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Abstract

This paper presents a systematic methodology for sustainable process systems design,
combining the principles of industrial ecology, process design and process integration, Life
Cycle Assessment (LCA) and multi-objective optimization (MOO). The superstructure con-
siders an extended decision perimeter and embeds models based either on flowsheeting soft-
ware or average market technologies, for which energy and material flows are extracted from
the Life Cycle Inventory (LCI) database. Therefore, the overall supply chain can be synthe-
sized within a given action system and the systematic recyclings identified. The methodology
can be used to design eco-industrial parks or urban systems, to identify the best conversion
pathways of resources or waste, or to fix the optimal value of environmental taxes. It is
illustrated by an application to the environomic design of an urban energy system. This
case study considers multiple energy services to be supplied and waste to be treated, with
their seasonal variations, indigenous and imported resources, as well as different candidate
conversion technologies. Results demonstrate that integrating an environmental objective
in the design procedure leads to consider different system configurations than if only eco-
nomic aspects are considered. The problematic of the optimal value of a CO2 tax is as well
addressed.

Nomenclature

Ė−p net electrical power produced by system at the operating conditions of period p, in MWe

Ė−t electrical power produced by the turbines of the cycle, in MWe

˙fup quantity of functional unit involved during period p

İO impact due to the operation phase

ṁext extracted mass flow rate from EGS, in kg/s

ṁf mass flow rate of geothermal steam passing through the flash system turbine, in kg/s

ṁinj injected mass flow rate in EGS, in kg/s

ṁi mass flow rate of emission of substance i from flash system condensers, in kg-i/kg-geofluid

ṁmkup mass flow rate of make-up water for EGS, in kg/

ṁscal quantity of scaling and residues from EGS to be disposed, in kg/s
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Q̇−max district heating network installed capacity, in MWth

Q̇−p district heating requirement during period p, in MWth

η exergy efficiency of the conversion system, in %

c−e selling price of electricity, in USD/kWhe

Cinv,an annualized total investment costs, in USD/yr

Cinv,DH investment costs associated with the district heating network, in USD

Cinv,EGS investment costs associated with the EGS construction

Cinv,tot total investment costs of EGS, conversion system and district heating network, in USD

Cinv,w investment costs associated with equipment w, in USD

co,EGS specific operating costs of EGS, in USD/h

co,t specific operating costs of conversion technology t, in USD/h

c−q selling price of district heating, in USD/kWhth

ei emission factor of substance i from the flash system condensers, in kg-i/kg-geofluid

eCO2,NGCC specific CO2 emissions of electricity production from NGCC, in kg CO2-eq/kWhe

eCO2,NGCC specific CO2 emissions of heating production from natural gas boiler, in kg CO2-
eq/kWhth

ECO2,av yearly avoided life-cycle CO2-equivalent emissions, in kg CO2-eq/yr

IC impact due to the construction phase

IE impact due to the end-of-life phase

IFU final impacts per functional unit

lwat water losses in EGS, in %

Lwf losses and required make-up of working fluid in binary cycles, in kg/yr

lwf yearly losses of working fluid in binary cycles, in %

Mk required quantity of auxiliary material k

Mwf initial quantity of working fluid in binary cycles, in kg

nw number of wells

nec number of LCI elements associated with construction phase

nee number of LCI elements associated with end-of-life phase

neo number of LCI elements associated with operation phase

Ran annual revenue, in USD/yr

s success factor in achieving the EGS sub-surface plant construction, in %

Tout outlet temperature at which hot source is cooled, in ◦K
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tp duration of period p, in h

Ta ambient temperature, in ◦K

Tin inlet temperature of the hot source, in ◦K

Tlm logarithmic mean temperature, in ◦K

tpb payback period, in yr

tyr expected lifetime of the EGS reservoir, in yr

vk reference quantity of auxiliary material k

vscal quantity of scaling and residues per mass unit of geothermal water, in kg-residues/kg-
geofluid

xd decision variables of the non-linear MOO problem

ywf thermodynamic properties of working fluid in binary cycles

z EGS construction depth, in m

CHP Combined Heat and Power

EGS Enhanced Geothermal Systems

IPCC Intergovernmental Panel on Climate Change

Kalina Kalina cycle based on the KCS-11 design

LCA Life Cycle Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment

MILP Mixed Integer Linear Programming

MINLP Mixed Integer Non-Linear Programming

MOO Multi-Objective Optimization

NGCC Natural Gas Combined Cycle

ORC Organic Rankine Cycle

ORC-2 ORC with two evaporation levels

ORC-d ORC with an intermediate draw-off at the turbine

ORC-s supercritical ORC
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1 Introduction

Industrial ecology aims at identifying in a given system the possible energy and material ex-
changes that allow for mitigating the use of resources and the environmental impacts of human
activities, in order to design sustainable economies (Allenby and Richards (1994)). The closing
of material loops by the exchange of waste, by-products and energy among different industries
is termed as industrial symbiosis, by analogy with a natural ecosystem (Ehrenfeld and Gertler
(1997)). Applications of industrial symbioses may concern industrial complexes (Singh et al.
(2007)) or urban systems (Berkel et al. (2009)). The design and synthesis of an industrial sym-
biosis can be realized by applying process design techniques, in order to systematically identify
the optimal material and energy flow exchanges in a given system. For example, Diwekar and
Shastri (2010) propose a systems approach combining process design techniques and industrial
ecology for green process design. Urban et al. (2010) combines as well the two approaches to
design technological-ecological synergy networks, with applications both for industries and res-
idential houses. In addition to economic aspects, environmental performances of the industrial
symbiosis have as well to be considered. This can be done by integrating Life Cycle Assessment
(LCA) in the design of such systems. Singh et al. (2007) introduces such an approach in the
design of industrial symbioses, while Mattila et al. (2012) discusses in details the application of
LCA for the environmental assessment of industrial symbioses. In order to study and simulate
complex interconnected systems such as energy systems, Davis et al. (2009) propose a method-
ology that integrates LCA into agent-based models. This last approach has the advantage to
account for the diversity of stakeholders involved in decisions related with such complex systems.
However, it does not include process design and process integration techniques, which account
for the decision variables at the level of the technology. Such techniques allow in addition to
identify the optimal system configurations without defining a priori scenarios.

