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Abstract. This paper details the development of a systematic methodology to integrated life cycle

assessment (LCA) with thermo-economic models and to thereby identify the optimal exploitation schemes

of geothermal resources. Overall geothermal systems consist of a superstructure of geothermal exploitable
resources, a superstructure of conversion technology and multiple demand profiles for Swiss city. In this

paper, an enhanced geothermal system has been chosen as exploitable resources. The energy conversion
technology used in modelling is an organic Rankine cycle, which can be used to supply heat and electricity.

In the Swiss case four demand profiles periods are considered: summer, interseason, winter and extreme

winter, the city Nyon serving for the example case study. The multi-objective optimization system, that uses
an evolutionary algorithm, is employed to determine the optimal scheme for some of the prepared models,

with exergy efficiency and environmental impact as objectives.

1 Introduction

The use of geothermal resources for supplying
simultaneously different energy services such as
electricity, district heating and district cooling has
recently gained interest. The optimal design of such
systems requires knowledge of the geothermal resources
that will be used, the selection of appropriate energy
conversion technologies, and a specification of
component operating conditions. This can be achieved
by using process integration techniques and multi-

objective  optimization in a multi-period time
perspective,  with due regard to economic,
thermodynamic and environmental criteria. While

economic and thermodynamic analysis methods have
been widely applied in this framework, the dynamic
evaluation of environmental impact in a process design
context is still relatively new. The environmental
evaluation of geothermal systems should be performed
from a life cycle perspective since the impact from
drilling and construction is likely to be significant.
Therefore, a life cycle assessment is the appropriate
method to quantitatively evaluate and compare the
different system configurations, including resources,
conversion technologies and the services to be supplied.
However, to serve as an effective design and evaluation
tool, for the optimal configuration of geothermal
systems, a life cycle inventory has to be fully integrated
in the process design framework. It also has to be
operated in a multi-period time perspective, to account
for the variation in energy supply levels throughout the
year.
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1.1 Literature review

Energy conversion systems have been widely
described in literature, starting from the description of
individual technologies for the utilization of geothermal
heat [1,2], through working fluid selection in ORC
systems [3], up to detail problems, which occur during
exploitation [4,5].

In case of life cycle assessment (LCA), Keoleian
paper [6] in general has presented the use of LCA in
product design context. Unfortunately, that work does
not include the methodology to conduct LCA in a
computer-aided optimization. The trade-offs between
environmental and economic performance indicators in
multi-objective optimization have been presented in
work of Kniel, Delmarco, and Petrie [7], Azapagic and
Clift [8], as well as Alexander, Barton, Petrie, and
Romagnoli [9]. The biggest problem with these works is
that they do not take under consideration multiperiod
approach in the energy system design. Papandreou and
Shang [10] present work about conducting LCA with
multi-objective optimization in the field of energy
system. The work is focused only on the energy based on
fossil fuel sources and thus takes into account only
gaseous emissions. The use of LCA in a multi-objective
optimization with consideration of energy integration
techniques is presented by Li, Maréchal, Bure, and
Favrat [11], Bernier, Maréchal, and Samson [12].The
work presents the relationship between the levelized cost
of electricity and the life cycle global warming potential
as performance indicators. The trade-off between the
minimizing the environmental impact and increasing the
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efficiency has been described there as well as the usage
of LCA in CO, tax evaluation.

A systematic methodology for identification the
optimal exploitation scheme of geothermal conversion
systems has been presented in studies [13]. Thermo-
economic modeling was used to connect the exploitable
geothermal resources with conversion technologies to
provide multiple energy services. However, the LCA
methodology was not considered in this evaluation.
Report [14] provide the data for life cycle inventory for
models of the geothermal exploitable resources and
conversions technologies using Ecoinvent database.
Although there were several studies on the LCA use in a
process design context the first time the methodology for
integration the LCA into thermo-economic models have
been presented on the basis of biofuels [15].

2 Research methodology

Research methodology consisted of several steps. The
first step included the integration of LCI data - specified
in the Ruiz Dern study [14] - into the available
geothermal resources, technologies and demand profile
models. The integration was based on specific LCA
methodology for process design integration, as has been
presented below. The next step involved defining input
data for various scenarios: geological data (geological
profile with associated potential geothermal resources)
for one or more given locations (for example in
Switzerland), and yearly demand profiles for energy
services. The next step involved defining the functional
unit and systems limits for the life cycle assessment
evaluation. The life cycle inventories have been
integrated with realistic data to define a base case
scenario. The base case scenario has been used to
analyze the impact of the different life cycle stages and
periods for the different geothermal system
configurations, and identify the main impact
contributions. In the next step a multi-objective
optimization have been carried out to identify the trade-
offs and so arrived at the optimal configuration for the
geothermal system. This would then be followed by an
analysis of the influence of the life cycle assessment data
on the general optimal configuration. Finally, the
configuration has been compared to the base case
scenario.

