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Abstract: Life cycle assessment (LCA) is a powerful tool to identify direct and indirect environmental
burdens associated with products, processes and services. A critical phase of the LCA methodology
is the collection of representative inventory data for the energy and material streams related to the
production process. In the evaluation of new and emerging chemical processes, measured data are
known only at laboratory scale and may have limited connection to the environmental footprint of
the same process implemented at industrial scale. On the other hand, in the evaluation of processes
already established at commercial scale, the availability of process data might be hampered by
industrial confidentiality. In both cases, the integration of simple process design techniques in the LCA
can contribute to overcome the lack of primary data, allowing a more correct quantification of the life
cycle inventory. The present paper shows, through the review of case study examples, how simplified
process design, modeling and simulation can support the LCA framework to provide a preliminary
estimate of energy and material consumption data suitable for environmental assessment purposes.
The discussed case studies illustrate the implementation of process design considerations to tackle
availability issues of inventory data in different contexts. By evidencing the case-specific nature of the
problem of preliminary conceptual process design, the study calls for a closer collaboration of process
design experts and life cycle analysts in the green development of new products and processes.

Keywords: life cycle assessment; green chemistry; chemical process; conceptual design; chemical
process simulation

1. Introduction

Because of the central position of the chemical and process industries along the value chain in
the world economy, the development and design of new products and processes has a crucial role in
reducing environmental burdens and achieving sustainability. It is evident that an early-stage analysis
of the environmental impacts helps to orient and support Research and Development (R&D). During
product development, the degrees of freedom in adapting the production process (e.g., regarding
feedstock, synthesis route, purification, and by-product treatment) progressively decrease [1,2]. It is
therefore essential to conduct environmental assessments from the very early stages of the design life
cycle to achieve the best solutions in terms of eco-efficiency and sustainability [3].

There are many different tools that can be used to handle environmental consideration in product
development (e.g., Material Flow Analysis, the Ecological Footprint, and emergy). Among them,
Life Cycle Assessment (LCA) has surely emerged as the prevalent approach. In its Communication
on Integrated Product Policy (COM (2003)302 [4]), the European Commission concluded that LCA
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provides the best framework for assessing the potential environmental impacts of products currently
available. LCA is a multi-criteria method for assessing the environmental impact of a product, process
or service throughout its life span. Environmental burdens include the materials and energy resources
required, as well as the wastes and emissions generated during the life cycle [5]. The life cycle approach
avoids problem-shifting between life cycle stages, receptors and geographic areas [6]. Moreover,
LCA allows highlighting the most impacting processes and materials, supporting the identification of
the best potential improvements for the environmental performance of the products [7].

During the LCA analysis, energy and material consumptions and environmental emissions are
translated into impact potentials for different impact categories (e.g., global warming, acidification,
eutrophication, etc.). The quantification of energy consumption is a key element of the LCA analysis.
Energy use is a common impact category in LCA and reveals how much energy is required by a
system throughout its life cycle. In some cases, energy use can even be the only impact category
considered in an LCA study, since it is often considered the most relevant impact category and a good
proxy indicator for environmental impacts in general [8]. Huijbregts and coauthors [9] demonstrated
that, for several product types including inorganic and organic chemicals [10], the burdens in most
impact categories (global warming, resource depletion, acidification, eutrophication, tropospheric
ozone formation, ozone depletion, and human toxicity) correlate well with fossil energy demand of
the system.

In the case of the chemical and process industry, availability of energy and material data for LCA
practitioners may be limited by two main reasons. The first one is related to the novelty of a given
process: in the early stages of the development of a new product or process, the factors which define
the actual material end energy balance of an industrial-scale plant are not yet defined. The second
one is the reticence of industrial firms to disclose the necessary process data, even in the case of a
well-established process at commercial scale. After all, the detail of these data is part of the core
knowledge on which operators base their business in the sector.

In either case, the evaluation of material and energy input and outputs would require a preliminary
process scale-up form the scant information available (e.g., laboratory data, data from scientific
literature, and data from patents used in the process). Process scale-up is a complex activity, which
usually involves considerable research efforts (time and economic resources) as the technologies
and performances (yield, energy demand, etc.) of single operations may change even considerably
passing from laboratory scale to industrial scale. It frequently involves detailed studies (e.g., process
optimization trials, fluid-dynamic study of equipment, and pilot scale plants), which are not practicably
feasible in the context of an exploratory LCA study.

Nevertheless, some of the techniques used for process scale-up can be applied to a swift estimation
of the envisaged input and outputs of a process. Process engineering practice has developed a few
tools and rules-of-thumb that are typically used to start the process design activities and that can be
fruitfully exploited also in the case [11–13]. While it is recognized that the actual scale-up process may
lead to significant improvements in the performances of a plant, this simplified approach is considered
adequate for the purpose of explorative LCA studies [14,15].

With reference to equipment sizing, the scaling rules historically proposed for equipment
cost estimate [16,17] have been shown to be applicable also to the estimate of their environmental
footprint [18]. To overcome the issues posed by the unavailability of inventory data for chemicals,
proxy methods for the estimation of relevant environmental impacts directly from the molecular
structure have been proposed [19,20]. To estimate the energy requirements at commercial scale of
processes developed at lab scale, Piccinno et al. [21] presented a framework for the scale-up of batch
reactions and purification steps, based on the derivation of simple scale-up formulae to estimate
the energy requirements. Caduff et al. [22] suggested the use of power-law relationships for the
estimate of energy consumption, demonstrating the reliability of the method in the case of energy
conversion equipment. Shibasaki et al. [23] and Zhou et al. [24] proposed methodologies to integrate
the experimental results obtained at pilot scale with the empirical equations of process equipment
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sizing to compile ex ante Life Cycle Inventory (LCI) for the industrial scale. Smith et al. [25] evidenced
how preliminary process design coupled with simple rules for the estimate of fugitive emissions
allows the obtainment of a more comprehensive picture of the inputs and outputs involved in a
chemical manufacturing process. Finally, several recent case studies demonstrated the potential to
use preliminary process modeling approaches to implement LCA inventories for innovative processes
in a variety of fields, such as carbon capture [26], thermochemical biomass conversion [27,28] and
biorefineries [29].