In parallel, the integration of environmental impacts in the conceptual process design pro-
cedure has gained considerable interest in the last decade. In a previous study, we proposed
a methodology for the systematic integration of LCA in process systems design (Gerber et al.
(2011a)). The results highlighted the importance of impacts linked with the logistics, the auxil-
iary materials and with the off-site emissions, due to the extended perimeter that is considered to
conduct a LCA and to the use of a Life Cycle Inventory (LCI) database. However, for products
or services that can be produced with different pathways, current LCI databases like ecoinvent R©

(Frischknecht et al. (2005)) assume a fixed unit process chain, or supply chain, for each product
or waste. In these supply chains, pre-defined fractions of each unit process represent the market
share of each option. Therefore, process design options may be biased due to the choices of
the options in such supply chains, and their systematic synthesis is not possible. Moreover, the
systematic identification of recycling possibilities of waste or co-products generated by processes
operating at a given location can not be performed with such databases. Therefore, the design
of industrial symbioses is not possible with the methodology presented in our previous study.

Regarding the environomic synthesis of supply chains, several methodologies have already
been proposed. Hugo and Pistikopoulos (2005) introduce a strategy to synthesize supply chains,
considering both costs and cumulated life cycle impacts in a multi-objective mixed integer linear
programming (MILP) optimization. Guillén-Gosálbez et al. (2008) propose as well a similar
approach to directly extract the optimal flowsheet configurations from the process superstruc-
ture for the design of chemical processes, using mixed integer non-linear programming (MINLP).
Extending this approach, Guillén-Gosálbez and Grossmann (2010) present a strategy for the
multi-objective optimization of chemical supply chains, including uncertainties in the environ-
mental impact model. In the field of energy systems, Cucek et al. (2012) propose as well a
MINLP formulation considering LCA for the synthesis of bioenergy supply chains. However,
none of these studies considers the LCI database itself as part of the superstructure to be used
for supply chain synthesis.

From the literature review in the fields of industrial ecology and conceptual process design,
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it appears that no methodology has been proposed, combining at the same time process design,
process integration, industrial ecology and LCA, and considering the LCI database as a part of
the superstructure. Such a methodology, allowing to use dynamically LCI databases, would be
useful for process synthesis, industrial parks design, or for the allocation of resources and waste
at the scale of a territory.

The objective of the present study is therefore to propose a systematic methodology for
process systems design that combines the above described principles and allows for identifying
the optimal configurations, independently of the agents behavior. It is an approach proposing
engineering solutions, and therefore the dynamics of the system agents are not modeled. The
method can only be used for preliminary system design, in order to identify the promising
candidate configurations of a system, for which a detailed engineering has still to be done. The
methodology is illustrated by an application to the design and synthesis of an urban energy
system considering both economic and environmental criteria.

2 Methodology

This section presents the developed methodology. It includes the computational framework
(sec.2.1), the superstructure generation and its extension to the supply chain synthesis (sec.2.2),
the LCI database disaggregation (sec.2.3), and the MILP optimization model (sec.2.4).

2.1 Computational framework

Figure 1 shows the developed computational framework, which is used for the simulation, the
design and the optimization of energy systems. It is adapted from Gassner and Maréchal (2009a)
and Gerber et al. (2011a), to account for the seasonal (i.e. multi-period) variations in the
operation of the overall energy system. A methodology for this aspect has been proposed in
Fazlollahi and Maréchal (2011). The framework is as well extended to perform simultaneous
mass and energy integration. The different operating periods are assumed to be independent.
Thus, mass and energy storage are not considered between two sequential periods.

evolutionary, multi-objective
optimization algorithm

(MINLP master problem)

energy and mass integration
(MILP slave sub-problem)
Process integration software

Supply chain synthesis

energy- and material-
�ow models superstructure

Detailed models:
Flowsheeting software

Average models:
LCI database

economic model

LCA model

LENI-Osmose

state variables

state 
variables state variables

performances

decisions variables
(thermo-dynamic targets)

decisions variables
(thermo-dynamic targets)

Combined multi-period 
performance indicators

LCI database - ecoinvent®

Single-period sequence:
 performed for np periods

1

2

3

4

5

Figure 1: Computational framework used for system design and optimization

The optimization problem is a MINLP multi-objective model. The goal is to minimize simul-
taneously the costs and the environmental impacts. The problem is decomposed in two stages:
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a master problem and a slave sub-problem.
The master problem is a MINLP (step 1 on Fig. 1), subject to the slave MILP sub-problem

(step 3 on Fig. 1). It deals with sizing the process unit variables. It is solved as a multi-
objective optimization of the non-linear investment and impacts of the system, and of the linear
operating costs. These three objectives are calculated during the post-calculation phase for
each independent operation period (step 4 on Fig. 1) and combined to represent the overall
performance of the system at the end of the computation sequence (step 5 on Fig. 1). A multi-
objective evolutionary algorithm is used to solve the master MINLP problem (Molyneaux et al.
(2010)).

A superstructure including the different technological options is built and the thermo-economic
models of these components are developed. This superstructure embeds either detailed models us-
ing flowsheeting software or average models, for which data are extracted from the LCI database.
The energy and mass flows for each process unit are calculated based on a given set of operating
conditions. These results are used as input data in the slave optimization model (step 3 on Fig.
1). The slave optimization concerns the combined mass and energy integration of the system. It
aims at minimizing either the system operating costs, or the linear environmental impacts, or the
operating costs including the environmental taxes. For these two last objectives, it is necessary
to calculate a linear approximation of the environmental impact of the different processes em-
bedded in the superstructure prior the post-calculation phase. For this purpose, a link is created
between the LCI database ecoinvent R© (Frischknecht et al. (2005)) and the process integration
software in order to systematically extract the impacts of the corresponding processes. Moreover,
the decision system is extended to a larger action system than a single process. This involves
to extend the superstructure with average technologies or resources, for which detailed flowsheet
models are not necessary. In this case, the data of average technologies in the LCI database are
sufficient in precision and can be used for writing simple models.

2.2 Decision system extension and superstructure generation

The general concept developed to account for supply chain synthesis in the methodology is
described in Figure 2. A distinction is made between the overall system and the action system.
The overall system represents the real system to be considered for calculating the environmental
impacts or the total costs. The action system is the one where decisions can be effectively taken
in order to decrease the impacts or the costs.