2.1 Specific LCA methodology

The thermo-economic design approach was based on a
computational platform, which connected different
models that were representative for the energy system
design. To model interactions between each operational
unit, involved the use of energy flow models of the
process unit operations as well as integration techniques.
The thermo-economic model for geothermal energy
conversion systems, as well as the economic and
environmental layers of the LCA model have also need
to be added. The model with the LCA is presented in the
figure below (fig. 1).

evolutionary, multi-

objective
decision variables, optimization decision variables
(thero-dynamic targets) performances (there-dynamic targets)
energy-flow model state variables energy —integration
model
thermo-economic model
i economic-model .
state variables state variables

LCA model

Fig. 1. Architecture of the process model [15].

The simulation results, such as mass and energy
flows, were taken to create an energy integration model.
The post-calculation phase was based on thermodynamic
states and flow rates of the energy flow and energy
integration models. A post-calculation phase has been
used to size the equipment, estimate the cost and
evaluate the performances of the process configuration.
The Life Cycle Inventory (LCI) has been performed
based on reference data in the EcoSpold format from the
ecoinvent® life cycle inventories database and the
simulation results [16,17]

Figure 2 presents previously developed methodology
for the integration of LCA within a thermo-economic
model.

Goal and scope

Goal and scope definition

Life Cycle Inventory

Identyfication of LCl flows
-material and energy flows
- process equipment

Quantification of LCl flows
-link with process design and scale

Impact assessment

Impaact assessment (LCIA)
- Selection of appropriate environemtal
indicators

Fig. 2. Developed general methodology for LCA model
conception [15].

Note that the LCA connection with the process
design has been singled out in the figure. The crucial
matter of listing LCI flows was to identify to which
process units the flows were linked and their function.
This identification was essential because flows were
mathematically expressed as a function of the decision
variable of thermo-economic model. The scaling of
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impacts due to changes in operating conditions and sizes
of the process equipment also need to be considered. The
mathematical expressions for LCI flows and impacts
based on process equipment are included in the LCA,
which makes it possible to calculate the whole LCI for a
given process configuration. The Ecoinvent® life cycle
inventories database has been used in the life cycle
inventories process and impact assessment.

This paper put emphasis on preparing the proper
methodology for integration the LCA with thermo-
economic model. However, from the LCA side the main
goal of this work is to identify the most environmental
friendly process configuration. The environmental
impact is treated as one of the performance indicators,
which is minimized during optimization.

The functional unit of the system is 1kWh available
from the exploitable geothermal resources. The ‘cradle-
to-grave’ approach determined the boundaries of the
system. During the evaluation, three phases
(construction, operation and dismantling) of lifetime of
geothermal power plant was considered.

Ecological Scarcity method has been used in
evaluation, due to the fact of using ‘distance to target’
principle in evaluation of life cycle inventories. It used
eco-factors, which are expressed as eco-point per unit of
pollutant emissions or resources extraction. The eco-
factors has been determined by both current emission
situation and the political target of the Swiss
environmental policy [18] In this method the varies tapes
of eco-factor are aggregated t a present pollution level,
and compared with level defined by Swiss
environmental policy. This is the main reason why the
ecological scarcity method should be used only for Swiss
context problem [19].

3 Physical model development

The possible combinations of three sub-systems that
were modelled separately are considered. The overall
geothermal conversion systems consist of the
superstructure of potential exploitable geothermal
resources, the superstructure of conversion technologies,
the superstructure of conversion technologies and the
multi-period demand profiles that define the demand for
services.

The possible combination of the exploitable geothermal
resources, conversion technologies, demand profiles and
life cycle phases has been presented in fig. 3.

3.1.1 Geothermal resource model

The superstructure of geothermal resources is divided
into three types: Enhanced Geothermal System (EGS),
deep aquifer and shallow aquifer. During the modelling
of geothermal resources the emphasis was put on the
information needed to evaluate these kinds of resources,
such as geological data (thermal gradient, water mass
flow rate, depth, etc.), geotechnical data (exploitation
mode, drilling techniques, number of wells). Thermal
gradient changes for each resource, were assumed to be

linear. For residential areas of Nyon in Switzerland, it
was set at 3.8°C for each 100m of drilling depth.
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Fig. 3. The scheme of geothermal system combinations.