The present paper aims to contribute to the discussion on the integration of process design
techniques in LCA focusing on the estimate of energy and material inventory data via the discussion of
relevant case studies. The case studies illustrated in the following represent successful implementations
of chemical process modeling to the quantification of material and energy streams relevant to the LCA
inventory. The paper analyzes strengths and weaknesses of the described approach.

2. Materials and Methods

2.1. Life Cycle Assessment

LCA is standardized in the ISO 14040 series [5,30]. According to ISO guidelines, the LCA
methodology comprises four steps: goal and scope definition, inventory analysis, impact assessment,
and interpretation. Goal and scope describes why the LCA is carried out, and which functional unit
and system boundaries are chosen. Life Cycle Inventory (LCI) aims to quantify material and energy
flows in input and output. In the third phase, Life Cycle Impact Assessment (LCIA), the relevant
inputs and outputs quantified in the inventory analysis are grouped into a set of impact categories.
The last step, Interpretation, is a systematic procedure to draw conclusions from all of the foregoing
results of the study.

2.2. Process Scale-Up and Definition of Input/Output Data

Table 1 shows a schematization of the main stages involved in the design of a chemical plant,
starting from the selection of the chemical route up to the operation of the actual plant [31,32]. It can
be seen that the level of detail by which data on input and output flows can be estimated changes
considerably with the considered design stage. This issue is particularly critical for energy consumption
data. During the development stage of a new molecule or synthesis route, the only data available
refer to the laboratory scale. At this scale, the operative procedures and the quality of materials used
can be considerably different from the ones applied at industrial scale, as the main goal is proving
feasibility and identifying the potentiality of the process, rather than optimizing it for large scale
applications [33]. As such, energy demand is usually not explored (e.g., operations are carried out
in quasi-isothermal conditions, separation and product purification is not investigated). The first
material and energy balances are available only once the process flowsheet and unit operations have
been defined (conceptual stage of the design). These balances provide a raw estimation of the material
and energy inputs and outputs of the process [34]. The inclusion of aspects related to equipment
and piping design (e.g., heat losses and fugitive emissions) is possible in this stage only by the use
of generic emission factors. Moreover, estimated energy demand can account only for typical values
for the efficiency of plant utilities and usually neglect the possibility of energy integration networks.
The complete set of input/output data can therefore be estimated only if a complete and detailed
design of the plant is available, though all the limitations related to a merely theoretical estimation
still exist.

Full process scale-up from laboratory data and plant design are time and resource consuming
activities which are clearly non-practicable for exploratory LCA studies. However, a preliminary
conceptual design based on good engineering practice and rules-of-thumb can usually be drafted
with relatively low resources even before the formal conceptual design stage [35]. This effort can
be effectively assisted by the current availability of process simulation software (Chemical Process
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Simulation, CPS), which allow for quick estimation of material properties, thermodynamic equilibria
and energy and material balances [36,37]. This preliminary scale-up activity is however very case
specific and is strongly affected by the expertise on the process under investigation or very similar ones.
Nonetheless, several pilot studies, such as the examples reported in the following, have demonstrated
the practical feasibility of the approach and the potential benefit that can be obtained from the mapping
of lifecycle environmental applications of a process.

Table 1. Process design life cycle and data available for Life Cycle Inventory (LCI).

Process Life
Cycle Stage Process Chemistry Conceptual Design Detailed Design Plant Operation

Design activities
Selection of the

chemical route and
operative conditions

Process definition Equipment and layout
design, utilities design

Plant management
and optimization

Information
available

Stoichiometry, yields,
temperature, pressure

Unit operations,
energy and

material balances

Equipment type and size,
piping and instrumentation,

operating procedure

Field data on
energy and

material balances

LCI modeling:
Material

input/output

Main raw materials
and products

Raw materials,
products and wastes

Raw materials, products,
wastes, fugitive emissions

Raw materials,
products, wastes,
fugitive emissions

LCI modeling:
Energy

input/output
None Process related energy

demand
Plant energy demand

(including losses)

Plant energy
demand

(including losses)

Data quality
for LCI

Measured (in
laboratory conditions)

Estimated data
(process specific)

Estimated data
(plant specific)

Measured data
(plant specific)

The case studies considered in the current paper are representative situations of different types of
problems with the availability of inventory data and the way preliminary process design can overcome
the lack of primary data. The synopsis in Table 2 details the features of each case study.
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Table 2. Synopsis of the case studies analyzed in the paper.

Case Study
Problem with Data Availability Modeling Based Directly on Available Data Modeling Assisted by Preliminary Process Design

Practical Problem Unit Processes
Affected Available Data

I/O Contribution to LCI Modeling Approach I/O Contribution to LCI

Material I/O Energy I/O Material I/O Energy I/O

Case study 1
NMMO/H2O

process Industrial level
application but no
access to plant data

Cellulose
dissolution by
NMMO/H2O

Literature data on
dissolution process

Limited data on
solvent recovery

Main input/output
No data on

solvent losses

No data
available

PD of the process
PS of the

main equipment

Estimated
input/output

Estimated thermal
(including losses) and

electric energy

NMMO
synthesis

Limited literature data on
chemical synthesis
process, no data on
product separation

Main input/output No data
available

PD of the process
PS of the main

equipment

Estimated
input/output

Estimated thermal
(including losses) and

electric energy

Case study 1
Ionic liquid

Lab scale
application only

Cellulose
dissolution
by BmimCl

No process data
(laboratory scale

solubility test)
No data available No data

available

PD of the process and
PS of the equipment

based on the NMMO/
H2O case

Estimated
input/output

Estimated thermal
(including losses) and

electric energy

BmimCl
systhesis

Laboratory
synthesis protocol

Input/output at
laboratory scale
(not optimized)