The action system contains a superstructure of units representing processes or technologies
(U). It is used to synthesize the supply chain for obtaining final services or products (B), or
to convert waste or available resources (R). Each unit has a series of sources and sinks (S),
representing material and energy streams that are necessary inputs or product outputs. The
units are either detailed flowsheet models, or simple models based on the average technologies
of the LCI database. Each unit generates emissions and extractions (Em) to and from the
environment, creating impacts (I). Each unit has an associated operating cost (COu), investment
cost (CIu), an environmental impact (Iu) and an associated utilization factor (fu). The supply
chain synthesis aims at determining the optimal values of the fu by solving the MILP slave sub-
problem at the process integration step. It is then performed by establishing matches between
sources and sinks, with respect to the definition of the functional unit (FU), according to the
LCA methodology (ISO (2006a,b)). This FU can be a given quantity of product or service to be
produced, or available resources to be converted or waste to be treated. This general concept is
used as a basis to disaggregate in a first step the LCI database in unit processes with associated
emissions and extractions. In a second step, the supply chains are re-synthesized accounting for
the mass balance constraints. The possible recyclings (i.e. industrial symbioses possibilities) are
identified, and the impacts on the environment or on the operating costs are minimized.
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real system 
(includes environment)

action system

R (ressources
/waste)

B (products
/services)

Em (emissions
extractions)

units superstructure
(processes/technologies)

S (sources
/sinks)

U2

I (impacts)

connections
for supply

chain synthesis

U1 U3

U4

Un-1

Un

average technology
(from LCI database)

detailed technology
(�owsheeting software)Ui

Unit U
fu, COu, CIu, Iu

Process stream (mass, 
heat, electricity)

Legend

Figure 2: General concept for supply chain synthesis including data from LCI database

2.3 LCI database disaggregation

To disaggregate the LCI database in models of average resources or technologies, a distinction has
to be made between different types of processes. Those termed here as ’s-type’ are fully included
in the superstructure of the action system and have both sources and sinks. The processes of
’r-type’ and ’p-type’ are at the interface of the action system and of the environment. ’r-type’
processes represent a resource delivery, and ’p-type’ processes represent a product sink (Gerber
et al. (2011b)). The r-type and p-type units represent the limits of the system under which
decisions have to be taken. This is summarized in Figure 3.

Ui

s-type r-type

Ui Ui
upstream
emissions/
extractions

downstream
emissions/
extractions

sourcessinks
sources =
resources

sinks =
products

emissions/extractions

p-type

Figure 3: Differences between the s-type, r-type and p-type unit process (Gerber et al. (2011b))

The level of cut-off at which a unit process becomes a r- or p-type has to be defined considering
the level at which no control is possible anymore on the processes, representing the average
technology or resources available on the market. It is relatively easy to perform this operation
with the data from ecoinvent R©, since the database offers two different formats for the information
linked with the embedded processes:

1. UPR format (unit process), used for s-type. This format contains the inputs and outputs
as material and energy flows, representing the sources and sinks. It includes as well the
emissions and extractions generated by the process only, without upstream and downstream
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emissions.

2. Aggregated LCI format, used for r- and p-type. This format contains the cumulative
emissions and extractions of the upstream or downstream processes.

Once the disaggregation is performed, the different processes constitute the superstructure of the
average technologies and resources that are used in the next step to re-synthesize the optimal
supply chain.

2.4 MILP formulation for system synthesis

To synthesize the optimal supply chain and account for the systematic recyclings, a MILP model
is used. The constraints are put on the mass balance for each process or technology. This ensures
that each source for a process finds another process as a sink, except where a certain quantity
of a product or service is wanted or of a resource or waste has to be converted:

∀s = 1...ns :
nu∑

u=1

fu,p · s+/−
s,u (xd) = 0 (1)

∀r = 1...nr :
nu∑

u=1

fu,p · r+/−
r,u (xd) = Rr,p (2)

∀b = 1...nb :
nu∑

u=1

fu,p · b+/−
b,u (xd) = Bb,p (3)

where fu,p is the utilization fraction at period p of the process or technology u of the super-
structure for the considered action system. nu is the total number of processes embedded in the
superstructure, s+s,u is the quantity of the source s consumed by the process u, a negative sign
(s−s,u) meaning a production. s+s,u is a function of the decision variables xd of the master MINLP
problem of Figure 1. r+r,u is the quantity of resource r consumed by process u, and b+b,u is the
quantity of product b. Ṙr,p and Ḃb,p are the required quantities of resource r or product b that
have to be converted or produced, and are defined according to the problem to be solved. Using
this layer approach for each source/sink, product and resource allows to systematically identify
the potential recyclings within the action system. The fu are the decision variables of the slave
MILP sub-problem. The emissions and extractions calculation for the LCI is as well included in
the MILP formulation:

∀i = 1...ni :
nu∑

u=1

fu,p · em+
i,u,p(xd) = Emi,p (4)

where em+
i,u,p is the elementary flow i of the LCI emitted or extracted by the process u at

period p. Thus, a linear approximation of the impact of the system for its operation at period p
is already calculated during the process integration step using the Life Cycle Impact Assessment
(LCIA):

Il,p =
ni∑

i=1

Emi,p · Fi,l (5)

where Il,p is the impact category l of the selected impact assessment method, Emi,p is the
emission or extraction i calculated in the LCI, and Fi,l is the weighting factor to convert the LCI
emission i into the impact category l.

This impact can be used to solve the following MILP slave sub-problem. It is a modified
version of the one presented in Maréchal and Kalitventzeff (1998), integrating the environmental
taxes in the system operating costs. The definition of operating costs becomes thus:
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Min COp = (
nu∑

u=1

fu,p · (COu,p + Iu,p · cI) +
nr∑

r=1

(Rr,p · cr + Ir,p · cI) + E+
p · ce+ −E−p · ce−)(xd) (6)

where fu,p is the utilization factor of unit u at period p, COu,p is its operating cost, Iu,p its
impact. cI is the specific environmental tax associated with the impact, Rr,p is the consumption
of resource r at period p, cr is its buying price, Ir,p is its impact. E+

p and E−u are the consumed
and produced electricity by the system, and ce+ and ce− are the specific costs for electricity
buying and selling from and to the grid.

If the impact is used as the objective of the MILP slave sub-problem, the formulation becomes:

Min Ip = (
nu∑

u=1

fu,p · Iu,p +
nr∑

r=1

Ir,p + IE+
p
− IE−p )(xd) (7)

where Iu,p is the impact of unit u at period p, Ir,p the impact of resource r, and IE+
p
and IE−p

are the impact of electricity import and export from and to the grid.
For each independent period, the energy integration is as well performed. Thus, both equa-

tions (6) and (7) are as well submitted to the constraints of the heat cascade without (Linnhoff
et al. (1982)) or with heat exchanges restrictions (Becker and Maréchal (2012)), depending on
the problem to be solved.

3 Application to urban systems

3.1 Urban systems superstructure

The concept described for the extended action system and supply chain synthesis described in
Figure 2 is used as a basis to generate the superstructure that is used for the design and synthesis
of an urban system. It contains five different subsystems:

1. The available resources. These can be indigenous (e.g. biomass or geothermal energy), in
which case they are limited, or imported (e.g. natural gas or oil), in which case they can
be limited or not, depending on the problem to be solved.