3.1.1 Geothermal resource model

The superstructure of geothermal resources is divided
into three types: Enhanced Geothermal System (EGS),
deep aquifer and shallow aquifer. During the modelling
of geothermal resources the emphasis was put on the
information needed to evaluate these kinds of resources,
such as geological data (thermal gradient, water mass
flow rate, depth, etc.), geotechnical data (exploitation
mode, drilling techniques, number of wells). Thermal
gradient changes for each resource, were assumed to be
linear. For residential areas of Nyon in Switzerland, it
was set at 3.8 °C for each 100m of drilling depth.

3.1.2 Conversion technologies

There are a number of ways of converting geothermal
heat into useful energy. The flash systems, organic
Rankine cycles and heat pumps are taken under
consideration. The ways these technologies have been
used depends mainly on geothermal conditions as well as
the demand for heating and, or cooling in a particular
region. A conversion technology superstructure is
presented in fig. 4 below.
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3.1.3 Energy services demand

This study focuses on energy services demand under
Swiss conditions (in the city of Nyon). In the Swiss case,
four periods are covered. It is assumed that district
cooling is not included in the evaluations. Electricity is
also not included in the demands profiles — it is assumed
that any electricity generated will be sold to the grid.

The Swiss demand profiles were based on data for
the city of Nyon, Switzerland (Methodology for the
Urban Energy Conversion Concept — An Example at
Nyon, n.d.), and divided into four periods: summer,
interseason, winter and extreme winter. The supply and
return temperatures and load for each period are show in
table 1 below.

Table. 1. The Swiss demand profiles.

Demand Load  Supply Return Operating
profile [kW]  temperature temperature time [h]
[°C] [°C]
Summer 200 60 25 525
300 25 21
Interseason 150 60 32
500 32 26 3942
300 28 20
Winter 100 60 50
1200 50 40
100 40 34 4205
700 34 28
100 28 10
Extreme 100 75 65
winter 1750 65 50
150 50 40 88
1000 40 32
100 32 10

4 System resolution

The one-run system resolutions for default values for
each modelled system were launched to check for any
technical problems with the models and model
conversation. Further, this paper will focus only on date
from the multi-objective optimization which was run for
enhanced geothermal system with organic Rankine cycle
for seven different fluids: benzene (BZ), toluene, iso-
butane (IC4), n-butane (N4), cycle-butane (CYC4), iso-
pentane (IC5), n-pentane (N5). The environmental
impact was calculated from single points chosen from
sets of optimized system solutions.

4.1 Objective function

The models can be optimized by taking into account
thermodynamic, economic and environmental

performance indicators. In  this study, only
thermodynamic and environmental criteria are
considered. The exergy efficiency and environmental
impact are selected as objective functions.

The exergy efficiency was chosen because it
considers the environment during evaluation. Exergy
efficiency is defined as the ratio of the output exergy to
the input exergy:

np ._ np . _
szlEptp"'Zp:lExptp

np i+
Zp=1 ExTty

n= (1

where: E~ - the electricity produced by the overall
system during period p, t, — the duration of the period p,
Ex™ - the exergy transfer to the district heating during
period p.

The specific impact of district heating per kWh
generated was chosen as the environmental indicators. It
is calculated as the total life cycle impact for the overall
system divided by the amount of district heating supplied
during the lifetime of the system [20]:

XL B o, + Xz max(lg,), + X% max(lg,)
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p
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where: Ip - is the impact due to the operation phase for
period p of the LCI element i, n., — the total number of
LCI elements from the operation phases, Ic — is the
impact of the construction phase of the element I for
period p, n.. —is the total number of LCI elements from
the construction phases, I — is the impact due to the end-
of-life phase of the element I for period p, n. — is the
total number of LCI elements from the end-of-life phases
and tjs. — is the overall lifetime of the geothermal system
(in this study it was assumed to be 40 years).