Data for
laboratory

scale equipment

PD of the process
PS of the

main equipment

Estimated
input/output

Estimated thermal
(including losses) and

electric energy

Case study 2
DMC-BioD Lab scale application

only + Industrial level
application but no
access to plant data

DMC-BioD
production

Laboratory
synthesis protocol

Input/output at
laboratory scale
(not optimized)

Data for
laboratory

scale equipment

PD of the process
PS of the

main equipment

Estimated
input/output

Estimated thermal
(including losses) and

electric energy

DMC
production

Limited literature data on
production process Main input/output No data

available

PD of the process
PS of the

main equipment

Estimated
input/output

Estimated thermal
(including losses) and

electric energy

Case study 3
PHA extraction

by DMC

Lab scale
application only

Extraction
process

Laboratory
synthesis protocol

Input/output at
laboratory scale
(not optimized)

Data for
laboratory scale

equipment

PD of the process
PS of the

main equipment

Estimated
input/output

Estimated thermal
(incl. losses) and
electric energy

Case study 3
PHA extraction

by 1,2-DCE

Industrial level
application but no
access to plant data

Extraction
process

Limited literature data
on process Main input/output No data

available

PD of the process
PS of the

main equipment

Estimated
input/output

Estimated thermal
(including losses) and

electric energy

Case study 4
Sorbents for

acid gas
removal

Industrial level
application but

limited access to
plant data

Flue gas
treatment

system at the
WtE plant

Available plant data refer
to specific modes of

operation of the process
(not optimized)

Main input/output
data (no optimization

or correlation to
waste type)

Data available
for specific
operative
condition

Non-linear model of
the reaction, PD of the

process, PS of the
main equipment

Estimated
input/output
for different

modes
of operation

Estimated energy
consumption for
different modes

of operation

PD: preliminary design; PS: Preliminary sizing; I/O: input/output.
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3. Results

3.1. Ionic-Liquid Case Study

Righi et al. [14] compared the expected environmental impacts of two cellulose dissolution
methods, if applied at industrial production level: the well-established environmentally friendly
non-viscose processes with N-methyl-morpholine-N-oxide (NMMO/H2O) and an alternative process
with 1-butyl-3-methylimidazolium chloride (BmimCl). This case represents a situation in which the
former process is already implemented at an industrial scale but no LCA dataset is available and the
latter is only tested at lab scale.

A “cradle-to-gate” life cycle inventory was developed for both BmimCl and NMMO/H2O
cellulose dissolution processes to analyze and compare their environmental performances.
The analyzed systems were: (i) the cellulose dissolution process with NMMO/H2O; (ii) the dissolution
process with BmimCl; and (iii) all the upstream processes in production chain.

Background data for: (i) production of electricity, steam, and fossil fuel; (ii) transport system;
and (iii) available chemical processes were taken from LCA databases; however, the major part of
the processes were modeled by preliminary scale-up activities. These consisted in the definition of
preliminary Process Flow Diagram (PFD) for the envisaged production process, in the completion of
the material and energy balances, and in a preliminary sizing of the main process units (that defines,
e.g., the efficiency of separation units). These activities were supported by the use of a CPS software,
Aspen Plus® (Aspen Technology Inc., Burlington, MA, USA) [38]. Innovative processes, for which
industrial scale-up was not developed (e.g., BmimCl dissolution of cellulose), were inferred from lab
scale studies based on good engineering practice in design. In addition to LCA databases and the CPS
software, also technical literature and reference books were used as information sources.

Modeling and Scale-Up of the Processes

Monohydrated NMMO is a non-derivatizing solvent for cellulose in industry and it is used in the
manufacturing of man-made fibers. The NMMO/H2O cellulose dissolution method developed by
McCorsley [39] and used as comparison in a study on dissolution with ionic liquids by Kosan et al. [40]
was adopted. Steps, process units and potentiality of the cellulose dissolution with BmimCl were taken
to be equal to NMMO/H2O dissolution process modifying only the molar ratio between cellulose
and solvent (1:6 instead of 1:8) and the spinning mass temperature (116 ◦C instead of 94 ◦C) as used
by Kosan and coworkers on laboratory-scale [40]. These changes have been done to obtain similar
mechanic characteristics of the fiber found by Kosan and co-authors in their approach. The block
diagram for the alternative processes with BmimCl and with NMMO/H2O is shown in Figure 1a.

The work entailed the synthesis process modeling of NMMO, BmimCl and several of their
precursors. The BmimCl synthesis method reported by Park and Kazlauskas [41] was adopted as the
basis for the preliminary design of the industrial scale plant (reference potentiality of the production
line: 5 × 105 kg/year of Bmim Cl). Moreover, since 1-chlorobutane, ethyl acetate, 1-methylimidazolium
and its precursors monomethylamine (CH3NH2) and glyoxal (CHOCHO) were not included in LCA
databases, their industrial-scale chemical syntheses were developed by conceptual and preliminary
detailed design activities (Table 1) according to relevant patents and technical literature [42–47].

For example, Figure 1b reports the Process Flow Diagram (PFD) developed for the industrial-scale
synthesis of BmimCl. As can be observed in the picture, the synthesis occurs in a batch reactor, which is
the direct scale-up of the batch process at lab-scale [41]. The preliminary sizing of the reactor (volume
and dimensions) allowed the estimation of thermal (heating and cooling) and electric (stirring) inputs
required by the unit. Similarly, the closure of the heat and material balances, also supported by the
use of CPS software Aspen Plus® in the definition of material properties and equilibria, allowed the
calculation of material and energy inputs and outputs for the whole plant (Table 3).

The same approach was followed for the NMMO synthesis: the data reported by Scholten and
Rindtorff [48] and the N-methylmorpholine (NMM) synthesis method described by Simon et al. [49]
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were adopted as reference to design an industrial-scale process (reference potentiality of the production
line: 2.5 × 106 kg/year of NMMO). The related LCI of energy and material in input to the synthesis
process of NMMO/H2O is reported in Table 4.
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Figure 1. (a) Alternative block diagram of cellulose dissolution (left branch with BmimCl and right
branch with NMMO/H2O); and (b) process Flow Diagram considered for BmimCl production [14].

