA study.

With the creation of LCA studies for novel foodstuffs using alternative techniques, many levels of uncertainty have been
encountered. Use of proxy data for seed pre-treatment chemicals, uncertain projections of yield for commercial scale
variants of the lab process and changing process requirements all compound the uncertainty that would normally be
anticipated within an LCA.



Uncertainty in any LCA is important to quantify and report, however the complexities and timescales involved with
analysis of novel processes compound the issue such that the levels of uncertainty are greater and more invasive. Kunnari
et al (2009) note that conclusions should be formed (and hence decisions taken) only on the basis of clearly significant
results. Assessment of significance can however be more problematic with the layers of modelling and uncertainty
involved with emerging technology assessment and those responsible for delivering the results of such LCAs must ensure
that the full details and implications are reported and fully understood by all concerned within the timescale required for
decisions being taken.

4.0 Implications

The growing trend in applying LCA for early stage research can be observed from both outlines of current research
projects and within published literature, demonstrating increases in both analysts and audiences for such studies. Clarity of
purpose must be paramount for LCAs on emerging technology, with the goal and scope clearly specifying how the results
are to be used; whether they are intended to help inform decision makers of environmental “hot spots” and/or to compare
the new process routes with current technology. The purpose of the study will affect methodological choices and
requirements considerably and those involved with generating novel process LCAs need to ensure that all stakeholders are
fully aware of the realities. Practitioners need to be particularly vigilant to the fact that the decision makers within the
development cycle are most often not LCA experts and must therefore be fully apprised of the complexities, sensitivities
and uncertainties involved, which are far greater than for standard LCA. Whilst speed of analysis and reporting is of the
essence, such vigilance in this area is vital to ensure decision making occurs appropriately.

In addition, as the use of LCA becomes more common and required within research, .individuals that are not necessarily
LCA experts may well take published material and use it for further study and comparison. Extraordinary care must
therefore be taken to ensure that LCA for early research is not underestimated in terms of its complexity within the
development cycle and is always performed by suitably qualified individuals.

Table 1 summarises the issues observed within the three case studies, with suggested actions to mitigate the challenges
faced. In order to conduct an accurate and meaningful LCA at early research stage, issues such as system boundaries,
functional unit, scaling issues, data and uncertainties have to be acknowledged and addressed. Kunnari et al (2009),
advocated methodology adjustment to enable LCA to function as a tool for early assessment. From the examples provided
here, it is apparent that many of the approaches suggested e.g. scenario analysis, use of proxy data, documentation of
uncertainties, can and must be adopted irrespective of the technology under investigation.

Furthermore, whilst LCAs based entirely on lab-scale data should be limited to internal decision making only, publication
of data generated for early stage LCAs and findings from such studies that concern the four areas highlighted within this
paper would be beneficial to the growing community of product and process developers and decision makers that wish to
utilise LCA to its full effect within the development cycle.

5.0 Conclusions
This paper highlights the research challenges and issues when applying LCA to early research as illustrated by case studies
in three very different sectors, within which the four main areas discussed were comparability, scaling, data accessibility
and uncertainty.

Analysis of emerging products and processes intensifies the issues of comparability experienced with LCAs of established
systems. Establishing a suitable functional unit and ensuring functional equivalence with current technologies can be more
problematic than with standard LCAs, since future applications are not always clear and can be subject to change with the
development of new technology. Scalability is one of the most significant problems when conducting an LCA for early
stage. New technology under investigation at the basic concept or lab stage does not entail the same level of complexity as
an equivalent industrial scale process and the new processes may exhibit far lower yield than would be possible in a
commercial facility. In addition, different processing stages or materials may be required to overcome issues at lab-scale
that wouldn’t be evident in a commercial facility where they would be redundant or replaced by more ‘efficient’
alternatives. The resultant early stage LCA may have significantly more variables, complexities and scenarios than a
‘traditional” LCA, all of which may have a significant influence on the results generated and the ensuing assessment of
process viability. Those responsible for generating such LCAs must ensure that all parties within the process/product
development team are clear on the complexities and sensitivities involved, to ensure decisions are taken appropriately

The reliability of an LCA study at early stage is strongly dependent on the data used. Development of emerging
technologies can often use materials that are either novel themselves or infrequently used within industry, with
accessibility of inventory data an issue in both cases. Whilst primary data collection may be possible, the time taken for
such an exercise is counterproductive to the required expedience for early stage development. Use of proxy data will
therefore be more prevalent in such early stage LCA studies, together with the use of data whose quality may not meet the
desired level. The authors believe that whilst transparency of data is always important for LCAs, special emphasis should
be placed on the reporting, explanation and justification of data within early stage LCA reports such that data can be more
easily adapted and augmented as updated information becomes available. In addition, where inventory data is generated
pertaining to a material for inclusion within the LCA, that information should be placed in the public domain wherever

8



possible to aid with the development of databases for future use. Published LCA studies reporting detailed inventories and
characterised nature of materials are beginning to appear; examples include Griffiths (2013a, 2013b) (Griffiths, O'Byrne et
al. 2013; Griffiths, Owen et al. 2013).