5 Validation and optimization

The validated models were optimized using a genetic
algorithm. The multi-objective optimizations were run to
show the trade-off between the thermodynamic and
environmental criteria. The decision variables chosen for
organic Rankine cycles were the evaporation
temperature in the 80 - 120°C range, the superheating
temperature in the 120-230°C range, the depth in the
3000-6000m range and the reinjection temperature in the
70-110°C range. The multi-objective optimization of
enhanced geothermal system with organic Rankine
simple cycle has been launched for seven different
working fluids and evaluated with use of Ecological
Scarcity impact assessment method.

To determine the optimal configuration of geothermal
conversion system, two objective function were
considered: exergy efficiency and impact on
environment. The optimal solution for analyzed working
fluids has been presented as Pareto curve in fig. 5.

The optimization gave two sets of solution for substance
like iso-butane, n-butane and cyclo-butane. The first set
has been composed by solution with low exergy
efficiency, while the second one by the higher one. It can
be seen, that the solution with lower exergy efficiency
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have lower impact on environmental than those with
higher exergy efficiency. However, both sets have
harmful influence on environment (all obtained results
for those substances are above x-axis). The impact on
environment has been less harmful in case of low exergy
efficiency set of solutions, due to the fact that in those
case there is no need for deep drilling (blue points in
figure 5). The increase of drilling depth results in growth
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Fig. 5. Pareto curve foe Ecoscarcity06 and exergy efficiency
with varying the drilling depth for EGS ORC simple system
with different working fluids.

of emissions and extraction (among others from steel for
casing, diesel, starch, bentonite used for drilling mud,
etc.). In addition, the drilling depth has got an effect on
costs of investment — they grow as the depth of a drilling
well increases. Considering that the drilling costs in this
type of facilities are one of the most significant, further
work should take this into account.

The sets of solution depend strongly not only on
drilling depth but also with another decision variable —
which strongly correlates with depth — a superheating
temperature. Deeper drilling is aimed at obtaining higher
temperature of geothermal brine at the outlet from a
production well, and thus later — superheating
temperature (and ultimately exergy efficiency). The
growth of superheating temperature in ORC system is
correlated with growth of exergy efficiency. However,
low heat exchange coefficient for used working fluids
can lead to expensive and large heat exchanger, which
should be included in future development. Only three
working fluids from seven analyzed showed beneficial
impact on environment and they are: benzene, toluene
and iso-pentane. In addition, these working fluid
obtained exergy efficiency from top of range and can be
recommended in analyzed case.

200

UBP/kWh

150
100
50 I
0
CYC4_1 CYEA 2 IC4_1 10442 NC4_ 1 NG 2 TOUBENE

-50

-100

-150

i 'natural resources'

M 'emission into groundwater'

i 'energy resources'
i 'emission into surface water'

M 'emission into top soil’

M 'emission into air'

Fig. 6. Environmental impact based on Ecoscarcity06 calculated by LCIA categories.

The multi-objective optimization gave a set of points
with optimal system configurations for different working
fluids. The single points for each LCIA method have
been selected from this set. The parameters of these
points were chosen as constant to launch one-run system
resolutions. In based of that the analysis of particular
systems configuration on environment were provided.
The results are presented to show that the given problem
can be presented in many ways. The one-rum system
resolutions for selected optimal results has been
presented in fig. 6.

From optimal results for ecological scarcity method,
different set of points was chosen to show the impact of
each category. The method shows that the most
significant contribution into impact have emissions into
air, deposited waste and emissions into surface water. It
is connected with the substance used for reservoir
enhancement as well as working fluid losses. For butane
substances, performances for two points were chosen to
one-run system resolution what is presented in fig. 6.
The low efficiency point is marked with index 1, while
the high efficiency - with index 2.
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6 Conclusion

In this work, the methodology for integration the life
cycle assessment (LCA) in thermo-economic models has
been presented. The identification of the optimal
exploitation scheme geothermal resources is presented.
The emphasis of the work is put on environmental
criteria. The overall geothermal conversion system was
modeled as three separate sub-systems: the exploitable
geothermal resources, conversion technologies and
demand profiles of useful services. The methodology of
integration LCA into thermo-economic model was
applied to the real case for Swiss city Nyon. For this
purpose, the superstructure of organic Rankine cycle and
enhanced geothermal system was used. The main aim of
optimization was determination the most suitable
working fluid in the light of objective functions. Seven
different working fluids were considered: benzene,
cyclo-butane, iso-butane, iso-pentane, n-butane, n-
pentane and toluene.

The environmental impact of the system was
evaluated based on LCA Ecological Scarcity
methodology. The influence on results had a couple of
factors e.g. approach used in each method, the way of
normalized and weighting the impact categories, the
choice of categories, etc.