Table 3. Synthesis processes modeled through Aspen Plus ® involved in the BmimCl. All values are
referred to 1 kg of BmimCl produced in an industrial plant of 500 t/year [14].

Process IO Flow Unit Value

Glyoxal production
Input

Thermal energy MJ 1.53
Electric energy MJ 0.43
Ethylene glycol kg 2.03

Output Glyoxal kg 1.16

Methylamine production
Input

Thermal energy MJ 1.86
Electric energy MJ 0.02

Ammonia kg 0.14
Methanol kg 0.27

Output Methylamine kg 0.25



Energies 2018, 11, 970 8 of 23

Table 3. Cont.

Process IO Flow Unit Value

1-methylimidazole production
Input

Thermal energy MJ 0.74
Electric energy MJ 0.48

Ammonia kg 0.14
Formaldehyde kg 0.65

Glyoxal kg 1.16
Methylamine kg 0.25

Output 1-methylimidazole kg 0.49

1-chlorobutane production
Input

Thermal energy MJ 0.27
Electric energy MJ 0.08

Butanol kg 0.50
Hydrochloric acid kg 0.25

Output 1-chlorobutane kg 0.61

Ehylacetate production
Input

Thermal energy MJ 0.19
Electric energy MJ 0.50

Ethanol kg 0.06
Output Ehylacetate kg 0.04

Bmim Cl production
Input

Thermal energy MJ 1.50
Electric energy MJ 0.21

1-methylimidazole kg 0.49
1-chlorobutane kg 0.61

Ehylacetate kg 0.04
Output Bmim Cl kg 1.00

Table 4. Synthesis processes modeled through Aspen Plus ® involved in the NMMO/H2O. All values
are referred to 1 kg of NMMO/H2O produced in an industrial plant of 2500 t/year [14].

Process I/O Flow Unit Value

Methylamine production
Input

Thermal energy MJ 1.72
Electric energy MJ 0.02

Ammonia kg 0.13
Methanol kg 0.25

Output Methylamine kg 0.23

NMM production
Input

Thermal energy MJ 4.24
Electric energy MJ 0.02
Methylamine kg 0.23

Diethylene glycol kg 0.44
Output NMM kg 0.51

NMMO/H2O (59% sol)
Input

Thermal energy MJ 3.93
Electric energy MJ 0.09

Hydrogen peroxide kg 0.50
NMM kg 0.51

Output NMMO/H2O (59%sol) kg 1.00

3.2. DMC-BioD Case Study

In this case study, Righi et al. [15] aimed at assessing the potential environmental impacts of the
production process of dimethyl carbonate-biodiesel (DMC-BioD), an alternative biofuel to diesel which
does not involve the production of glycerol [50]. The production process of DMC-BioD was compared
to the production of conventional methanol (MeOH)-biodiesel and fossil diesel. This case represents
a situation in which the innovative process, tested only at lab scale, has to be compared to already
industry-ready and available in LCA databases processes [51]. The life cycle perspective adopted in
the study required an in-depth analysis and modeling of the DMC-BioD synthesis process, for which
limited information about the associated environmental impacts is available in the literature.
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The system boundaries defined for the production processes assessed are “cradle-to-gate”
and include all the unit processes from raw materials extraction to product manufacture, while
product distribution and use in engines are excluded. Figure 2 shows the system boundaries of the
production process of DMC-BioD. LCA databases [51,52] were used as source of background data for:
(i) production of electricity and steam; (ii) transport systems; (iii) cultivation of soybean and soybean
oil production; and (iv) production of chemicals involved in the process [15].
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Figure 2. System boundaries of the production process of dimethyl carbonate-biodiesel (DMC-BioD).
“DMC production” and “DMC-BioD production” were modeled via Aspen HYSYS® [15].

Modeling and Scale-Up of the Processes

DMC-BioD is obtained by the transesterification reaction of a triglyceride, or a mixture of
triglycerides of fatty acids, with DMC in the presence of a base catalyst. The definition of a preliminary
process flow diagram of the process from the available technical data [50,53] was based on the principia
of good engineering practice in process design [11–13]. The estimated material and energy flows,
as simulated with the support of Aspen HYSYS® [54], allowed the definition of the relevant inventory
data (Table 5).

Table 5. Summary of the inventory data for dimethyl carbonate synthesis process and dimethyl
carbonate-biodiesel (DMC-BioD) synthesis process. The values of DMC production are referred to
1 kg of DMC produced in an industrial plant of 10 t/year, while the values of DMC-BioD process are
referred to 1 MJ of DMC-BioD (batch process producing roughly 2700 kg of DMC-BioD per cycle).

Process Input/Output Flow Unit Value Source Note

DMC
production

Input

CO kg 1.04 × 100 [55] from production plant
H2 kg 5.58 × 10−3 [55] from production plant
O2 kg 2.53 × 10−1 [55] from production plant
N2 kg 3.90 × 10−2 [55] from production plant

CH3OH kg 7.46 × 10−1 [55] from production plant
HCl kg 4.46 × 10−3 [55] from production plant

NaOH kg 9.00 × 10−4 [55] from production plant
H2O kg 7.62 × 10−3 [55] from production plant

Electricity MJ 9.50 × 10−1 [54] from electricity grid mix

Thermal energy MJ 1.30 × 101 [54] thermal energy from natural gas

Output

DMC kg 1.00 × 100 [55] to DMC-BioD production
CO2 kg 5.00 × 10−3 [54] emissions to air
N2 kg 4.50 × 10−3 [54] emissions to air
O2 kg 4.50 × 10−2 [54] emissions to air

Wastewater kg 1.70 × 10−1 [54] emissions to sea water
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Table 5. Cont.