2. The conversion technologies. These are necessary to convert the resources to final energy
services or intermediate products (e.g. gasification of biomass or cogeneration engines), or
to treat the waste (e.g. wastewater treatment plant).

3. The services to be supplied (e.g. heat or electricity).

4. The waste to be treated (e.g. municipal solid waste or wastewater).

5. The transfer networks. These are used when the services can not directly be delivered to
the user without an intermediate (e.g. district heating network).

In addition to associated operating costs, investment, environmental impacts and mass and
energy flows for a nominal size, each one of these units has a minimal and maximal sizing factor
(fmin and fmax). It depends on if the unit is a process (fu = 1), a utility with unlimited
use (fmax = unlimited) or with limited use (fmax = limited). The units are either detailed
models using flowsheeting software, or average technologies extracted from the LCI database.
The example of such a superstructure is displayed in Figure 4, with both detailed models and
average technologies from the LCI database ecoinvent R© (Frischknecht et al. (2005)).

Following the developed methodology for the extraction of average technologies from the LCI
database, the conversion technologies are s-type processes, with an incremental impact, and the
resources are r-type processes, with a cumulated impact. Thus, there is no double-counting of
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Figure 4: Example of a superstructure for urban energy systems synthesis

the emissions while synthesizing the supply chains for the overall system. The references used
for the different physical, economic and environmental models of the units embedded in the
superstructure are given in Table 6 for the conversion technologies and 7 of the Appendix for the
resources .

3.2 Case study description

A city of Switzerland, La Chaux-de-Fonds, with a population of approximately 40,000 and located
at 1000m of altitude, is taken as an application case study. It has already a district heating
network with an installed capacity of 47 MWth. The heat requirements are presently supplied
in priority by a Municipal Solid Waste Incineration (MSWI) plant. It has a steam network that
allows for Combined Heat and Power (CHP) production. The remaining heat requirements are
supplied by a natural gas boiler and a wood boiler. The objective is to redesign and optimize
this urban energy system in a future perspective, considering the different energy services to
be supplied and the waste to be treated, as well as the available indigenous resources. Both
economic and environmental criteria are considered. The value that has to be fixed for a CO2

tax in order to favor economically the systems configurations reducing the environmental impact
is as well considered. This illustrates how the methodology can be applied to calculate the
impact of an environmental policy by showing the real cost of such a tax on the overall life
cycle. The superstructure of Figure 4 is used, and displays a list of the services and waste to be
considered, as well as of the available indigenous resources, the potential imported resources and
the potential energy conversion technologies.
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3.2.1 Functional unit

The functional unit of the considered system, both for evaluating the economic and environmental
performance, is the yearly energy services to be supplied to the city, as well as the yearly waste
treatment and disposal.

3.2.2 Energy services

The energy services to be supplied include space heating and hot water, electricity and mobility.
The seasonal requirements in space heating and hot water have been characterized using the
methodology of Girardin et al. (2010), and are displayed in Figure 5. These data are used as
a basis to calculate the total heating requirements for the buildings connected to the district
heating network.
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Figure 5: Seasonal demand profiles in space heating and hot water for the buildings connected
to the district heating network of the case study

The seasonal requirements are used as a basis to define the number of considered periods. In
June, the MSWI plant is closed for revision. This month is thus considered as a separate period
from May, July and August, with the same heating requirement. A total number of 6 periods is
hence considered.

The monthly electricity requirements for overall Switzerland (OFEN (2010)) are used to
estimate the total electricity requirements per capita corresponding to each period. The seasonal
demand in electricity per capita, accounting for the losses on the grid, is displayed in Table 1.

According to the Federal Office of Statistics (OStat (2010)), the mobility requirements in
Switzerland are currently around 11,392 person km/y and per capita. This value is used to
calculate the overall mobility requirement, assuming no seasonal variation.

3.2.3 Waste

The waste to be treated considered here include municipal solid waste, wastewater and organic
waste. 55,000 t are incinerated each year in the MSWI plant. The latter includes facilities for
composting yearly 3500 t of organic waste. This amount could be used to satisfy a part of the
requirements in energy services via a biomethanation unit. It is therefore included in the case
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Period Demand, in
kWe/capita

May, July & August 0.886
June 0.903
April & September 0.931
March & October 1.020
November-February 1.110
Design (peak load) 1.4

Table 1: Seasonal electricity requirements per capita for the case study

study, assuming no seasonal variation. From the data available in Muller et al. (2008), the design
value taken for the flow entering a wastewater treatment plant (WWTP) is equal to 300 m3 per
year and per capita, assuming no seasonal variation.

3.2.4 Indigenous resources

Four different indigenous renewable resources are considered for the case study: residual wood
from forest industry, geothermal resources, considering both deep aquifers and Hot Dry Rock,
and hydraulic energy.

According to Steubing et al. (2010), the sustainable biomass potential in Switzerland for
forest energy wood, industrial wood residues and wood from landscape maintenance is equal to
34.9 PJth per year. Brought back to the case study, this gives a total yearly potential of 49,086
MWth. No seasonal variation is assumed in the wood availability, but it can be distributed
among the periods.

For the geothermal potential, two types of resources are considered: deep aquifers and Hot
Dry Rock, the latter being exploitable as an Enhanced Geothermal System (EGS). The potential
deep aquifer is located at a depth of 1450m. Its temperature is 51◦C, its reinjection temperature
30◦C, its expected mass flow rate 15 kg/s, and its available thermal power 1.1 MWth (Working
group PDGN (2010)). For EGS, the results presented in Gerber and Maréchal (2012b) are used,
and five typical configurations are considered, with different potential construction depths for
the EGS: a 6000m EGS with a Kalina cycle for CHP, a 6500m EGS with a supercritical Organic
Rankine Cycle (ORC) for electricity production, a 8000m EGS with a double-flash system for
CHP, a 9500m EGS with a single-flash system and a bottoming ORC for electricity production
and a 9500m EGS with an ORC including an intermediate draw-off for CHP.

Hydro-electricity production represents around 56% of the Swiss electricity production (OFEN
(2010)) and has thus to be considered in the base mix of Swiss electricity. Using the data from
OFEN (2010), the hydro-electricity production can be estimated to 0.536 kWe per capita in
average.

3.2.5 District heating network

The district heating network allows for supplying the heat to the users, the demand being
displayed in Figure 5. The return and supply temperatures considered here depend on the
season and are displayed in Table 2 .