The results obtained by ecological scarcity have harmful
influence on environment. Iso-butane, n-butane and cycl-
butane belongs to this group of working fluid, which
negatively effect on environment. The beneficial impacts
have toluene, benzene and iso-pentane. The ecological
scarcity method was designed in based on Swiss
environmental policy. In fact this method, is the most
suitable one to analysis the problems in Swiss context.
Analyzing the obtained results the quantification of the
effect on environment of a particular technology can be
evaluated using different LCA methods. To create the
process model, it is possible to use process integration
techniques (e.g. pinch point analysis, costing or life-
cycle analysis). This action helps to define the optimal
configuration of the system. The choice of optimal
performances depends on decision-maker and a given
problem. The optimization returns a set of optimal
solutions, which can be used optionally.

This work focuses on optimization with thermodynamic
and environmental performances indicators. However, it
is important to remember that nowadays costs are crucial
matter in making decision, so the optimization with
economic performance indicator should be done. It
would be desirable to show if there is any trade-off
between beneficial and environmental friendly projects.
This work was supported by AGH — University of Science and
Technology (Project 11.11.210.376).
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1 Introduction 

The use of geothermal resources for supplying simultaneously different energy services such as electricity, district heating and district cooling has recently gained interest. The optimal design of such systems requires knowledge of the geothermal resources that will be used, the selection of appropriate energy conversion technologies, and a specification of component operating conditions. This can be achieved by using process integration techniques and multi-objective optimization in a multi-period time perspective, with due regard to economic, thermodynamic and environmental criteria. While economic and thermodynamic analysis methods have been widely applied in this framework, the dynamic evaluation of environmental impact in a process design context is still relatively new. The environmental evaluation of geothermal systems should be performed from a life cycle perspective since the impact from drilling and construction is likely to be significant. Therefore, a life cycle assessment is the appropriate method to quantitatively evaluate and compare the different system configurations, including resources, conversion technologies and the services to be supplied. However, to serve as an effective design and evaluation tool, for the optimal configuration of geothermal systems, a life cycle inventory has to be fully integrated in the process design framework. It also has to be operated in a multi-period time perspective, to account for the variation in energy supply levels throughout the year.



1.1 Literature review

Energy conversion systems have been widely described in literature, starting from the description of individual technologies for the utilization of geothermal heat [1,2], through working fluid selection in ORC systems [3], up to detail problems, which occur during exploitation [4,5].

In case of life cycle assessment (LCA), Keoleian paper [6] in general has presented the use of LCA in product design context. Unfortunately, that work does not include the methodology to conduct LCA in a computer-aided optimization. The trade-offs between environmental and economic performance indicators in multi-objective optimization have been presented in work of Kniel, Delmarco, and Petrie [7], Azapagic and Clift [8], as well as Alexander, Barton, Petrie, and Romagnoli [9]. The biggest problem with these works is that they do not take under consideration multiperiod approach in the energy system design. Papandreou and Shang [10] present work about conducting LCA with multi-objective optimization in the field of energy system. The work is focused only on the energy based on fossil fuel sources and thus takes into account only gaseous emissions. The use of LCA in a multi-objective optimization with consideration of energy integration techniques is presented by Li, Maréchal, Bure, and Favrat [11], Bernier, Maréchal, and Samson [12].The work presents the relationship between the levelized cost of electricity and the life cycle global warming potential as performance indicators. The trade-off between the minimizing the environmental impact and increasing the efficiency has been described there as well as the usage of LCA in CO2 tax evaluation. 

A systematic methodology for identification the optimal exploitation scheme of geothermal conversion systems has been presented in studies [13]. Thermo-economic modeling was used to connect the exploitable geothermal resources with conversion technologies to provide multiple energy services. However, the LCA methodology was not considered in this evaluation. Report [14] provide the data for life cycle inventory for models of the geothermal exploitable resources and conversions technologies using Ecoinvent database. Although there were several studies on the LCA use in a process design context the first time the methodology for integration the LCA into thermo-economic models have been presented on the basis of biofuels [15].

