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Abstract: This paper discusses strategies for the environomic optimization of renewable energy con-
version technologies that are at the conceptual process design stage and produce multiple energy
services, using Life Cycle Assessment (LCA). It is illustrated by an application to the thermo-chemical
production of Synthetic Natural Gas (SNG) from lignocellulosic biomass, producing both SNG and
electricity. The MJ of wood at the inlet of the process is selected as the functional unit. In a first time,
the effects of process scale on environmental impacts are investigated using three different impact
assessment methods. This is done by performing multi-objective optimization with the SNG produc-
tion costs and the cumulated environmental impacts of each impact assessment method as the two
objectives. The process size is included in the decision variables. The identified optimal size range
varies depending on the impact assessment method. For all methods, the impacts increase with the
process size in this optimal range. This is due to a joint effect of the biomass logistics and of the
scaling of the gasifier, which leads to an increased resource consumption per unit of volume with an
increasing size. In a second time, multi-objective optimization is conducted at fixed process size, using
three objectives. The two first objectives are the SNG output and the electricity output, and the third
one is either one of the three environmental indicators or the SNG production costs. Results show that
the choice of the impact assessment method and of the hypothesis for electricity substitution have an
important influence on the results, and favor either the production of SNG or of electricity. In all cases,
process efficiency is one of the most important aspects for impact reduction.

Keywords: Life cycle assessment, multi-objective optimization, environomic optimization, biofuels,
synthetic natural gas, optimal process scale, process design, renewable energy conversion systems

1. Introduction

Environmental impacts of emerging technologies
such as the production of biofuels have become an
important concern. To assess these impacts, life cy-
cle assessment (LCA) is a widely used and well-
established method, standardized in [I, 2]. Sev-
eral LCAs surveys have been conducted to highlight
the environmental impacts generated by the produc-
tion of fuels from biomass, like the study of Zah
et al [3] on the Swiss level, or the study of von-
Blottnitz and Curran [4] on the international level.
However, in such studies the life cycle inventory
(LCI) is established using average technologies and
data from different sources that are not necessar-
ily consistent. With this conventional approach, the
changes in process design, the effects of process
integration and scaling, and the possible technol-
ogy evolutions are not considered. Therefore, it is
not possible for engineers to integrate LCA at the
conceptual process design stage to target simultane-

ously not only the economic performance but also
the environmental impacts. In a former article [5],
the authors proposed a methodology to integrate the
LCA in a computer aided process design platform
that allows for the optimal thermo-economic design
of production processes, and demonstrated its appli-
cation to the design of thermochemical production
of synthetic natural gas (SNG) from lignocellulosic
biomass, using the model described in Gassner and
Marechal [6]. The authors did however not present
the application in an optimization framework.

Several authors have conducted studies on the envi-
ronomic optimization for the identification of opti-
mal process design for energy conversion systems,
which refers to the simultaneous optimization of
economic, thermodynamic and environmental as-
pects. Von Spakovsky and Frangopoulos [7] intro-
duced the concept of environomic for energy sys-
tems by taking into account not only the total costs
as performance indicators, but also the exergy and
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some environmental aspects, such as direct emis-
sions and resource consumption. Later, Li et al
included also environmental criteria in the multi-
objective optimization (MOO) framework of district
heating systems [8] and of combined cycle power
plants including CO2 separation options [9]. Laz-
zaretto and Toffolo [10] also conducted work on
the thermo-environomic optimization and published
the results of a MOO considering the three aspects
of economy, exergy and environment, calculating
the corresponding Pareto surface for a cogeneration
plant. However, all of the above studies do not con-
sider the use of LCA, and focus only on the emis-
sions or the resource consumption to represent the
indicator of environmental impacts. Regarding the
integration of LCA in the optimization procedure,
Bernier et al [1 1] use process integration techniques
and thermo-economic analysis in combination with
LCA for the design of natural gas combined cycle
power plants including CO2 separation options, and
perform an environomic optimization. They yet fo-
cus only on global warming potential, which is rel-
evant in the case of fossil energy systems, but may
not be the case for renewable energy systems.