Since the network is already existing, the costs and the impacts from its construction are
not accounted for. It is used as a constraint for the heat supply from the different technologies,
avoiding the direct exchanges with the heat demand from the users. The methodology from
Becker and Maréchal (2012) for the heat exchanges with restriction is applied for this.
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Period Supply T, in ◦C Return T, in ◦C
May, July & August 90 38
June 90 38
April & September 92 39
March & October 96 41
November-February 99 43
Design (peak load) 112 45

Table 2: Return and supply temperatures from the district heating network for the case study

3.3 Multi-objective optimization

The objective for the MILP slave sub-problem is to minimize the operating costs, as stated in
Eq. (6). This includes as well the costs of the life-cycle CO2 equivalent emissions and multiplied
by the CO2-tax. The latter is given as one of the decision variables of the MINLP master MOO
problem.

Three independent optimization objectives are selected:

1. The investment costs, to be minimized:

Min CItot =
nt∑

t=1

max(CIt(ft, xd, cI))np +
nr∑

r=1

max(CIr(fr, xd, cI))np (8)

where nt and nr are the total number of technologies and of resources embedded in the
superstructure. CIt and CIr are the investment costs linked with technology t or resource
r, for which the maximum value is retained over all the independent periods np. ft and
fr are the utilization factors of the technologies and of the resources, and are the decision
variables of the MILP slave sub-problem. xd are the decision variables of the MINLP
master problem, and cI is the CO2 tax, as well given as a decision variable of the master
MINLP master problem.

2. The annual operating costs, to be minimized:

Min COan =
np∑

p=1

tp · (
nt∑

t=1

˙COt(ft, xd, cI) +
nr∑

r=1

˙COr(fr, xd, cI)) (9)

where tp is the operating time associated with period p, ˙COt is the operating cost of
technology t, nr is the number of indigenous or imported resources, ˙COr is the total
operating cost of resource r, and fr are the utilization factors of resources, decision variables
of the MILP sub-problem.

3. The annual life-cycle CO2-equivalent emissions per capita, to be minimized:

Min Ian,cap = (10)∑nt
t=1(max(IC,t)p +max(IE,t)np +

∑np

p=1 tp · İO,t)(ft, xd, cI)
ncap · tyr

(11)

+

∑nr
r=1(max(IC,r)p +max(IE,r)np +

∑np

p=1 tp · İO,r)(fr, xd, cI)
ncap · tyr

(12)

(13)
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where IC,t and IC,r are the construction impacts of technology t and resource r, IE,t and
IE,r are the end-of-life impact. Their maximum value is retained over the np periods. İO,t

and İO,r are the operating impacts, ncap the population of the considered urban area and
tyr is the system lifetime, assumed to be 25 years.

The whole space of potential configurations has to be explored by the evolutionary algo-
rithm. To ensure this, the selection of each one of the different technologies embedded in the
superstructure for the solving of the MILP slave sub-problem is given as a decision variable of
the MINLP master problem. All the decision variables are given in Table 3.3. Some of them are
generated using a multi-period strategy, to adapt the system operating conditions to the seasonal
variations. The economic assumptions are summarized in Table 4.

Name Type of
variable

Multi-
period

Range Unit

CO2 tax cI continuous no [0; 0.2] e/kgCO2-eq
Electricity production from MSWI
plant

continuous yes [1000; 5000] kWe

Biomass usage over period p integer yes [0; 1] -
Evaporation temperature of HT HP continuous yes [5; 40] ◦C
Evaporation temperature of LT HP continuous yes [5; 40] ◦C
Condensation temperature of HT
HP

continuous yes [30; 80] ◦C

Condensation temperature of LT
HP

continuous yes [30; 80] ◦C

EGS configuration choicea integer no [0; 5] -
Selection of biomethanation of OW integer no [0; 1] -
Selection of diesel car integer no [0; 1] -
Selection of petrol car integer no [0; 1] -
Selection of fossil NG car integer no [0; 1] -
Selection of biogenic SNG car integer no [0; 1] -
Selection of air biomass dryer integer no [0; 1] -
Selection of steam biomass dryer integer no [0; 1] -
Selection of biogas engine integer no [0; 1] -
Selection of fossil NG engine integer no [0; 1] -
Selection of biogenic SNG engine integer no [0; 1] -
Selection of air gasification of
biomass for engine

integer no [0; 1] -

Selection of steam gasification of
biomass for engine

integer no [0; 1] -

Selection of air gasification of
biomass for turbine

integer no [0; 1] -

Selection of steam gasification of
biomass for turbine

integer no [0; 1] -

Selection of biogas turbine integer no [0; 1] -
Selection of OW biogas purification
to SNG

integer no [0; 1] -

Selection of thermochemical wood
conversion to SNG

integer no [0; 1] -

Table 3: Decision variables used for the MOO of the case study for urban systems
a 0: no EGS, 1: 6000m EGS, Kalina cycle, 2: 6500m EGS, ORC (supercritic.) with R134a, 3:
8000m EGS, 2-flash, 4: 9500m EGS, 1-flash & ORC with iso-butane, 5: 9500m EGS, ORC
(draw-off) with cyclo-butane
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Parameter Value Unit
Wood cost 0.050 e/kWhth

Hydro-electricity cost 0.160 e/kWhe

UCTE electricity mix cost 0.160 e/kWhe

Imported natural gas cost 0.078 e/kWhth

Light fuel oil cost 0.083 e/kWhth

Petrol cost 1.88 e/kg
Diesel cost 1.75 e/kg
Lifespan 25 y
Interest rate 6 %

Table 4: Economic assumptions used for the multi-objective optimization

The optimal system configurations have then to be compared in terms of economic and of
environmental performance with the current situation, in order to identify the most suitable
ones.

For the economic performance, the payback period is used and expressed as:

tpb =
CIan · tyr

COan,ref − COan(cI)
(14)

where CIan are the annualized investment costs of the configuration to be compared, COan,ref

are the yearly operating costs of the current situation, estimated to 95 Me, and COan are the
yearly operating costs of the configuration.

For the environmental performance, the relative reduction in the CO2-equivalent emissions
is used and expressed as:

Rco2I =
Ian,cap,ref − Ian,cap

Ian,cap,ref
(15)

where Ian,cap,ref is the environmental impact of the current situation, estimated to 4.0 t of
CO2-eq per capita, and Ian,cap is the impact of the configuration to be compared.

3.4 Results

Figure 6 shows the Pareto curve obtained for the tri-objective environomic optimization for the
studied urban system.

Five clusters are identified on the Pareto curve, each one of them corresponding to the selec-
tion of one of the EGS configurations embedded in the superstructure. The curve shows clear
trade-offs between the investment costs and the yearly operating costs, and between the invest-
ment costs and the CO2 emissions. Inside each cluster, there is as well a trade-off between the
CO2 emissions and the two other economic objectives, though the variations are less important
than between the clusters. This is illustrated by Figure 7, which shows the details of cluster E
with a more precise scale for the CO2 emissions.