2 Research methodology 

Research methodology consisted of several steps. The first step included the integration of  LCI data - specified in the Ruiz Dern study [14] - into the available geothermal resources, technologies and demand profile models. The integration was based on specific LCA methodology for process design integration, as has been presented below. The next step involved defining input data for various scenarios: geological data (geological profile with associated potential geothermal resources) for one or more given locations (for example in Switzerland), and yearly demand profiles for energy services. The next step involved defining the functional unit and systems limits for the life cycle assessment evaluation. The life cycle inventories have been integrated with realistic data to define a base case scenario. The base case scenario has been used to analyze the impact of the different life cycle stages and periods for the different geothermal system configurations, and identify the main impact contributions. In the next step a multi-objective optimization have been carried out to identify the trade-offs and so arrived at the optimal configuration for the geothermal system. This would then be followed by an analysis of the influence of the life cycle assessment data on the general optimal configuration. Finally, the configuration has been compared to the base case scenario.

2.1 Specific LCA methodology

The thermo-economic design approach was based on a computational platform, which connected different models that were representative for the energy system design. To model interactions between each operational unit, involved the use of energy flow models of the process unit operations as well as integration techniques. The thermo-economic model for geothermal energy conversion systems, as well as the economic and environmental layers of the LCA model have also need to be added. The model with the LCA is presented in the figure below (fig. 1).



[image: ]

Fig. 1. Architecture of the process model [15].

The simulation results, such as mass and energy flows, were taken to create an energy integration model. The post-calculation phase was based on thermodynamic states and flow rates of the energy flow and energy integration models. A post-calculation phase has been used to size the equipment, estimate the cost and evaluate the performances of the process configuration. The Life Cycle Inventory (LCI) has been performed based on reference data in the EcoSpold format from the ecoinvent® life cycle inventories database and the simulation results [16,17] 

Figure 2 presents previously developed methodology for the integration of LCA within a thermo-economic model. 

[image: ]

Fig. 2. Developed general methodology for LCA model conception [15].

Note that the LCA connection with the process design has been singled out in the figure. The crucial matter of listing LCI flows was to identify to which process units the flows were linked and their function. This identification was essential because flows were mathematically expressed as a function of the decision variable of thermo-economic model. The scaling of impacts due to changes in operating conditions and sizes of the process equipment also need to be considered. The mathematical expressions for LCI flows and impacts based on process equipment are included in the LCA, which makes it possible to calculate the whole LCI for a given process configuration. The Ecoinvent® life cycle inventories database has been used in the life cycle inventories process and impact assessment.  

This paper put emphasis on preparing the proper methodology for integration the LCA with thermo-economic model. However, from the LCA side the main goal of this work is to identify the most environmental friendly process configuration. The environmental impact is treated as one of the performance indicators, which is minimized during optimization. 

The functional unit of the system is 1kWh available from the exploitable geothermal resources. The ‘cradle-to-grave’ approach determined the boundaries of the system. During the evaluation, three phases (construction, operation and dismantling) of lifetime of geothermal power plant was considered. 

Ecological Scarcity method has been used in evaluation, due to the fact of using ‘distance to target’ principle in evaluation of life cycle inventories. It used eco-factors, which are expressed as eco-point per unit of pollutant emissions or resources extraction. The eco-factors has been determined by both current emission situation and the political target of the Swiss environmental policy [18] In this method the varies tapes of eco-factor are aggregated t a present pollution level, and compared with level defined by Swiss environmental policy. This is the main reason why the ecological scarcity method should be used only for Swiss context problem [19].

3 Physical model development

The possible combinations of three sub-systems that were modelled separately are considered. The overall geothermal conversion systems consist of the superstructure of potential exploitable geothermal resources, the superstructure of conversion technologies, the superstructure of conversion technologies and the multi-period demand profiles that define the demand for services. 

The possible combination of the exploitable geothermal resources, conversion technologies, demand profiles and life cycle phases has been presented in fig. 3.

3.1.1 Geothermal resource model

The superstructure of geothermal resources is divided into three types: Enhanced Geothermal System (EGS), deep aquifer and shallow aquifer. During the modelling of geothermal resources the emphasis was put on the information needed to evaluate these kinds of resources, such as geological data (thermal gradient, water mass flow rate, depth, etc.), geotechnical data (exploitation mode, drilling techniques, number of wells). Thermal gradient changes for each resource, were assumed to be linear. For residential areas of Nyon in Switzerland, it was set at 3.8°C for each 100m of drilling depth.
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Fig. 3. The scheme of geothermal system combinations.

