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Geothermal power plants
Parameter
Net plant power [MWel]
Well depth [km]
Number of wells
Surface plant life time [years]
Reservoir temperature [°C]
Annual net energy generation
[GWh yr-1]
Total energy produced [GWh]
Plant cost [€/kWel installed]
•
•
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Medium
capacity
5.5
5
6 (2 well
triplets)
30
190

Low capacity
2.9
5
3 (1 well
triplet)
20
v
165

46

24

7524

3308
4900

The two HDR systems modelled vary in capacity of the geothermal source: medium and low (5.5 and
2.9 MWel respectively).
One of the boreholes is used as the injection well for the cold fluid leaving the generation unit, the
other two as production wells, which provide the hot fluid, heated up within the hot rock formation.

Thin-film
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PV
technology

Cell
efficiency
[%]

sc-Si

17

1.18

200

17.7

mc-Si

12.3

1.02

125

24.5

CIS

10.6

0.94

100

28.2

a-Si

6.1

0.82

50

49.2

Frame area Capacity
[m2]
per unit [W]

Total area
[m2]

Thin-Film Technologies

Crystalline

Crystalline technologies

Photovoltaic systems
Photovoltaic technology

Technical characteristics

Single crystalline silicon
cells
(sc-Si)

The active material is made from a single crystal
without grain boundaries. The sc-Si cells have the
highest efficiencies (for commercial cells: 13-18%).

Multi-crystalline silicon cells
(mc-Si)

The cell material consists of different crystals. The
cells have a lower efficiency, but it is cheaper in
production. Commercial mc-Si cells have
efficiencies in the range of 11-16%.

Copper-indium-diselenide
(CIS)

CIS modules are constructed by depositing
extremely thin layers of photovoltaic materials on a
low cost layer (such as glass, stainless steel or
plastic). Material costs are lower because less
semi-conductor material is required; secondly,
labor costs are reduced because the thin films are
produced as large, complete modules and not as
individual cells that have to be mounted in frames
and wired together. The efficiency is about 8-11%.

Amorphous cells
(a-Si)

A new developed thin-film technology is
hydrogenated amorphous silicon. The efficiency of
amorphous cells is about 6-9% and decreases
during the first hundred operation hours.

Solar thermal systems
 The flat solar collector consists of the dark
absorber, the transparent cover, the heat transfer
fluid containing the antifreeze and the water tank.
 Heat transfer fluid circulates through tubes
contained in the absorber. They are usually made
of copper or aluminum and are painted with a
special selective coating, which is much better in
absorbing and retaining heat than ordinary colors.
 The vacuum tube collector is more efficient and
cost-effective than the flat collector: ~ 70%
performance (compared to ~ 50%) and cost
almost 1.5 times higher.
 It consists of vacuum tubes of glass containing
copper tubes in their center. The fluid circulated in
the collector tube is heated and then sent through
the pipes into the water tank.
 Vacuum tubes are easier to install because they
are lightweight, compact and can be transported to
the roof individually. In addition, the pipes can be
replaced separately if they are damaged, avoiding
the need to replace the entire collector.
 Both types of collectors are effective and durable
with a life span of over twenty years.
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Life Cycle Assessment