As illustrated by Figure 7 for cluster E, the introduction of an environmental objective
in the optimization procedure leads to consider configurations that would be suboptimal in a
pure economic optimization and would not be kept by the optimizer in the final configurations.
However, these environomic system configurations lead to a lower environmental impact for a
penalty in investment and operating costs.

3.4.1 Typical configurations

Figure 8 displays the investment costs at Fig. 8(a), the operating costs at Fig. 8(b) and the
life-cycle CO2 emissions at Fig. 8(c) associated with 10 typical configurations. For each cluster

15



0 50 100 150 200
30

40

50

60

70

80

90

100

Investment costs [M€]

O
pe

ra
tin

g 
C

os
ts

 [M
€

/y
]

 

 

2200

2400

2600

2800

3000

3200

3400

3600

3800

4000

Life cycle CO2-eq emissions [kgCO2-eq/y/cap]

2000

Optimal configurations

Current situation (ref.)xA: no EGS

B: 6000m EGS,
Kalina for CHP

C: 6500m EGS,
ORC for elec.

D: 9500m EGS,
ORC for CHP

E: 9500m EGS,
1-�ash & ORC 
for elec.

Figure 6: Pareto curve obtained by the tri-objective environomic optimization. The current
situation is as well displayed on the graph

of the Pareto curve (A,B,C,D,E), one pure economic (1) configuration and one environomic (2)
configuration are analyzed. The operating costs and CO2 emissions of the current situation (Ref)
are as well displayed for comparison.

The investments are dominated by the geothermal technologies, which have important costs
associated with the drilling of the wells. The investment of a wood-to-SNG conversion unit is as
well significant for the configurations where this technology is selected. When compared with the
current situation, all the optimal configurations lead to a reduction in the operating costs. These
are dominated by the electricity either from hydro-electricity or from UCTE mix import, and by
the import of fossil fuels for transport. The contribution of the CO2 tax is low in all the cases,
since the highest CO2 tax selected in the optimal configuration is equal to cI = 0.002 e/kgCO2-
eq. This is due to the inclusion of the technology selection in the decisions variables of the MOO
master problem, ensuring that the configurations with a good environmental performance are
selected even with a low tax. All the optimal configurations, except A1, lead to a reduction
in the environmental impact. The CO2 emissions are dominated by the electricity UCTE mix
import and by the emissions due to transport.

The major difference between the economic and the environomic configurations is the use of
a wood-to-SNG conversion unit, of a biomethanation unit for organic waste, and, in some of the
cases, the exploitation of a deep aquifer for geothermal energy. Both economic and environomic
configurations use EGS at various depths with different cycles, either with or without heat
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Figure 7: Detail of cluster E of the Pareto curve on Figure 6

production in addition to the electricity production.
The operating costs and the environmental impacts linked with district heating and electricity

can be potentially both reduced in an important way by relying on waste treatment technologies
and on local resource. However, the costs and impacts linked with transport remain high even
when the full potential of wood is converted to SNG and used in cars. This demonstrates the
importance of accounting for the availability of local renewable resources and waste.

Four important aspects linked to the application of the methodology to the case study can
be identified: 1) the seasonal character of energy services and thus of the system operation 2)
the optimal pathways for resources or waste conversion and allocation 3) the selection of the
technologies embedded in the superstructure 4) the competition or synergies between different
supply chains.

Seasonal operation The developed methodology allows for accounting for the seasonal vari-
ation in the energy services demand and for adapting the technology selection and its operating
conditions to these constraints. This aspect is illustrated by configuration E1 in Figure 9, for
which the system operation per capita is represented for three different periods. The technologies
or resources showing a seasonal variation are highlighted with their flows in color, while the ones
with constant operation are shaded and their flows are displayed in grey.

As displayed in Figure 9, the share between electricity and heat from the MSWI plant, the
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Figure 8: Comparison of typical optimal configurations from the Pareto curve of Figure 6 . (a)
Investment costs (b) Yearly operating costs (c) Yearly life-cycle CO2 emissions per capita.

heat usage from the WWTP, the consumption of hydro-electricity and the usage of the deep
aquifer and of the natural gas engine are adapted to the energy service requirements and to
operation of the MSWI plant.

During the first summer period, the district heating requirement is low and can be satisfied
by the waste treatment facilities, as seen on Figure 9(a). For the MSWI plant, the emphasis is
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(a) Period 1 (May, July & August)

(b) Period 2 (June)

1.020 kWe/cap

(c) Period 5 (November-February)

Figure 9: Examples of seasonal operation per capita for configuration E1: (a) Period 1 (May,
July & August) (b) Period 2 (June) (c) Period 5 (November-February)

thus put on the electricity production, and only a small import of hydro-electricity is necessary.
During the second summer period, the MSWI plant is shut down for revision. The district

heating requirement being still low, more heat from the WWTP is used to compensate the
non-operation of the MSWI plant, as seen on Figure 9(b). The district heating is thus still
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supplied only with local sources from waste treatment. For the electricity production, more
hydro-electricity is consumed to compensate the shut down of the MSWI plant.

During the winter period, the district heating requirement increases by 400% compared to
the summer requirement, while the electricity requirement increases only by 25%. Therefore, the
operating conditions of the MSWI plant are adapted to favor heat over electricity production,
as seen on Figure 9(c). The WWTP supplies slightly more heat, but is limited by the higher
temperature of the district heating network. Part of the low-temperature heat is as well supplied
by the deep aquifer, and part of the high-temperature heat by the exhaust gases of a natural gas
engine. Part of the electricity is supplied by the natural gas engine, by the MSWI plant with a
reduced share, and by hydro-electricity.

Pathways for resources and waste conversion Another application of the developed
methodology is the identification of optimal pathways for resource or waste conversion and
allocation, accounting for the limited availability of waste and of indigenous resources. This
is illustrated by configuration D2 and its biomass usage, including organic waste and woody
biomass. The system operation per capita is displayed in Figure 10 for the first summer period.
The pathways for biomass conversion are highlighted and their flows displayed in color, while
the other technologies are shaded and their flows displayed in grey.

Biogas engine

Figure 10: Example of optimal pathways for organic waste and woody biomass conversion for
configuration D2 during period 1 (May, July & August).