In the present paper, we propose a strategy for
the environomic optimization using LCA applied
to the conceptual process design of renewable en-
ergy conversion systems producing multiple energy
services and integrating the biomass supply chain
aspects. It is illustrated by an application to the
thermochemical production of SNG from lignocel-
lulosic biomass. The important aspects specific to
the application of LCA to process design by multi-
objective optimization are as well highlighted.

2. Methodology

The thermo-economic design approach described in
[12] is repeated in figure 1. It is based on a compu-
tational platform which creates interfaces between
different models required for the energy system de-
sign. In a first step, the energy flow model based
on given operating conditions is calculated to obtain
the mass and energy flows in the process, as well
as the corresponding thermodynamic states. These
results are used to generate the energy integration
model, which optimizes the heat recovery and the
combined heat and power production in the system
by minimizing the total exergy depletion or the op-
erating cost under the heat cascade constraints. The
results of the energy-flow and the energy integra-
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Figure 1: Overall computation sequence including
the LCA model

tion models are used to size the equipments, esti-
mate the cost and evaluate the performance of the
process configuration, including the environmental
impacts calculated by life cycle impact assessment
(LCIA). The performance indicators are then further
used in a MOO framework, in which an evolution-
ary genetic algorithm is used.

2.1. LCA model

The methodology used to develop the LCA model,
based on the ISO-norms [!], and to link the LCI
flows with process design and scale is described in
[5], and the same application example of the SNG
production process from [0] is taken here as an il-
lustrative example.

2.1.1. Goal and scope definition

The goal and scope of the study, and therefore the
functional unit (FU) and system boundaries are first
defined [1]. From the LCA perspective, the goal and
scope of the study can be defined as the identifica-
tion of the process configurations for SNG produc-
tion that minimize the environmental impacts gen-
erated by the conversion of lignocellulosic biomass
into useful energy services. Unlike for the exam-
ple case presented in [5], which uses the MJ of pro-
duced SNG as FU, the MJ of input wood is cho-
sen here. Indeed, the process can, under certain
conditions, simultaneously produce both SNG and
electricity as energy services, and the present study
becomes therefore a resource allocation problem.
Moreover, this choice of FU allows to fix as con-
stant the impacts per MJin due to wood production
at forest, on which the design of the process has no
influence. The impacts per MJin due to wood sup-
ply chain from the forest to the plant and back, wood
conversion to SNG, and the beneficial impacts due
to the substitution of the produced energy services
will remain variable.
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2.1.2. Life Cycle Inventory

The second step is the establishment of the LCI and
its linking with the flows of the thermo-economic
model. The LCI database ecoinvent [13] is used to
find equivalences for each process flow and equip-
ment. The LCI of the process was established in [5]
and is illustrated in Figure 2. Same systems bound-
aries and LCA model are kept in the present study.
To account for the benefit of the produced energy
services in the optimization procedure, the electric-
ity produced by the process is assumed to substitute
the Swiss mix including the imports, and the SNG
is assumed to substitute the extraction and transport
of fossil natural gas, as well as to avoid fossil CO,
emissions from fossil natural gas combustion.

2.1.3. Life Cycle Impact Assessment

The third step is the choice of the impact assessment
methods used in the LCIA phase, which are used
as indicators for the environmental performance of
the system configuration. The general equation to
aggregate the emissions and extractions of the LCI
in more general indicators by the mean of an impact
assessment method is described by Equation 1.

Fi1 Fi, E L

[ e v o Ix01=1..-] (D)
Fm,l Fm,n En Im

where, F;; is the weighting factor to convert the
LCI emission i into the impact category j, E;
is the emission or extraction i calculated at the
LCI, and I; is the impact category j of the impact
assessment method. Since the weightings vary
among the different impact assessment methods,
it is necessary here to use more than one of them.
Three different impact assessment methods are cho-
sen: Ecoscarcity06 [14], Ecoindicator99-(h,a) [15],
and the Global Warming Potential at 100 years
(GWP,100a) of the Intergovernmental Panel on Cli-
mate Change [16]. The first one is based on the
scientifically supported goals of the Swiss envi-
ronmental policy, the second one uses a damage
oriented-approach, and the third one specifically
targets the global warming issue using a problem-
oriented approach. The different endpoint impact
categories of these three methods are summarized
in Table 1.

