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a  b  s  t  r  a  c  t

The  incorporation  of  sustainability  in  the design  of  biorefineries  is central  for  the  development  of  the
biobased  economy.  In this  paper sustainability  methods  and  metrics  in  current  biorefinery  design  prac-
tices  are  analyzed  to identify  challenges  and  opportunities  for future  improvements  in  the  field.  Generally,
there  is a  need  for an  integral  analysis  that  includes  societal  impacts  and  goes  beyond  the automatic  use
of  metrics  for  predefined  issues.  Although  efforts  have  been  made  to  develop  more  integral  sustainability
analyses  for  biorefinery  design,  they  are  often  challenged  by disciplinary  boundaries  that  yield  a  narrow
scope  of  analysis  (e.g.  conversion  process,  supply  chain),  and are  blind  to  contextual  settings  or  stake-
holder  perspectives.  Multi  and  trans-disciplinary,  inclusive  and  context  aware  approaches  are  identified
as  opportunities  to overcome  them  in future  developments.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The biobased economy has been promoted as a sustainable
alternative for replacing fossil resources in the production of
energy, chemicals and materials. In this context, biorefineries are
being developed as technological means for the transition to this
economic approach, opening the possibility to add value to biomass
through a more sustainable production. However, controversies
related to the actual sustainability impacts of biobased products
have been raised in the last years (Condon et al., 2015; Rosegrant
and Msangi, 2014). As result, sustainability has become a central
topic for the development of the bioeconomy and future biorefin-
ery systems. A clear example are the sustainability criteria that the
European Commission has set for domestic and imported bioen-
ergy in order to receive government support or to count in national
renewable energy targets (Tom et al., 2012).

Sustainability of biobased products is increasingly monitored
and evaluated through certification schemes that measure impacts
of biobased production (European Comission, n.a.). However,

Abbreviations: CSI, crop sustainability metric; EISI, enhanced inherent safety
index; PCEI, process cost and environmental impact; TEA, techno-economic eval-
uation; 1D, mono-dimensional; 1G, 1st generation; 2D, bi-dimensional; 2G, 2nd
generation; 3D, tri-dimensional; 3G, 3rd generation.
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considering sustainability criteria during the design stage of biore-
fineries could result in alternative design options and consequently
have a significant influence in improving their overall performance.
This observation is reflected in the extensive and broad aca-
demic work on sustainable biorefinery design, from, for example,
a sustainability assessment of an electrolysis-enhanced biomass to
liquid fuel process (Bernical et al., 2013), to evolutionary algorithms
for bioenergy supply chain optimization (Ayoub et al., 2009) and life
cycle optimization methods for the design of sustainable product
systems and supply chains (Yue et al., 2013). Consequently, con-
cepts and methods used in these studies vary significantly, and are
sometimes conflicting among different sources.

Recent publications have attained to analyze conceptual and
methodological developments towards sustainable biorefineries.
However, these studies are limited to, for instance, sustain-
ability issues generally associated with biorefineries (Azapagic,
2014), or specific methodologies and methods used in certain
disciplines, like optimization frameworks for biorefinery supply
chains (Eskandarpour et al., 2015), assessment methodologies of
biorefinery value chains (Parajuli et al., 2015) and process integra-
tion approaches for sustainable biorefineries (El-Halwagi, 2012).
Regardless of the importance that these studies have in their
academic niche, e.g. optimization in supply chain, sustainable
biorefinery design is not restricted to a single discipline, or to a
single design approach. This paper takes a step back and presents
a broader overview on advances for sustainability incorporation in
biorefinery design, across disciplines and research areas related to
design. As part of this review, current design practices, methods
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and metrics for sustainable biorefineries are analysed with regards
to different aspects of sustainability, including environmental and
societal impacts, and stakeholder participation. From this analy-
sis, challenges, needs and opportunities for further development
and research on design practices are identified with the aim to
contribute towards the development of sustainable biorefineries.

2. Concepts and definitions

In the reviewed literature some concepts are used differently
across research areas. Therefore we discuss the most relevant con-
cepts to present a coherent analysis of the reviewed literature.
When necessary, contrast with similar concepts is presented to
avoid ambiguities.

2.1. Biorefinery

The biorefinery concept has been used to refer to the biomass
processing facility only (NREL, 2009), and also to biomass pro-
cessing in a broader sense. The International Energy Agency (IEA)
states that “biorefining is the sustainable synergetic processing of
biomass into a spectrum of marketable food & feed ingredients,
products (chemicals, materials) and energy (fuels, power, heat)”
(IEA Bioenergy, 2014). Thus, through this definition, IEA describes
the concept as a process, a facility or a cluster of facilities integrally
covering the upstream, midstream and downstream processing of
biomass (de Jong and Jungmeier, 2015).