As seen from Figure 10, the optimal pathway for woody biomass is its conversion to combined
electricity, heat and SNG. The SNG being used for transport, the woody biomass contributes
thus to the three services. The optimal pathway for organic waste is the conversion to biogas,
used for the cogeneration of heat and electricity. However, the diagram shows as well the limited
potential of biomass. Indeed, the contribution to electricity and heat requirement of organic
waste is insignificant. Regarding woody biomass used to its full potential here, its contribution
to the transport is 13.7%, its contribution to the district heating between 18.3% and 4.7%,
depending on the period, and its contribution to the electricity inferior to 1%. The relative
reduction in yearly CO2 emissions that can be attributed directly to the optimal biomass usage
is around 5% when compared with the current situation.

20



By analyzing the points of the Pareto curve, it is as well possible to identify the pathways that
are selected in some others of the optimal configurations, and the ones that are never selected.
This is illustrated in Figure 11. Among all the potential pathways for woody biomass (Fig.
11(a)) and for organic waste (Fig. 11(b)), it shows which ones are selected at least in one of the
optimal configurations. The non-selected suboptimal pathways are shaded. For readability, only
the main flows are displayed.

(a) Woody biomass

(b) Organic waste

Figure 11: Selected pathways in the optimal configurations of the Pareto curve for biomass
conversion: (a) woody biomass (b) organic waste. The suboptimal non-selected pathways are
shaded.

For woody biomass, the selected pathways are the conversion to SNG, electricity and heat
for transport applications (6) in most of the environomic configurations. In a few cases of cluster
A, B and C, the gasification and use in a biogas engine or turbine for CHP (2,3) are as well
selected. The transport usage of biomass is favored over the other ones, since other alternatives
are embedded in the superstructure for heat and electricity production, such as the MSWI plant
or the geothermal technologies. The production of heat in a wood boiler (1), used in the current
situation, or the production of SNG and its use in a boiler for heat production (4), or in an engine
for CHP (5), are not optimal pathways in the present case. For organic waste, the production
of biogas through biomethanation and its purification to SNG (4,5,6) are not selected due to
the high investment cost of a purification unit and the very limited potential of organic waste.
Thus, the optimal pathways for organic waste are either the composting (1), used in the current
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situation, or the biomethanation and the use of the biogas in an engine or a turbine for CHP
(2,3).

Selection of technologies The developed methodology allows as well for selecting the optimal
technologies for resource valorization. This is illustrated by the example of geothermal energy
technologies. Table 5 shows which ones are selected in the optimal configurations of the Pareto
curve.

Pathway Represented in Pareto
Deep aquifer 1450m, direct heat usage yes (all clusters)
Deep aquifer 1450m, heat pumps no
EGS 6000m, Kalina for CHP yes (cluster B)
EGS 6500m, supercritical ORC for electricity production yes (cluster C)
EGS 8000m, 2-flash for CHP no
EGS 9500m, ORC with draw-off for CHP yes (cluster D)
EGS 9500m, 1-flash & bottoming ORC for electricity production yes (cluster E)

Table 5: Selection of geothermal technologies embedded in the superstructure for the optimal
system configurations of the Pareto curve

A part of the available heat from the deep aquifer is directly used to supply low temperature
heat to the district heating network. The use of heat pumps for supplying higher temperature
heat from the aquifer is not considered, since it would increase the investment costs and the elec-
tricity consumption. For EGS, the only technology not selected is the double-flash for CHP with
an EGS at 8000m. Indeed, this solution is suboptimal compared to the other EGS technologies
in terms of operating costs and of environmental impacts. This is due to the high maintenance
costs linked with a large double-flash system and to the fossil CO2 emissions from the condensers
(see Gerber and Maréchal (2012b) for more details).

Competition and synergies A last aspect of the developed methodology is the use of a
systems approach accounting for the interactions between the different supply chains. This
allows for identifying the potential competitions or synergies between different resources and
technologies.

An example of competition is the supplementary heat requirement for the district heating in
winter, which can not be fully satisfied by the MSWI plant and the WWTP. This supplementary
heat requirement can either be supplied by the deep aquifer, or a natural gas engine or boiler,
or the wood-to-SNG conversion unit, or the heat from the EGS if this one is used for CHP. All
these pathways are competing. This is illustrated by Figure 12, showing the system operation at
period 5 for two configurations. The other technologies are shaded, and their flows are displayed
in grey.

For the first configuration, the EGS is exclusively used for electricity production and the
wood-to-SNG conversion unit is turned off, as seen on Figure 12(a). Moreover, the full potential
of low-temperature heat from the WWTP is used. The deep aquifer and the natural gas engine
are thus used to supply the supplementary heat requirement. For the second configuration, the
EGS is used for CHP and the wood-to-SNG conversion unit is turned on, as seen on Figure
12(b). These two heat sources and the WWTP are sufficient to supply the supplementary heat
requirements. Thus, the investment in the deep aquifer or in the natural gas engine is not
necessary. Though this configuration allows for a full supply of the district heating network from
waste or renewable sources, part of the electricity has to be supplied by the import of UCTE
mix.

In all the typical optimal configurations, the deep aquifer is competing with the EGS config-
urations used for CHP and with the heat from the wood-to-SNG conversion unit.
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(a) Configuration E2 (EGS for electricity production only)

Biogas engine

(b) Configuration D2 (EGS for heat and power production and wood-
to-SNG conversion)

Figure 12: Heat production from different resources and technologies during period 5 (November-
February) for two configurations: (a) Configuration E2 (b) Configuration D2

An example of synergy is the interaction between the MSWI plant and the WWTP during
summer. Indeed, using the heat produced by the WWTP reduces the supplementary requirement
of the district heating network. Then, it can be satisfied by using only a small part of the heat
from the MSWI plant, as seen on Figure 9(a). The remaining part of the heat from waste
incineration is thus available for an increased electricity production.

3.4.2 Optimal value of CO2 tax

In order to perform a final selection in the optimal configurations of the Pareto curve, the
economic indicator of the payback period (Eq. (14)) and the environmental indicator of the
reduction in CO2 emissions (Eq. (15)) are used. As displayed in Figure 13, if the raw results
from the optimization are used, the economic optimum is the configuration A1 (tpb = 0.41 y),
with almost no investment and only an adjustment of the system operating conditions. However,
it is the worse one from an environmental point of view, since it increases slightly the CO2

emissions (Rco2I = −1.9%) due to the import of UCTE mix. In order to move the economic
optimum to a configuration achieving a better environmental performance, the CO2 tax can be
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adjusted and the payback period recalculated. In the present case, the configuration A1 remains
the economic optimum up to a CO2 tax of 0.06 e/kgCO2-eq. As displayed in Figure 13, the
economic optimum becomes then the configuration E1 (tpb = 6.0 y), which has an environmental
performance (Rco2I = 36%) closer to the environmental optimum, the configuration D2 (tpb =
7.5 y, Rco2I = 45%).
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Figure 13: Reduction in CO2 emissions and payback period of typical optimal configurations
from the Pareto curve of Figure 6

For a CO2 tax corresponding to 0.06 e/kgCO2-eq, the environmental penalty to pay for
choosing the economic optimum (E1) instead of the environmental optimum (D2) is a 20%
relative decrease of the CO2 reduction. The economic penalty for choosing the environmental
optimum instead of the economic one is a 25% increase in the payback period, which is a higher
one. If one wanted to give a similar importance to the economic and environmental performance,
the penalty would be shared. The configuration D1, with the 9500m EGS for CHP without
wood-to-SNG conversion, would realize the best trade-off between the two criteria, with relative
penalties of 10% and 12% for the economic and environmental performances, respectively.