3.1.1 Geothermal resource model

The superstructure of geothermal resources is divided into three types: Enhanced Geothermal System (EGS), deep aquifer and shallow aquifer. During the modelling of geothermal resources the emphasis was put on the information needed to evaluate these kinds of resources, such as geological data (thermal gradient, water mass flow rate, depth, etc.), geotechnical data (exploitation mode, drilling techniques, number of wells). Thermal gradient changes for each resource, were assumed to be linear. For residential areas of Nyon in Switzerland, it was set at 3.8 °C for each 100m of drilling depth.

3.1.2 Conversion technologies

There are a number of ways of converting geothermal heat into useful energy. The flash systems, organic Rankine cycles and heat pumps are taken under consideration. The ways these technologies have been used depends mainly on geothermal conditions as well as the demand for heating and, or cooling in a particular region. A conversion technology superstructure is presented in fig. 4 below. 
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Fig. 4. Geothermal Conversion Technologies.

3.1.3 Energy services demand

This study focuses on energy services demand under Swiss conditions (in the city of Nyon). In the Swiss case, four periods are covered. It is assumed that district cooling is not included in the evaluations. Electricity is also not included in the demands profiles – it is assumed that any electricity generated will be sold to the grid. 

The Swiss demand profiles were based on data for the city of Nyon, Switzerland (Methodology for the Urban Energy Conversion Concept – An Example at Nyon, n.d.), and divided into four periods: summer, interseason, winter and extreme winter. The supply and return temperatures and load for each period are show in table 1 below. 

Table. 1. The Swiss demand profiles.

		Demand profile

		Load [kW]

		Supply temperature [°C]

		Return temperature [°C]

		Operating time [h]



		Summer



		200

		60

		25

		525





		

		300

		25

		21

		



		Interseason

		150

		60

		32

		3942



		

		500

		32

		26

		



		

		300

		28

		20

		



		Winter

		100

		60

		50

		4205



		

		1200

		50

		40

		



		

		100

		40

		34

		



		

		700

		34

		28

		



		

		100

		28

		10

		



		Extreme winter

		100

		75

		65

		88



		

		1750

		65

		50

		



		

		150

		50

		40

		



		

		1000

		40

		32

		



		

		100

		32

		10

		





4 System resolution

The one-run system resolutions for default values for each modelled system were launched to check for any technical problems with the models and model conversation. Further, this paper will focus only on date from the multi-objective optimization which was run for enhanced geothermal system with organic Rankine cycle for seven different fluids: benzene (BZ), toluene, iso-butane (IC4), n-butane (N4), cycle-butane (CYC4), iso-pentane (IC5), n-pentane (N5). The environmental impact was calculated from single points chosen from sets of optimized system solutions.   

 4.1 Objective function

The models can be optimized by taking into account thermodynamic, economic and environmental performance indicators. In this study, only thermodynamic and environmental criteria are considered. The exergy efficiency and environmental impact are selected as objective functions. 

The exergy efficiency was chosen because it considers the environment during evaluation. Exergy efficiency is defined as the ratio of the output exergy to the input exergy:

		(1)

where:  - the electricity produced by the overall system during period p, tp – the duration of the period p,  - the exergy transfer to the district heating during period p.

The specific impact of district heating per kWh generated was chosen as the environmental indicators. It is calculated as the total life cycle impact for the overall system divided by the amount of district heating supplied during the lifetime of the system [20]:



where: IO - is the impact due to the operation phase for period p of the LCI element i, neo – the total number of LCI elements from the operation phases, IC – is the impact of the construction phase of the element I for period p, nec –is the total number of LCI elements from the construction phases, IE – is the impact due to the end-of-life phase of the element I for period p, nee – is the total number of LCI elements from the end-of-life phases and tlife – is the overall lifetime of the geothermal system (in this study it was assumed to be 40 years).

5 Validation and optimization

The validated models were optimized using a genetic algorithm. The multi-objective optimizations were run to show the trade-off between the thermodynamic and environmental criteria. The decision variables chosen for organic Rankine cycles were the evaporation temperature in the 80 - 120°C range, the superheating temperature in the 120-230°C range, the depth in the 3000-6000m range and the reinjection temperature in the 70-110°C range. The multi-objective optimization of enhanced geothermal system with organic Rankine simple cycle has been launched for seven different working fluids and evaluated with use of Ecological Scarcity impact assessment method.

To determine the optimal configuration of geothermal conversion system, two objective function were considered: exergy efficiency and impact on environment. The optimal solution for analyzed working fluids has been presented as Pareto curve in fig. 5. 