3. Process optimization

Multi-objective optimization is performed to calcu-
late the trade-offs between the environmental per-
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Table 1: Impact assessment methods used

Method Impact category Units
Ecoscarcity06 Air emissions pts
Surface water emissions pts
Groundwater emissions pts
Top soil emissions pts
Energy resources pts
Natural resources pts
Deposited waste pts
Ecoindicator99-(h,a) Human health pts
Ecosystem quality pts
Resources pts
IPCC Global warming pot., 100a  kgCO,-eq

formance indicators and the thermo-economic per-
formance indicators of the system, such as the SNG
production costs and the energy efficiency, and to
identify the optimal process configurations.

Although the chosen impact assessment methods
allow for a detailed analysis of the different im-
pact categories in the case of Ecoscarcity06 and
Ecoindicator99-(h,a), it seems more appropriate to
use a single synthetic indicator for each impact as-
sessment method representing the overall environ-
mental performance. Indeed, although the use of
an evolutionary algorithm allows easily for multi-
objective optimization and thus for the use of sev-
eral environmental indicators at the same time, this
makes the results interpretation difficult, especially
when the goal is to calculate the trade-offs between
environmental objectives and other objectives (eco-
nomic). The maximal number of objectives is then
preferably limited to three, in which at least one is
economic, and the single score is therefore chosen
as the representative optimization objective with re-
spect to environmental performance. It is calculated
by the weighted sum of the normalized impact cate-
gories:

m
ItOZ‘ = ZIZ k Wi (2)
i=1

where w; is a factor used for the normalization and
weighting of the different impact categories.

3.1. Optimal process scale
3.1.1. Optimization strategy

Considering the biomass supply chain, the optimal
process scale can be calculated, considering eco-
nomic and environmental objectives. Indeed, while
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Figure 2: Flows of environmental concern included in the LCI

the impacts due to the biomass logistics should in-
crease with process scale because of increased trans-
portation distance, the impacts due to the process
equipment and to the increase in process efficiency
should be decreasing with process scale. Therefore,
there should be an optimal trade-off with respect to
process scale. This is calculated by simultaneously
minimizing the single score of a selected impact as-
sessment method, and by minimizing the SNG pro-
duction costs per MWh.

The chosen technology for this scenario is the in-
direct gasification at atmospheric pressure using
steam drying and membranes for CO, removal.
This scenario is chosen over the more evolved tech-
nologies described in [17], since it uses larger pro-
cess equipment and more resources during gasifi-
cation than the other scenarios. The optimization
is more likely to identify if the variations in pro-
cess design allow for a significant impact reduction
due to these contributions. For the optimization, the
same decision variables and ranges are used than in
[17]. The process size is given as an additional deci-
sion variable of the optimization problem, and is ex-
pressed as the thermal capacity in terms of biomass
input, in the range of 5 to 50 MW,;,. Three optimiza-
tions are performed, one for each impact assessment
method.

3.1.2. Results

The results obtained by the successive use of the
three impact assessment methods show that there
is a trade-off between SNG production costs and
environmental impacts. This is shown in Figure 3
for the method of Ecoscarcity06, and in Figure 4
for the method of Ecoindicator99-(h,a). Results ob-
tained with the GWP,100a are not displayed here,
but show a similar trend to the results obtained with
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Figure 3: Pareto curve for Ecoscarcity06 and SNG
production costs with varying process size

Ecoindicator99-(h,a). However, the range of pro-
cess sizes concerned by this trade-off varies among
both impact assessment methods. While in the case
of Ecoindicator99-(h,a), the whole range of process
sizes is represented in the optimal process config-
urations, in the case of Ecoscarcity06, the range of
selected sizes considers rather large scales, and goes
from 42 to 50 MW,,. In both cases, a larger process
size within the optimal range tends to lead to higher
environmental impacts and lower SNG production
costs.