Though the optimal value for the CO2 tax identified by the multi-objective optimization is
around zero, this analysis demonstrates however that such a tax is still necessary for selecting en-
vironomic system configurations rather than pure economic ones in the final design and planning
of urban energy systems.

4 Conclusions

A systematic methodology for the design and synthesis of energy systems has been presented in
this paper, combining process design and process integration, Life Cycle Assessment (LCA), in-
dustrial ecology and multi-objective optimization. It extends the decision perimeter to the supply
chains involved in the system design, and allows for integrating a disaggregated LCI database to
include models of average market technologies inside the superstructure. The methodology has
been illustrated by an application case study dealing with the environomic design and synthesis
of an urban energy system. It considers multiple services, waste to be treated, available resources
and conversion technologies.
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A first important outcome is that the full integration of the environmental impact in the
design and optimization procedure leads to consider a panel of optimal configurations that would
not be considered in a pure economic optimization. Indeed, resources and technologies allowing
to reach a higher impact reduction are represented in the optimal configurations. Moreover,
while the maximum impact reduction for pure economic solutions is of 39.5%, a higher impact
reduction up to 44.8% is achieved with environomic solutions.

Secondly, the case study illustrates the necessity of considering an extended action perimeter
for complex systems, embedding the different services to be supplied, the waste to be treated,
the available indigenous or imported resources and the potential conversion technologies as sep-
arate units in the superstructure. This allows for synthesizing the optimal supply chains for the
valorization of waste and resources, by accounting for the seasonal variations, for the limited
availability of waste and of indigenous resources, and for the possible competitions and synergies
between the different supply chains. In the present case, the operation of the waste treatment
facilities can be adapted to the seasonal demand in district heating in order to minimize the
consumption of other resources for heat supply. The optimal pathway for woody biomass con-
version is a good example for the valorization of a limited indigenous resource. Since other local
and competitive alternatives are available for electricity and heat production, such as the waste
treatment facilities and the geothermal resources, the best usage of wood is its conversion to SNG
and its use in transport, for which no other low-carbon alternatives are available. This example
demonstrates the importance to account for the different competitors when evaluating different
pathways for the valorization of a limited resource, and to perform the adequacy between the
resource availability and the demand in energy services.

Finally, it is as well demonstrated that the methodology can be used to make a preliminary
calculation of the optimal value of environmental taxes in order to favor the selection based on
economic criteria of configurations that are closer to the environmental optimum. In the present
case study, the two optimums are in conflict if no CO2 tax is applied. The minimal value of the
CO2 tax to switch the economic optimum closer to the environmental one is 0.06 e/kgCO2-eq.

Though the methodology is promising and allows to make a preliminary system design using
an engineering approach, it could be extended in future work to integrate other aspects inherent
to complex systems, such as industrial parks, urban systems or territories. These include to deal
with the uncertainties linked with such systems, and account for the multiplicity of stakeholders
involved.
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Appendix

Model name Model type Model sources
Biomethanation LCI database Jungbluth et al. (2007); Gassner

et al. (2011)
Boiler, oil Flowsheeting soft-

ware
Fazlollahi and Maréchal (2011);
Dones et al. (2007)

Boiler, natural gas Flowsheeting soft-
ware

Fazlollahi and Maréchal (2011);
Dones et al. (2007)

Boiler, wood Flowsheeting soft-
ware

Fazlollahi and Maréchal (2011);
Dones et al. (2007)

Car, diesel LCI database Dones and Bauer (2007)
Car, natural gas LCI database Dones and Bauer (2007)
Car, petrol LCI database Dones and Bauer (2007)
Dam (hydro-electricity) LCI database Dones et al. (2007)
Dryers, wood Flowsheeting soft-

ware
Fazlollahi and Maréchal (2011);
Gerber et al. (2011a)

Engine, biogas Flowsheeting soft-
ware

Fazlollahi and Maréchal (2011);
Jungbluth et al. (2007)

Engine, natural gas Flowsheeting soft-
ware

Fazlollahi and Maréchal (2011);
Dones et al. (2007)

Flash systems (geothermal) Flowsheeting soft-
ware

Gerber and Maréchal (2012a,b)

Gasifiers, wood Flowsheeting soft-
ware

Fazlollahi and Maréchal (2011);
Gerber et al. (2011a)

Heat pump Flowsheeting soft-
ware

Gerber and Maréchal (2012a);
Dones et al. (2007)

Kalina cycle (geothermal) Flowsheeting soft-
ware

Gerber and Maréchal (2012a,b)

Municipal solid waste incin-
eration

Flowsheeting soft-
ware

Gerber and Maréchal (2011); Doka
(2007)

Organic Rankine cycles
(geothermal)

Flowsheeting soft-
ware

Gerber and Maréchal (2012a,b)

Purification of biogas LCI database Jungbluth et al. (2007); Gassner
et al. (2011)

Thermochemical wood-to-
SNG conversion

LCI database Gassner and Maréchal (2009b);
Gerber et al. (2011a)

Turbine, biogas Flowsheeting soft-
ware

Fazlollahi and Maréchal (2011);
Primas (2007)

Wastewater treatment plant Flowsheeting soft-
ware

Descoins et al. (2012); Doka (2007)

Table 6: Sources used for the different models of the conversion technologies included in the
urban systems superstructure
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Model name Model type Model sources
Deep aquifer Flowsheeting soft-

ware
Gerber and Maréchal (2012a,b)

Hot Dry Rock (EGS) Flowsheeting soft-
ware

Gerber and Maréchal (2012a,b)

Woody biomass LCI database Dones et al. (2007)
Water (hydro) LCI database Dones et al. (2007)
Natural gas LCI database Dones et al. (2007)
Petrol LCI database Dones et al. (2007)
Diesel LCI database Dones et al. (2007)
Oil LCI database Dones et al. (2007)
Electricity UCTE import LCI database Dones et al. (2007)

Table 7: Sources used for the different models of the resources included in the urban systems
superstructure
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