Process Input/Output Flow Unit Value Source Note

DMC-BioD
production

Input

Soybean oil kg 2.66 × 10−2 [53] from production plant
DMC kg 3.58 × 10−3 [53] from DMC production

NaCH3O kg 8.53 × 10−5 [53] from production plant
H3PO4 kg 2.25 × 10−4 [53] from production plant
CH3OH kg 1.97 × 10−4 [53] from production plant

H2O kg 3.38 × 10−5 [54] from production plant
Electricity MJ 1.38 × 10−3 [54] from electricity grid mix

Thermal energy MJ 4.41 × 10−2 [54] thermal energy from natural gas

Output DMC-BioD MJ 1.00 × 100 [53]
NaH2PO4 kg 1.20 × 10−5 [54]

to landfill

1 PE means PE International (now Thinkstep).

The work of Righi et al. [15] entailed also the synthesis process modeling of DMC through
oxy-carbonylation process, not included in the available LCA databases. The oxy-carbonylation
process was chosen among the various DMC production methods thanks to its potential environmental
benefits: the avoided contamination from phosgene and the avoided disposal of byproduct inorganic
salts. The oxy-carbonylation process developed by ENICHEM Company and detailed in Rivetti and
Romano [55] was adopted as reference process.

3.3. PHA Extraction Case Study

Righi et al. [56] compared the environmental performance of the method proposed by
Samorì et al. [57] for the extraction of poly-hydroxybutyrate (PHB) with dimethyl carbonate
(DMC) from bacteria cells with the environmental performance of an alternative process using
1,2-dichloroethane (DCE), as detailed in the US Patent 4,324,907 [58]. This case represents a situation in
which the innovative process, tested only at lab scale, has to be compared to an already industry-ready
but not available in LCA databases process.

A “gate-to-gate” approach is used, and only the extraction process has been considered since
the bacteria cultivation phase and the bioplastic product manufacture after the polymer extraction
are assumed to be equivalent for all considered extraction processes. The system boundaries of the
study include the following processes: biomass preparation, chemicals production, PHB extraction,
chemicals recovery, air emissions abatement, and solid waste management [56].

This study compares four scenarios of the protocol proposed by Samorì et al. [57], which uses two
different biomasses for extracting PHB with DMC: (a) dried biomass (Dry); and (b) microbial slurry
(Slurry). For each biomass, two different recovery approaches have been evaluated: (1) the evaporation
of the solvent (Evap); or (2) the addition of EtOH and precipitation (Precip).

Modeling and Scale-Up of the Processes

The protocol proposed by Samorì et al. [57] and the US Patent 4,324,907 [58] were adopted
as reference documents. The five extraction processes at industrial scale have been proposed.
The available data from these protocols are at lab scale and they only report information regarding mass
balances and performance of the process such as: biomass/solvent ratio, recovery of PHB, temperature
and duration of the extraction, and solvent/non-solvent ratio. For that reason, energy and material
balances were solved, and the main equipment units were preliminarily sized based on relevant
scientific and technical references and the CPS software (Aspen HYSYS® [54]) (Table 6). The extraction
processes are composed by a series of equipment units: (1) centrifuges; (2) batch reaction vessels; (3) air
dryers; (4) catalytic oxidizer; and (5) pervaporation systems (only in the scenarios where the polymer is
recovered with the addition of EtOH). The equipment is different in size and arrangement depending
on the different scenarios. For instance, those of the production scenario “Dry-Evap.” are shown in
Figure 3. Table 7 shows a comparison between energy consumptions estimated by lab scale data and by
industrial scale-up data of three extraction steps: centrifugation, drying and solubilization. Lab scale
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data have been estimated by multiplying the specific power of each equipment unit by the duration of
its application. As shown in Table 7, data from laboratory scale are much higher than those obtained
from industrial scale-up. Table 7 shows also that a further relevant aspect concerns chemicals recovery.
It is not considered in the lab scale because avoiding waste and emission and saving reagents are
not relevant objectives in this process life cycle stage. Instead, in the industrial scale-up, chemicals
recovery is evaluated because reducing solvent consumption is a key aspect.

Table 6. Main parameters and data sources used to model the extraction processes considering an
industrial plant of 500 t/year [56].

Equipment Data Source

Centrifuges
Specific power [59]

Volumetric capacity [59]
Operating time [60]

Batch reaction vessels
Specific power [61]

Volume [61]

Air dryers
Energy consumption [62]

Purge flow [54]
Heat loss [54]

Catalytic oxidizer Emission factors [63]

Pervaporation systems General information [64]
General information [65]
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Table 7. Comparison of energy consumption of some processes and DMC recovery between the lab
scale and a first industrial scale-up for each biomass: (a) dried biomass (Dry); and (b) microbial slurry
(Slurry). All values are referred to 1 kg of processed biomass.

Process Flow
Dry Slurry

U.M.Laboratory
Scale

Industrial
Scale-Up

Laboratory
Scale

Industrial
Scale-Up

Centrifugation Electricity 1.7 × 101 2.6 × 10−1 1.7 × 101 2.6 × 10−1 MJ
Drying Electricity 3.8 × 104 1.3 × 100 NR NR MJ

Steam NR 1.1 × 101 NR NR MJ
Solubilization Electricity 3.6 × 102 7.6 × 10−2 3.6 × 102 1.1 × 10−1 MJ

Steam NR 2.7 × 100 NR 5.5 × 100 MJ
DMC recovery DMC 0 99.0–99.8 0 92.4–93.3 %

NR: not required.
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Table 8 shows the life cycle inventory obtained for “Dry-Evap.” scenario.

Table 8. Life cycle inventories of a scenario “Dry-Evap” considering an industrial plant of 500 t/year [56].