Life Cycle Assessment

• A leading environmental assessment methodology, which studies the
environmental aspects and potential impacts throughout a product’s life cycle
(Cradle-to-Grave or Cradle-to-Cradle) from raw materials extraction through
production, use and disposal. The general categories of environmental impacts
needing consideration include resource use, human health, and ecological
consequences.
• A standardized methodology (ISO 14040 & ISO 14044 ).
• Comparative assessment.
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Methodological stages of LCA
Goal and scope definition. During the first step the
goal and scope of the study are defined as well as the
selection of the functional unit (FU) and the system’s
boundaries.
Inventory analysis (LCI). In the second step, a life
cycle inventory analysis, of relevant energy and material
inputs and environmental releases, is made up
identifying and quantifying inputs and outputs at every
stage of the life cycle.
Impact assessment (LCIA). LCIA translates
emissions and resource extractions into a limited
number of environmental impact scores by means of
characterization factors, in two ways i.e. at midpoint and
at endpoint level. Midpoint indicators focus on single
environmental problems, e.g. climate change. Endpoint
indicators show the environmental impact on three
higher aggregation levels: 1) human health, 2)
biodiversity and 3) resource scarcity.
Interpretation. The results of the LCI and LCIA are
interpreted and combined to make a more informative
and sound decision. A sensitivity analysis is performed
to validate the consistency of the results.
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Uncertainty in LCA
As outlined by ISO 14040 series standards, any life cycle assessment requires a number of phases for
its integration. Each of these phases, along with their associated databases and models, has
significant associated uncertainties. A variety of specific uncertainty sources are listed below:
• Database uncertainty. Defined as the error introduced on the outcome due to variability on
measurements, lack of data, and deficient model assumptions. Normally, input output uncertainty
data cannot be derived from available information, as there is commonly one source of information
which gives average values without any data about uncertainty.
• Model uncertainty. Simplified models may have uncertainties that could affect the quality of the
assessment outputs. Moreover, they may not capture exact cause-and-effect mechanisms, or data
regression may have the wrong functional form. There may be unknown interactions among model
parameters.
• Statistical/measurement error. Estimating distributions of properties from a limited set of
sample data creates statistical variability. The sample data may also have measurement errors, or the
standards used to collect and quantify the data may not be known.
One of the several methods that propagate uncertainties is Monte Carlo simulation. This method makes
use of an algorithm capable of producing a series of random numbers, within the uncertainty value of
every input and output taken into account in the scenarios created, for which it assumes a lognormal
distribution, with a confidence interval of 95%. In this study, a Monte Carlo analysis was selected as the
statistical method and was performed using SimaPro 8.5 software (5000 runs) for each scenario and
impact category.
•
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Detailed results for the studied Renewable
Energy Systems
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System boundaries for a LCA
 Goal and scope of the LCA in geothermal
power plants is the quantification of
environmental
burdens
during
the
complete life cycle of deep geothermal
systems per unit of electricity.
 The system can also be imagined as
divided into the surface system with the
power generating unit and the subsurface
system with the wells, the stimulation
process, and the downhole pump.
 The functional unit of the LCA carried out
is the production of 1 kWh net electricity
with a deep geothermal power plant.
 The inventory analysis accounts for all
energy and material inputs, land
transformation and occupation, emissions
of substances to air, water and soil.
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Process network
Medium capacity geothermal power plant
Cut-off: 10%

Cut-off: 1%
Total nodes: 10930

• 96.8% of all total inflows and outflows are due to the drilling
of the two triplet deep well sets.
• Only 2.2% of the energy and materials inflow are due to the
stimulation of the wells (requiring water and energy), the
generation unit and other inputs.
• There are also impacts associated with the electricity
production, transportation and system disposal.
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LCA results
Relative contributions to the impact categories

 The cumulative CO2eq emissions per kWh for each MWe installed over the whole life cycle of the power
plants vary between approximately 1.8×10-2 and 2.2×10-2 kg CO2 eq/kWh·MWe and the plant with the
lowest capacity shows the highest impacts. This is due to the lower output of electricity over its whole
life, while impacts from the dominating drilling phase are not lower for this plant.
 For all cases the results denote that drilling phase clearly dominates the climate change impacts. The
stimulation with water and energy, the generation unit and other inputs play a very minor role.
 For the production unit, the construction of the building with the relative use of steel dominates, while
the choice of fluid plays a marginal role. Energy consumption and steel use for the casing are
dominated by borehole impacts.
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Monte-Carlo simulation results
A: medium capacity , B: low capacity
 Case A has increased impacts
compared to case B in all midpoint
categories, thus proving its improved
environmental performance.
 The above are confirmed by the
histogram of the Gaussian curve for
98.8% of the 5000 cases under
study.
 This comparison refers to the LCA
impacts and not to the results as
previously mentioned (i.e. impacts
per total grid-derived electricity and
per installed capacity for each
geothermal system).
 Therefore, they do not include the 30
or 20 year generation of energy from
plants, thus improving the behavior
of the low-capacity geothermal plant.
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Technical specifications
Medium capacity geothermal power plant

Low capacity geothermal power plant

 The location of the systems was chosen to be the area of Akrotiri in Chania, assuming the
existence of the necessary geothermal field as defined by the technical specifications for
each installation.
 For all economic calculations, the electricity price was set at 0.15 € / kWh (feed-in-tariff)
and it was assumed that the facility was funded by itself (without a bank loan).
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Financial analysis