The optimization gave two sets of solution for substance like iso-butane, n-butane and cyclo-butane. The first set has been composed by solution with low exergy efficiency, while the second one by the higher one. It can be seen, that the solution with lower exergy efficiency have lower impact on environmental than those with higher exergy efficiency. However, both sets have harmful influence on environment (all obtained results for those substances are above x-axis). The impact on environment has been less harmful in case of low exergy efficiency set of solutions, due to the fact that in those case there is no need for deep drilling (blue points in figure 5). The increase of drilling depth results in growth [image: ]

Fig. 5. Pareto curve foe Ecoscarcity06 and exergy efficiency with varying the drilling depth for EGS ORC simple system with different working fluids.

of emissions and extraction (among others from steel for casing, diesel, starch, bentonite used for drilling mud, etc.). In addition, the drilling depth has got an effect on costs of investment – they grow as the depth of a drilling well increases. Considering that the drilling costs in this type of facilities are one of the most significant, further work should take this into account. 

The sets of solution depend strongly not only on drilling depth but also with another decision variable – which strongly correlates with depth – a superheating temperature. Deeper drilling is aimed at obtaining higher temperature of geothermal brine at the outlet from a production well, and thus later – superheating temperature (and ultimately exergy efficiency). The growth of superheating temperature in ORC system is correlated with growth of exergy efficiency. However, low heat exchange coefficient for used working fluids can lead to expensive and large heat exchanger, which should be included in future development. Only three working fluids from seven analyzed showed beneficial impact on environment and they are: benzene, toluene and iso-pentane. In addition, these working fluid obtained exergy efficiency from top of range and can be recommended in analyzed case. 











[bookmark: _GoBack]Fig. 6. Environmental impact based on Ecoscarcity06 calculated by LCIA categories.





The multi-objective optimization gave a set of points with optimal system configurations for different working fluids. The single points for each LCIA method have been selected from this set. The parameters of these points were chosen as constant to launch one-run system resolutions. In based of that the analysis of particular systems configuration on environment were provided. The results are presented to show that the given problem can be presented in many ways.  The one-rum system resolutions for selected optimal results has been presented in fig. 6. 

From optimal results for ecological scarcity method, different set of points was chosen to show the impact of each category. The method shows that the most significant contribution into impact have emissions into air, deposited waste and emissions into surface water. It is connected with the substance used for reservoir enhancement as well as working fluid losses. For butane substances, performances for two points were chosen to one-run system resolution what is presented in fig. 6. The low efficiency point is marked with index 1, while the high efficiency - with index 2. 

6 Conclusion

In this work, the methodology for integration the life cycle assessment (LCA) in thermo-economic models has been presented. The identification of the optimal exploitation scheme geothermal resources is presented. The emphasis of the work is put on environmental criteria. The overall geothermal conversion system was modeled as three separate sub-systems: the exploitable geothermal resources, conversion technologies and demand profiles of useful services. The methodology of integration LCA into thermo-economic model was applied to the real case for Swiss city Nyon. For this purpose, the superstructure of organic Rankine cycle and enhanced geothermal system was used. The main aim of optimization was determination the most suitable working fluid in the light of objective functions. Seven different working fluids were considered: benzene, cyclo-butane, iso-butane, iso-pentane, n-butane, n-pentane and toluene.

The environmental impact of the system was evaluated based on LCA Ecological Scarcity methodology. The influence on results had a couple of factors e.g. approach used in each method, the way of normalized and weighting the impact categories, the choice of categories, etc. 

The results obtained by ecological scarcity have harmful influence on environment. Iso-butane, n-butane and cycl-butane belongs to this group of working fluid, which negatively effect on environment. The beneficial impacts have toluene, benzene and iso-pentane. The ecological scarcity method was designed in based on Swiss environmental policy. In fact this method, is the most suitable one to analysis the problems in Swiss context. 

Analyzing the obtained results the quantification of the effect on environment of a particular technology can be evaluated using different LCA methods. To create the process model, it is possible to use process integration techniques (e.g. pinch point analysis, costing or life-cycle analysis). This action helps to define the optimal configuration of the system. The choice of optimal performances depends on decision-maker and a given problem. The optimization returns a set of optimal solutions, which can be used optionally. 

This work focuses on optimization with thermodynamic and environmental performances indicators. However, it is important to remember that nowadays costs are crucial matter in making decision, so the optimization with economic performance indicator should be done. It would be desirable to show if there is any trade-off between beneficial and environmental friendly projects. 

This work was supported by AGH – University of Science and Technology (Project 11.11.210.376).
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