Process I/O Flow Unit Value Note

Centrifuge 1

Input Pure microbial culture kg 1.5 × 102 from cultivation phase
Electricity MJ 3.8 × 10−1 from electricity grid mix

Output Concentrated wet biomass kg 8.9 to batch reactor

Water kg 1.4 × 102 reusable for a successive
cultivation

Air dryer 1
Input

Concentrated wet biomass kg 8.9 from centrifuge 1
Electricity MJ 1.9 from electricity grid mix

Steam MJ 1.7 × 101 steam from natural gas

Output Dried biomass kg 1.5 to batch reactor
Water vapor kg 7.5 emission to air

Batch reactor
Input

DMC new kg 5.1 × 10−2 from production plant
Dried biomass kg 1.5 from air dryer 1

DMC recovered kg 3.2 × 101 from condenser 1 and condenser 2
Electricity MJ 1.1 × 10−1 from electricity grid mix

Steam MJ 4.0 from natural gas

Output Biomass–DMC mixture kg 3.3 × 101 to centrifuge 2

Centrifuge 2

Input Biomass–DMC mixture kg 3.3 × 101 from batch reactor
Electricity MJ 7.9 × 10−2 from electricity grid mix

Output PHB–DMC solution kg 3.2 × 101 to air dryer 3
Residual biomass–DMC mixture kg 9.5 × 10−1 to air dryer 2

Air dryer 2

Input
Residual biomass–DMC mixture kg 9.5 × 10−1 from centrifuge 2

Electricity MJ 2.6 × 10−2 from electricity grid mix
Steam MJ 2.3 × 10−1 from natural gas

Output Residual biomass kg 4.9 × 10−1 to waste incineration
DMC kg 4.6 × 10−1 to condenser 1

Condenser 1
Input DMC kg 4.6 × 10−1 from air dryer 2

Electricity MJ 1.1 × 10−2 from electricity grid mix

Output DMC recovered kg 4.6 × 10−1 to batch reactor
DMC purge kg 7.3 × 10−4 to catalytic oxidizer

Air dryer 3
Input

PHB–DMC solution kg 3.2 × 101 from centrifuge 2
Electricity MJ 1.8 from electricity grid mix

Steam MJ 1.6 × 101 steam from natural gas

Output PHB kg 1.0 raw material
DMC kg 3.1 × 101 to condenser 2

Condenser 2
Input DMC kg 3.1 × 101 from air dryer 3

Electricity MJ 7.5 × 10−1 from electricity grid mix

Output DMC recovered kg 3.1 × 101 to batch reactor
DMC purge kg 5.0 × 10−2 to catalytic oxidizer

Catalytic
oxidizer

Input DMC purge kg 5.1 × 10−2 from condenser 1 and condenser 2

Output

DMC emission kg 2.7 × 10−4 emission to air
CO2 kg 7.4 × 10−2 emission to air

Water vapor kg 3.0 × 10−2 emission to air
NOx kg 3.2 × 10−5 emission to air

3.4. Use of Alternative Sorbents for Acid Gas Removal in Waste-to-Energy Plants

This case study represents a situation in which the process and materials to be analyzed are
already industry ready, but the information is difficult to collect. The goal of the study is the evaluation
of different dry treatment strategies for acid gas removal from flue gases of waste-to-energy (WtE)
plant. The emission of airborne pollutants (e.g., hydrogen chloride, HCl) is the main drawback of the
thermal treatment of solid waste [66,67]. The availability of new sorbent materials [68] poses to the
designers of new treatment process critical choices that may affect the environmental impacts of the
plant under design [69,70]. In a life cycle perspective, the choice of the best dry treatment solution
should consider not only the acid gas removal efficiency, but also the indirect environmental burdens
related to supply of sorbents and disposal of solid process residues.
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Two issues arise in approaching these systems with a LCA method. The first issue is the lack
of quantitative information about the removal performance of the different commercially available
sorbents, which hinders the correct quantitation of the inventory flows needed to achieve a given
HCl removal target. Sorbent suppliers and technology providers rarely disclose their data in the
open literature [71], while scholarly studies mainly report results of laboratory-scale tests of little
applicability to full-scale systems [72,73]. The second issue is related to the high variability of the
composition of processed waste, which may result in significant fluctuation of HCl concentrations
in the gases to be treated [74,75], hence the sensitivity of the LCI results to these parameters need to
be thoughtfully checked. Being the relationship between removal efficiency and sorbent feed rate
non-linear [76], process modeling is required for a correct evaluation of both aspects.

3.4.1. Modeling and Scale-Up of the Processes

In this case study, the process is well established at industrial scale, so no conceptual definition
of the Process Flow Diagram (PFD) is required. The reference dry acid gas treatment technology
considered here is a two-stage system, based on the injection and subsequent filtering of calcium
hydroxide, Ca(OH)2, and sodium bicarbonate, NaHCO3, respectively, in the 1st and 2nd treatment
stage (Figure 4). These sorbents react with the acid pollutants via gas–solid reactions [77]. The spent
solid residues are collected by the fabric filters. The two treatment stages have the following features:

• Ca-based stage. Calcium hydroxide is the less reactive of the two sorbents and it is only partially
converted in the residence times typical of dry sorbent injection systems [78]. The solid residues
of the reaction of Ca(OH)2 with acid gases, known as Ca-based residues (CBR), are to date
non-recyclable and, thus, are to be sent to proper disposal sites [79]. Therefore, the Ca-based stage
can be equipped with a solids recirculation system, which helps maximizing sorbent conversion.

• Na-based stage. Sodium bicarbonate presents higher affinity towards acid gases, but the sorbent as
commercially supplied requires comminution in a grinding mill before injection to promote its
reactivity [80]. In contrast with CBR, Na-based residues (NBR) can be recycled off-site: dedicated
plants regenerate fresh bicarbonate from the residue, with ~85 wt % efficiency [81].
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Figure 4. Process flow diagram of the two-stage acid gas treatment system in the adopted chemical
process simulation software.