The different results produced by the impact assess-
ment methods are explained by the different weight-
ings attributed in the impact assessment methods,
which give more importance to one energy ser-
vice produced or another. By its high weight at-
tributed to nuclear electricity, the solutions proposed
by the Ecoscarcity06 objective favor the production
of electricity substituting the Swiss mix. As the co-
produced electricity is sold for the market price, this
reduces the SNG production costs. Ecoindicator99-
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(h,a) and the GWP,100a give on the contrary a
higher weighting to the fossil energy resources emit-
ting high amounts of CO,. The solutions obtained
with this indicator therefore favor the substitution
of fossil natural gas with lower level of electricity
production.

Small process sizes have the effect to penalize
the cogeneration of electricity, which decreases the
avoided impacts from electricity substitution and in-
crease the investment costs that are accounted in
the SNG production costs. This has the effect that
small-scale processes are not considered as opti-
mal. For Ecoindicator99-(h,a) and the GWP,100a
, the SNG production is favored over the produc-
tion of electricity. However, specific SNG produc-
tion varies to a less extent with process scale, unlike
the cogeneration of electricity. This is shown in Ta-
ble 2 that compares the specific electricity and SNG
production per unit of wood for two extreme points
of the Pareto curve shown in Figure 4. However, the
impacts from wood transport and from specific re-
source consumption by the gasification are increas-
ing with process scale. For the biomass logistics,
this is due to the increase of the average distance
from forest to SNG plant. For resource consump-
tion by gasification, it is an effect of the gasifier siz-
ing which affects the consumption of olivine, char-
coal, starting oil, solid waste generated and trans-
port of these different materials. The increase of the
cumulated impacts of these different processes with
process scale is stronger than the benefit from the
increased electricity production for Ecoindicator99-
(h,a) and GWP,100a, and explains why these impact

http://www.ecos2010.ch

Table 2: Detailed energy service production for
two points of the Pareto curve calculated with
Ecoindicator99-(h,a)

Point 1  Point 2
Thermal capacity [MW,] 5 50
SNG [MW/MW,,,041 0.704 0.701
Electricity [kW/MW,,,,4] 0.9946  5.606

assessment methods rather favor small-scale pro-
cesses.

In the case of Ecoscarcity06, the joint effect of the
biomass logistics and of the specific resource con-
sumption by gasification is only visible after the
specific electricity production does not increase sig-
nificantly with size anymore, in the upper range of
the potential process sizes.

It should be noted that the impact contribution of
the process equipment is decreasing with process
scale. However, unlike for the SNG production
costs which are affected in an important way by
the investment, it does not affect the optimal pro-
cess configurations with respect to the impact, since
this effect is not significant compared to the effect of
electricity cogeneration, biomass logistics and spe-
cific resource consumption by gasification.

3.2. Environomic design
3.2.1. Optimization strategy

Fixed-scale process environomic optimizations are
conducted, with respect to three objectives: the
SNG output, the electricity output, and either the
SNG production costs or one of the environmen-
tal indicators. Using both the SNG output and the
electricity output as optimization objectives instead
of the single objective of energy efficiency allows
one to clearly identify the trade-offs between the en-
vironmental impacts and the production of one of
these services. A process size of 20 MWy, of input
wood thermal capacity has been assumed, and the
technological scenario considered is the same than
for the varying size optimization.

3.2.2. Results

The results for the optimization of SNG production
costs, SNG output and electricity output are shown
in Figure 5.

A trade-off between the minimization of SNG pro-
duction costs and electricity and SNG maximization
is observed. As it can be seen, minimization of the
costs prefers slightly the SNG over the electricity
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output, but it could however be shown that there ex-
ist solutions with similar SNG production costs for
both trends. This indicates also that the selection
will be based on other criteria or could be adapted
to account for the market prices of energy. Further-
more, the most efficient solutions are not necessarily
the most economic ones since the investment cost
becomes dominant.