 The economic viability of both plants is virtually guaranteed, as they require a significant initial investment (€ 14.4 - 27 million €
respectively) but provide very fast repayment time (~ 4.4 years) and have similar IRR rates (~ 25%). The reason for this excellent
performance lies in the fact that the capacity factor of both units is 93% (or, in other words, the break time is 7%).
 An important difference between the two plants is their life span (20 and 30 years), that affects their overall behavior, as the medium
capacity geothermal plant will produce renewable electricity for 10 additional years.
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Process network
mc-Si photovoltaic system
Cut-off: 10%

Cut-off: 1%

 72.5% of all total inflows and outflows are due to the
production of the photovoltaic panel.
 The installation phase and the inverter require 16.5% and
8.3% respectively of the energy and materials inflow.
 There are also impacts associated with the electricity,
transportation and system disposal, which are taken into
consideration.
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LCA results
Relative contributions to the impact categories

 During the lifecycle of a PV system, initially, the extraction of resources leads to emissions that affect human health, including
carcinogens and respiratory inorganics, while at a second level the use of fossil fuel during the production and manufacturing
processes releases large amounts of greenhouse gases in the atmosphere causing climate change.
 The cumulative CO2eq emissions per kWh over the whole life cycle of the PV systems vary between approximately 3.9×10-2 and
5.2×10-2kg CO2eq/kWh.
 The results suggest that there are impacts on all indicators, particularly those that affect human health from substances released
into the air and water.
 The crystalline technologies (mc-Si and sc-Si) have increased values in almost all impact categories. Thin-film CIS, exhibits the
lower impacts in most categories and seems to be an optimum selection from an environmental perspective compared to its
other counterparts.
 Thin-film technologies require less materials’ inflows for their construction and installation phases compared to crystalline
systems and this coincides with reduced airborne emissions and energy. On the other hand, thin film PV systems have lower
efficiencies and thus a 3kWp installation will require larger number of panels and more materials for the mounting systems.
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Techno-economic analysis

The location of the systems was
chosen to be the area of Akrotiri
in Chania, as it has excellent
potential for incident solar
radiation.
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Technical specifications (PV systems)
sc-Si

18

mc-Si

Technical specifications (PV systems)
CIS
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a-Si

Financial analysis (PV systems)
sc-Si
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mc-Si

Financial analysis (PV systems)
CIS
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a-Si

Techno-economic assessment (PV systems)

Thin-film

Crystalline

Total
Cell
Frame Capacity Total
Capacity
Annual
PV
Cost
electricity
efficiency area per unit area
factor
revenue
technology
[€/kW]
exported to
[%]
[m2]
[W]
[m2]
[%]
[€/yr]
grid [MWh]

•
•
•

•
•
•
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IRR
[%]

Payback
time
[years]

sc-Si

17

1.18

200

17.7

1600

20.6

162.6

813

17.8

6.4

mc-Si

12.3

1.02

125

24.5

1500

20.6

162.6

813

18.9

6

CIS

10.6

0.94

100

28.2

1600

20.2

159.3

797

17.4

6.5

a-Si

6.1

0.82

50

49.2

1500

21.8

171.6

858

20.0

5.6

The cell efficiencies of the PV systems vary (from 6.1% to 17%) but this parameter does not play an
important role as the nominal capacity of all systems is set to 3 kW.
The larger the efficiency of the panel the less the area needed for the installation (from 17.7m2 to 49.2m2).
The a-Si system seems to have higher annual energy yield. This is practically due to the ability of these
systems to produce more electricity under low sunshine or cloudy conditions and thus their capacity factor
is increased (21.8%) compared to their counterparts.
The economic viability of all systems is obvious, as the simple payback period is 5.6 - 6.5 years and IRR
values vary from 17.4% to 20%.
The electricity produced allows for the mitigation of ~4 tons of CO2eq annually for all PV systems.
The anticipated energy production, emissions reduction, investment cost, financial viability and risks
associated with the four technologies are approximately the same. All technologies portray relatively equal
cost benefit ratios and financial parameters. This is mainly due to the fact that our selection of comparing
3kWp systems harmonizes the influence of all technical advantages amongst technologies. On the other
hand, the sc-Si system is the most efficient per cell thus needing less area per installation compared to the
other cases.