Figure 5 details the procedure adopted for the integration of the process simulation in a life
cycle assessment framework. First, the functional unit (1 h of operation of a 360 t/day WtE plant),
the waste types (a typical urban waste and a chlorine-rich waste representative of industrial refuses,
see [69] for composition), and the emission limit value (2 mg/Nm3 for HCl) are set. As the LCA aims
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to evaluate the environmental consequences of varying the repartition of HCl removal efficiency X
in the 1st calcium-based stage (X1) and in the 2nd sodium-based stage (X2), four reference process
configurations are defined (Ca_0 in which only sodium bicarbonate is used; and Ca_25, Ca_50 and
Ca_75 in which, respectively, 25 wt %, 50 wt % and 75 wt % of the incoming HCl is removed in the first
Ca(OH)2-based stage).
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Process modeling was based on the empirical reaction model described by Dal Pozzo et al. [74],
calibrated on a set of process data from operating plants and expressing the non-linear relationship
between the over-stoichiometric ratio (SR) of reactant fed to the system and the obtained acid gas
conversion. The non-linear model linking SR and X for the Ca-based and the Na-based stages is
shown in Figure 5, alongside the process data from the reference plant adopted for model calibration.
The model was embedded in CPS software to quickly solve energy and material balances and
derive contribution of the process to LCI. Figure 4 shows the flow diagram of the process in the
simulation environment. The reaction model is the core of the simulation, quantifying the material
streams (sorbents and residues) associated with the given HCl removal efficiency for the two stages.
The operation of the ancillary equipment (dilute-phase pneumatic conveying for sorbent feed, milling
for the sodium bicarbonate feed, dense-phase pneumatic conveying for the discharge and recirculation
of residues, and air pulse cleaning for fabric filter) is simulated through specific software objects and/or
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simple external sub-models linked to the simulation, thus determining the energy requirements of the
system (Table 9).

The mass flow rates of sorbents and residues obtained by process simulation define the mass
and energy reference flows throughout the life cycle (Figure 5). Extraction and processing of raw
materials, transportation phases and disposal are modeled using secondary data, viz. ELCD and CPM
databases [82,83]. The process for regenerating the spent Na-based sorbent (NBR recycling process) is
not available in the database and limited process data are disclosed in the open literature [81]. Thus,
once more, the preliminary design procedure described for the previous case studies (definition of
process flow diagram, energy and mass balances, unit operation modeling, preliminary unit sizing)
was adopted starting from patent data [84] and availing of CPS software.

Table 9. Equipment units and related energy use for the acid gas treatment system and Na-based
residues (NBR) recycling.

Equipment Energy Consumption Per FU (kWh/h) Source for Modeling

Acid gas treatment system Ca_0 Ca_25 Ca_50 Ca_75
Dilute-phase conveying (sorbent feeds) 3.00 6.00 6.00 6.00 [85]

Air-classifying mill (NaHCO3 feed) 35.45 24.05 16.31 8.82 [86]
Dense-phase conveying (residue streams) 1.50 3.00 3.00 3.00 [85]

Air pulse cleaning 0.25 0.25 0.25 0.25 [86]

NBR recycling plant Ca_0 Ca_25 Ca_50 Ca_75
Stirrer 0.11 0.08 0.05 0.03 [54]

Filter press 4.54 3.05 2.09 1.16 [87]
Pump 0.15 0.10 0.07 0.04 [54]

3.4.2. LCIA Results and Discussion

In this case study, three impact category indicators were used to illustrate the Life Cycle Impact
Assessment (LCIA) results and the role of process simulation in determining them: acidification
(AC, expressed in terms of kg SO2 eq.), carbon footprint (CF, expressed in terms of kg CO2 eq.),
and primary energy consumption (PEC, expressed in terms of MJ). The characterization factors for the
indicators were based on the CML-IA database [88].

Figure 6 presents the energy consumption indicator (PEC), by detailing the contributions of
the different unit processes to the overall indicator, with reference to the urban waste scenario.
The production of sodium bicarbonate is, by far, the main contributor, due to the high demand
of heat and electricity related to the extraction and processing of the raw materials (sodium chloride
and limestone). By increasing the utilization of the Ca-based treatment stage, the share of the PEC
indicator associated with the production of calcium hydroxide increases, but the share due to sodium
bicarbonate decreases to a greater extent, causing the overall reduction of the PEC indicator. Only for
the case Ca_75, the additional impact due to Ca(OH)2 production offsets the reduced demand of
NaHCO3, resulting in an increase of the PEC indicator. The figure also highlights the minor role of
the energy consumption arisen during the operation of the flue gas cleaning system, compared to
the energy flows associated to the extraction and processing of raw materials. Only the 3.5% of the
PEC impacts in the case Ca_0 and the 1.6% in the case Ca_75 are ascribed to the operation of the
treatment system. As shown in Table 7, the most energy-intensive equipment is the air-classifying mill
for the grinding of powdered sodium bicarbonate before the injection in the flue gas ductwork. Even if
the utilization of two abatement stages (cases Ca_25 to Ca_75) imply the operation of an additional
pneumatic transport line, the energy savings due to the reduction of the bicarbonate feed to be ground
cause a lower overall energy consumption for the two-stage configurations than for the case Ca_0.

Lastly, it is shown that the NBR recovery process is associated with a negative contribution to
the PEC indicator. The impact credits of the recycling process, i.e., the avoided energy consumption
associated with the extraction of fresh brine, largely offset the impacts generated by the energy needs
at the recycling plant. Indeed, the energy consumption at the plant, associated for the 95% to the
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power requirements of the filter press (see Table 7), is equal to just the 4.0% of the avoided energy
consumption related to brine extraction.
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Waste composition scenario: urban waste.

Figure 7 summarizes the three environmental indicators calculated for the four system
configurations and the two waste composition scenarios. A higher utilization of the 1st Ca-based
treatment stage results in lower impacts in the three environmental indicators considered as long as
only a fraction of HCl is removed by the calcium hydroxide (cases Ca_25 and Ca_50). When compared
to the single stage Na-based treatment, a two-stage system abating 50% of the HCl load in the first
stage (Ca_50) generates an 18% reduction in the acidification indicator in the urban waste scenario,
while the carbon footprint and the PEC shrink 8% and 27%, respectively. Conversely, demanding a 75%
removal efficiency to the Ca-based stage (Ca_75) generates higher impacts (in particular, a 95% increase
of the carbon footprint) due to the high stoichiometric excess of Ca(OH)2 required, as a consequence of
the low reactivity of Ca(OH)2 mentioned in Section 3.4.1.
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Figure 7. Scores of the different acid gas treatment configurations analyzed in the case of urban waste
and Cl-rich waste in the three impact category indicators: (a) primary energy consumption (PEC); (b)
acidification (AC); and (c) carbon footprint (CF).