All LCAs have certain degree of uncertainty, and early-stage LCA is not unique in that. However, the source and
magnitude of uncertainty increases with such LCA studies due to combined effects described. Failure to acknowledge the
uncertainty and fully explore the caveats can result in inefficient use of the information gathered and inappropriate
decision making at this key developmental stage. In recognising the difference and uncertainties of LCA within early stage
research, development of specific guidance for inclusions within the goal and scope for novel process LCA could be
beneficial. These should potentially include the requirement for conclusions to be made only when clearly significant
results are indicated, as suggested by Kunnari (2009), together with more expansive reporting guidelines to ensure all
simplifications, projections, sensitivities and uncertainties are not only documented, but adequately conveyed and
explained to members of the development team to ensure their full understanding of the issues behind the results
presented, before decisions are taken.

Finally, where results are generated from the step-wise improvement in quality of information that inevitably occurs as the
technology development progresses, these should wherever possible be compared against initial results and reported
within the public domain. This would enable development of a quantified understanding of the order of magnitude
difference between early stage results and those generated further down the development cycle.

6.0 Suggestions for the future

For increased understanding of both the issues concerning the process and the results of LCAs involving emerging
technologies it is important that information regarding their execution is published in the public domain. Clearly there may
sometimes be issues regarding the reporting of specifics for these projects since by their very nature they may contain
sensitive or confidential information, however any information that can assist with the creation and understanding of
methodologies for ‘novel’ LCA studies, even if generalised to protect intellectual property, can only be beneficial. To that
end, the authors intend to follow up this article in due course with an update of type and success of strategies used to
overcome the challenges discussed here within their practical application. They would also encourage all fellow
researchers involved with LCA work on novel processes to publish information beneficial to the development of this area.
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Figure 3 Uncertainty for LCA at early stage

Main issues |Challenges Suggested action for novel LCAs

Comparability] e New material not functionally equivalent to e Expand system boundaries to establish
that which it replaces functional equivalence wherever possible

e  The function of the new technology not e Depict multiple functional units within studies
comprehensively defined where necessary, reporting all assumptions
e Consumption patterns (& thus market concerning future scenarios and technology
conditions) potentially affected by creation of development
new product e Maximise clarity of purpose within goal &
scope
e Report and fully explain all results and
sensitivities to decision makers, ensuring full
understanding.

Scale e New technology will not entail the same levell @ Use process simulation and engineering design
of complexity at the early stage of development to generate data at different scales where
as it will as an industrial scale process applicable

e Lab-scale results suitable for hot-spot analysis| ® Consider estimating future scenarios using
but usage problematic as comparator for large economic input/output models to obtain
scale national average data

e New processes may exhibit far lower yield atf e Wherever possible, results from iterative LCAS
lab-scale than would be possible in commercial generated as new processes progress should be
facility published, to build quantitative understanding

on how scale-up affects results

Data e Lack of data for new materials e Use representative proxy data where necessary

e Primary data not available or would take too, to speed analysis, ensuring full details of]
long to gather within development timescale. uncertainties reported and explained to decision

e Data quality reliant on the degree of technology making team
development e Provide references and details for data sources

e Environmental impact assessment and calculation methods as part of novel LCA
methodologies will lag behind the formation of| results.
new materials with potential impacts in the| e Provide detailed, characterised information
environment. regarding material(s) being investigated, toj

facilitate analysis of the environmental effects
within future assessments

e Encourage publication of work wherever
possible and use all data analysis to help in
building databases for emerging technologies.

Uncertainty e  Unknown future applications e  Use estimates of use profile for the intended

e  Unknown industrial scales application, along with projected service life

e Data gaps e Attempt to assess uncertainty wherever

e The degree of technology development possible

e Unavailable in-use performance information. e  Provide transparent information regarding the

source of uncertainty, uncertainty level and
sensitivities within the novel LCA report and
ensure the importance and implications of these
are fully understood by all, prior to decisions
being taken.
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[Table 1: Summary of main issues in using LCA for early research
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