Biorefineries are usually referred to as of 1st or 2nd generation
according to the feedstock used as raw material. 1st generation
(1G) biorefineries are those that use food crop resources such as
corn sugar and vegetable oil, while 2nd generation (2G) biorefiner-
ies are those that process non-food materials, such as agricultural
residues, wood and energy crops typically high in lignocellulose
(Guo et al., 2015). Biorefineries that use algae biomass as feed-
stock have been referred to as 3rd generation (3G) biorefineries
(Parajuli et al., 2015). The most established type of biorefiner-
ies are 1G, while 2G and 3G are still under development due to
technical or economic challenges (Gerssen-Gondelach et al., 2014).
As an illustration, ethanol biorefineries processing US corn and
Brazilian sugarcane lead the global production with contributions
of 58% and 25% respectively (Renewable Fuels Association, 2014),
whereas cellulosic ethanol only started commercial operations in
2014 (Service, 2014).

Biorefineries can be further defined as systems based on four
main features (Cherubini et al., 2009): (i) platforms, such as sugars,
oil and syngas; (ii) energy and material products, like bioethanol,
glycerol, lactic acid; (iii) dedicated feedstocks and residues, e.g.
forest residues, sugar and oil crops; and (iv) processes, such as
fermentation, gasification and pyrolysis. Then, the combination of
these four features defines a specific biorefinery system, from feed-
stock to product.

2.2. Supply chain

Supply chain refers to the link of actors and operations that
allows the flow of materials from producer to consumer, pass-
ing through processes that convert these materials into products
(Goetschalckx, 2011). Given the diversity of operations involved,
the supply chain is often a network of different actors that
may  include convergent and divergent flows (Goetschalckx, 2011;
Sharma et al., 2013).

Typically, a biorefinery supply chain includes five stages: feed-
stock production, feedstock logistics, conversion (or production),
product distribution and product end-use (Liu and Eden, 2014).
However, in the biobased economy the supply chain is sometimes

specified as biomass supply chain, which indicates the biomass-to-
conversion plant part of the chain, as described by Sharma et al.
(Sharma et al., 2013). These supply chain stages are coordinated
through supply chain management (SCM) to ensure an efficient
product delivery to customers at a minimum cost to the system
(Sharma et al., 2013; Yan et al., 2012).

In biorefinery research, supply chain and value chain are some-
times used interchangeably; however these two concepts have
different implications (Holweg and Helo, 2014). Value chain refers
to the value aspect of the chain, sometimes conveyed as demand
originated at the customer side, while supply chain typically refers
to the flow of materials from supplier to final customer (Andrew,
1999; Ramsay, 2005). Hence, while value chain activities focus on
effective value creation considering also product innovation and
marketing, supply chain activities are centered on the efficient
delivery of materials (Feller et al., 2006). Additionally, in some
aspects supply chain stages can also overlap with the biorefinery
system (for instance, separate pretreatment and fermentation facil-
ities as part of decentralized supply chains); however, these two
concepts refer to different aspects of the biorefinery, as illustrated
in Fig. 1. In this paper, the term “biorefinery project” is used to
generically refer to both the biorefinery system and its supply chain.

2.3. Life cycle

The life cycle of a product is defined as “consecutive and inter-
linked stages of a product system, from raw material acquisition or
generation from natural resources to final disposal” (ISO, 2006). In
contrast to a biorefinery system, supply chain and value chain, the
life cycle concept typically refers to the scope of analysis of a system.
Thus, a product’s life cycle refers to a system that starts with raw
material extraction from the environment, like water or fossil oil,
covers any transportation, manufacturing and use of the product,
and ends with waste management related to the product’s disposal
(Shabnam et al., 2012). A life cycle that considers these stages can
also be referred to as a cradle-to-grave life cycle (Eskandarpour
et al., 2015). A cradle-to-gate life cycle, indicates a system bound-
ary until the production stage, while cradle-to-cradle refers to a
life cycle that includes reuse, recovery or recycle of a product or its
parts (Silvestre et al., 2014).

2.4. Design in engineering

Design activities involve strategic decisions that will specify
aspects of a project. After these decisions are taken, decisions at
tactical and operational levels are made for design implementa-
tion. From strategic to tactical and operational levels, the space and
the time scale of these decisions are reduced: on one side strategic
decisions affect the project in long time scales, while operational
level decisions affect the project in short time scales. Thus, broad
strategic decisions are taken with the creation of design concepts
that yield facilities and long term contracts, while narrower tactical
and operational decisions are taken to plan and operationalize the
design in shorter timeframes.

The design of biorefinery projects is based on different
engineering disciplines, including supply chain and process engi-
neering. These areas have in common an engineering-based
design approach that follows sequential stages: problem defini-
tion, conceptual and detailed design, and design specification and
implementation (Goetschalckx, 2011). Differences in these steps
may arise according to disciplines or design approaches.

2.4.1. Supply chain design
Supply chain design is approached as the strategic planning or

synthesis of a supply chain network, heavily relying on the use of
models. Common modelling approaches in supply chain design are
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