Process network (flat plate collector)
Cut-off: 1%

Cut-off: 10%

•
•
•
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57% of all total inflows and outflows are due to the production of the
collector.
27.1% of the energy and materials inflow is due to the production of
the tank.
There are also impacts associated with the electricity production,
transportation and system disposal which are taken into
consideration.

LCA results
Relative contributions to the impact categories

• The cumulative CO2eq emissions over the whole life cycle of the solar systems are quite close,
varying between 2.22×10-2 and 2.38×10-2 kg CO2eq/kWh·m2 and the lowest value
corresponds to the vacuum tube collector.
• Electricity (in kWh) corresponds to the energy needed for heating water, which is saved by the
operation of solar panels that convert solar radiation into heat and ultimately stored hot water.
• The results of the relative contributions to the impact categories (based on the ReCiPe 2016
midpoint evaluation) are mixed with the two systems exhibiting similar environmental impacts
in most categories, but the vacuum tube collector has highest values in most cases.
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Annual hot water needs for the studied house

•

•
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The energy needs for hot water supply for a typical family house with 4 occupants (taking as granted
100% occupancy rate and 24 operating hours per day) have been estimated to 2817kWh/year. A
typical auxiliary hot water heating system burning oil has been considered for backup.
Both selected solar thermal collector systems can be considered as high quality products, while the
purchase cost of the vacuum tube collector is significantly higher, i.e. 1300 € versus 900 €.

Technical specifications (solar collectors)
Flat plate collector
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Vacuum tube collector

Financial analysis results (solar collectors)
Flat plate collector
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Vacuum tube collector

Techno-economic assessment
Solar
collector
type

Aperture
FrUL
Cost
area
[(W/m2)/°C] [€]
[m2]

Total
energy
saved
[kWh]

Total energy
saved per
aperture area
[kWh/m2]

Solar Annual
fraction savings
[%]
[€/yr]

IRR
[%]

Payback
time
[years]

Flat plate

2.32

4.6

900

27260

11750

55.3

352

41.8

2.6

Vacuum
tube

2.61

1.7

1300

29980

11487

62.7

341

28.5

3.8

 The thermal losses coefficient (FrUL) is increased for the flat plate collector compared to the vacuum tube
system, i.e. 4.6 vs 1.7 (W/m2)/°C respectively. This is due to the completely different thermal losses
suppression design followed in each system, which practically makes vacuum tube collector unaffected by
variations in ambient temperature. Additionally, the vacuum tube system covers the annually hot water
needs in a percentage of 62.7% compared to 55.3% of the flat collector.
 It is evident that overall this parameter does not play an important role in the energy outcome of the
systems, as finally the flat plate collector provides slightly more energy per aperture area throughout the
year. This is mainly due to two reasons: i. the weather conditions in Crete (high intensity solar radiation for
extended time periods and with increased ambient temperatures throughout the year) are favorable for
solar systems and thus the advantageous thermal insulation and the ability to reach high temperatures of
the vacuum system is not necessary, ii. the pump in the vacuum system requires more electricity due to
increased friction in the collector (more complex circulation system).
 The economic viability of the two systems is obvious: the simple payback period is 2.6 and 3.8 years and
IRR values 41.8% and 28.5% for the flat plate and the vacuum tube system respectively.
 The above mentioned results prove that the selection of a flat plate system is rather mandatory for typical
installations in Crete while vacuum tube systems could be selected for demanding applications.
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Comparative assessment of technologies

Carbon footprint [gCO2eq / kWh]
Medium capacity geothermal
plant

18.2

Low capacity geothermal
plant

22.1

a-Si PV

43.5

CIS PV

39.5

mc-Si PV

44.3

sc-Si PV

52.4

6-79

26-60

9-35

1-24

 The carbon footprint evaluates the environmental emissions per unit of energy produced (usually in
gCO2eq / kWh).
 The carbon footprint for geothermal systems is lower compared to photovoltaic systems, and both
technologies together with other renewable (wind, hydro) and nuclear power plants are far from
conventional fossil fuel power plants (which show values ranging from 400-1050).
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