In the Cl-rich waste scenario, the Ca_50 configuration realizes a 26% reduction in the AC indicator,
a 13% reduction in the CF indicator and a 31% reduction in the PEC indicator, with reference to the
Ca_0 benchmark. It can be noticed that the environmental advantage of the Ca_50 configuration in the
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presence of Cl-rich waste is higher than in the case of urban waste. This is due to the higher removal
efficiency required to meet the same emission target with a higher incoming HCl concentration, which
entails a more-than-linear increase in the feed rate of NaHCO3 compared to the urban waste scenario.
Therefore, the advantage of reducing the feed rate of NaHCO3 by removing a fixed fraction of the
incoming HCl load in the Ca-based stage is greater. The key role of process modeling in correctly
characterizing the process (in this case, by considering the non-linearity in the relationship between
removal efficiency and sorbent feed) and thus identifying aspects that would be lost in a regular
database-driven LCA approach where inventory entries and associated impacts are typically scaled
linearly with the functional unit is evident.

To demonstrate the importance on the LCIA results of the correct choice of a model in the
preliminary design of the acid gas removal system, Figure 8 compares the PEC indicator obtained by
different choices. Figure 8a illustrates four different ways to model HCl removal in the Ca-based stage.
The previous discussion adopted the non-linear model (red curve) calibrated with a set of process
data (Figure 5) to quantify the consumption of reactant associated with a given HCl removal efficiency.
This option provides a description of the system closer to the real operative performance of sorbents.
Conversely, the attempt to use plant data for evaluating LCA inventory, without developing a model
for the conversion and the preliminary design of the process, would consider the average of process
data (yellow diamond). This is the approach typically used in compiling LCI databases. In between
these two cases, other alternative models are considered, featuring a simplified correlation between
conversion and stoichiometric ratio (SR): the stoichiometric model (blue curve), which ignores mass
transport and kinetic limitations in the reaction, and the linear model (green curve), which assumes
proportionality among the considered parameters.
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As evident in both the urban waste (Figure 8b) and the Cl-rich waste (Figure 8c) scenarios, the use
of average process data (yellow diamond in Figure 8a) does not allow discriminating the different
environmental impacts associated to the mode of operation of the acid gas treatment system. Moreover,
the values obtained for the PEC indicator may differ as much as 60% from the results based on
non-linear modeling.

The use of less precise models, such as linear and stoichiometric models, misestimate the reactivity
of sorbents leading again to relevant discrepancies in the indicator results. Indeed, only the non-linear
model is capable of considering both the different reactivity of the two sorbents and the “diminishing
returns” in terms of removal efficiency of increasing sorbent feed rate, allowing to identify the optimal
repartition of HCl removal between the two stages of the treatment system in terms of environmental
impacts. This exemplifies that the quality of the approach followed in preliminary design may affect
data and, in some cases, even frustrate the efforts invested in the activity.

4. Conclusions

The case studies described in this paper highlighted the use of process design techniques and
modeling in tracking and quantifying the energy and material consumption entries associated to both
the foreground and background processes of a life cycle. Even if a process is in its early development
stage, good engineering practice and scaling rules, assisted by chemical process simulation software,
allow drafting the information on the envisaged industrial-scale process at an adequate detail for the
purpose of LCA, as shown in the case studies. The preliminary design approach considers all the
energy streams required by the process, including utilities, and assesses their relevance. Furthermore,
it avoids the overestimation of energy consumption that would be made by directly considering
primary data from the laboratory scale, as evidenced in Case Study 3.

Another advantage of the integration of process modeling in the LCA framework is the flexibility
provided by the simulation, which enables the study of the sensitivity of the environmental indicators
as a function of the process conditions and design choices. For example, in Case Study 4, the effect
of a different composition of the treated waste on the environmental burdens from the WtE plant
was explored, evidencing the relative stability of the results at the change of HCl concentration in
flue gases.

On the other hand, it has to be remarked that the adoption of process models to bridge gaps in
available primary data requires due knowledge of the underlying chemical and physical characteristics
of the process. With reference to Case Study 4, it was shown how the use of oversimplified models
might produce significant discrepancies in the LCIA results.

Generally speaking, the case studies demonstrated that, while an actual scale-up would require
extensive research efforts, the proposed simplified approach to process design is adequate to the
scope of the exploratory LCA studies for new materials or emerging processes, for which datasets
are not available in common LCI databases. Although no off-the-shelf solution is possible for the
estimation of energy consumption and case-specific simulation and design activities are usually
required, integrating the expertise of LCA practitioners and of process engineers is evidenced here as a
key point in performing a reliable sustainability assessment of a new chemical product or process.
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Abbreviations

Acronym Term
AC Acidification
BmimCl 1-butyl-3-methylimidazolium chloride
CBR Ca-based residues
CF Carbon Footprint
CPS Chemical Process Simulation
DCE 1,2-dichloroethane
DMC dimethyl carbonate
DMC-BioD dimethyl carbonate-biodiesel
ELCD European reference Life Cycle Database
EtOH ethanol
FU Functional Unit
I/O Input/Output
ISO International Organization for Standardization
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment
MeOH methanol
NBR Na-based residues
NMM N-methylmorpholine
NMMO/H2O N-methyl-morpholine-N-oxide monohydrated
PD Preliminary design
PEC Primary Energy Consumption
PFD Process Flow Diagram
PHB poly-hydroxybutyrate
PS Preliminary sizing
R&D Research and Development
SR stoichiometric ratio
WtE waste-to-energy plant
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