The results for the optimization of environmen-
tal impacts, SNG output and electricity output are
shown in Figure 6 and 7. Results for the optimiza-
tion of the GWP,100a are not displayed here, since
they show the same trend than the results obtained
with Ecoindicator99-(h,a).

The optimization shows different trends in the im-
pact assessment when one use one or the other en-
vironmental indicator, Ecoscarcity06 favoring elec-
tricity cogeneration while Ecoindicator99-(h,a) fa-
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vors SNG production. It is shown that increased
substitution of a single service is more important
than the potential impact reduction of any other con-
tribution. It means that in the case of a similar re-
newable energy conversion system producing only
one single energy service, it might be possible to as-
similate the environmental impact reduction to the
maximization of the process efficiency. However,
the results show clearly that this can not be assumed
here, in the case the process produces multiple en-
ergy services. Indeed, the optimizer may environ-
mentally favor one or the other energy service which
leads to the higher avoided impacts. Here, the re-
sults differ completely depending on the used im-
pact assessment method, and this demonstrates the
necessity to use different impact assessment meth-
ods giving different weightings to the produced en-
ergy services, which may lead otherwise to mis-
taken conclusions and affect the decision making.
This further demonstrates the importance of the hy-
pothesis made regarding the electricity mix substitu-
tion, which may thus be questioned, since it greatly
influences the configurations that will be evaluated.
This is an issue that has to be studied in detail in
further work.

In the case where a trade-off is observed between
an economic objective and an environmental objec-
tive, like it is the case here for the Ecoscarcity06 and
the SNG production costs that do not favor the same
energy service, it is possible to conduct further op-
timizations to calculate the optimal configurations.
This is done by a 3-objective optimization with the
SNG production costs, the environmental impacts,
and the energy efficiency of the process expressed
as SNG equivalent, which replaces the two objec-
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tives of SNG output and electricity output. The re-
sults of this optimization are shown in Figure 8. The
trade-off between energy efficiency, environmental
impact and SNG production costs, are explained by
the higher avoided impacts by the electricity pro-
duction, but which leads to a lower SNG production
and overall efficiency.

4. Conclusions

A strategy for the multi-objective environomic opti-
mization of energy conversion systems that produce
multiple energy services using LCA has been pro-
posed. It was illustrated by an application to the
thermochemical production of SNG from lignocel-
lulosic biomass with power cogeneration.

The optimal process scale has been first investigated
with respect to SNG production costs and environ-
mental impacts. In any case, minimization of SNG
production costs favors large processes. For the
minimization of the environmental impacts, how-
ever, the optimal process scale varies depending on
the impact assessment method that is used. The im-
pact contributions that increase with process scale
are the biomass logistics and the specific resource
consumption from gasification. The impact con-
tributions that decrease with process scale are the
electricity substitution and the process equipment,
though this last one has generally a minor effect.
Therefore, if electricity substitution is weighted
more strongly, the impact assessment method will
favor large processes, since at small scale, electric-
ity cogeneration decreases while SNG production
remains constant. If this is not the case, the joint
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effect of the biomass logistics and of the specific re-
source consumption from gasification become more
important, and small scale processes are favored to
minimize the environmental impacts.

For a fixed scale process, the environomic optimiza-
tion demonstrated that the impact reduction poten-
tial lies primarily in the increase in process effi-
ciency. This leads to a higher avoided impact from
substitution, before any other design consideration
which is likely to reduce the consumption of re-
sources or the size of the equipment. However, in
the case of a conversion process producing multiple
energy services, it is not possible to replace the ob-
jective of impact reduction by the objective of en-
ergy efficiency, since environmentally more favor-
able energy service may depend on the weightings
considered in the impact assessment methods. In
case where the assumption on the substitution of one
or more of the energy services is questionable, like it
is the case for the electricity mix, this may influence
the process configurations in the final solution.

Nomenclature

FU Functional Unit

GWP Global Warming Potential
LCA Life Cycle Assessment
LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment
MOO Multi-Objective Optimization

SNG Synthetic Natural Gas
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