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Abstract:

The selection of power generation systems is important when striving for a more sustainable society.
However, the results of environmental, economic and social sustainability assessments are subject to
new insights into the calculation methods and to changing needs, economic conditions and societal
preferences. Researchers active in the field of exergy and sustainability claim that exergy losses and
sustainability are related. The Total Cumulative Exergy Loss method and the exergy replacement
costs of minerals are used to assess and compare power generation systems that make use of fossil
and renewable energy carriers. These power generation systems are the following: an ultra-
supercritical coal power plant, a power plant that co-fires coal and biomass, a wind farm, and a
combined cycle power plant that uses bioethanol originating from the fermentation of verge grass.
Furthermore, environmental, economic and social sustainability assessment methods are applied to
assess the four power generation systems as well. On the basis of the results of the assessments, it is
concluded that the wind farm system is preferred from the environmental, social and exergetic
sustainability points of view, but not from the economic sustainability viewpoint. The advantage of the
exergetic sustainability assessment method is that its results are not influenced by choices like
whether verge grass should be considered a waste product or not. The influence of the exergy
replacement costs on the results of the exergetic assessment is small, because less than 5 per cent of
the exergy input of the systems during construction, operation and commission is of mineral origin.
When looking at the infrastructural part of the systems only, the influence of the exergy replacement
costs is larger because about 25 to 40 per cent of the exergy input is of mineral origin.

Keywords:

Sustainability, Power Generation, Total Cumulative Exergy Loss, Exergy Replacement Costs,
Environmental, Economic and Social Sustainability.

1. Introduction

In general, sustainability is assessed from a dfele point of view and subdivided into an
environmental, an economic and a social sustaibabidmponent. The problem with these regular
sustainability assessment methods is that thetsesuthe assessments change over time because of
e.g. new insights into the models that are usedccétculating the environmental impact, indirect
costs and market influences in the case of econ@ssessments and the availability and non-
guantitative nature of social data. Another sharticy of regular sustainability assessment methods
is that exergy losses are not taken into accouhilewesearchers in the field of exergy and
sustainability claim that exergy losses and suataiity are related, e.g. [1]. This research démsi

the assessment of the sustainability of four pogemeration systems by applying regular non-
exergetic sustainability assessment methods asawelh exergy analysis method that combines the
recently developed Total Cumulative Exergy Losshoét{2,3] and the exergy replacement costs of
minerals [4,5]. The reason for including exergylaepment costs is that these costs not only take
into account the chemical exergy value of minebalsalso value the ore grade of the mines as a
measure of their overall quality. Dominguez et|[€]. already demonstrated that ‘the chemical
exergy component is not always a good accountinand should not be used in isolation’. The
power generation systems that are assessed affellth&ing: an ultra-supercritical coal power
plant, a power plant that co-fires coal and biomassind farm, and a combined cycle power plant
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that uses bioethanol originating from the fermaatabdf verge grass. On the basis of the results of
the assessments, conclusions are drawn about #gteirability of the four power generation
systems and the value of exergy analysis in suidity assessment of power generation systems.

2. Sustainability assessment

The environmental, economic and social componehtsustainability are combined in the Life
Cycle Sustainability Assessment (LCSA) method, €4, but this method is still under
development and faces some difficulties, e.g. thalitative nature of many social indicators and
the weighting of the three components of sustalitgbiFurthermore, combining the three
components into one number leads to the possibbiidy one component compensates for another
component, which is known as ‘weak sustainabilityierefore, it was decided to take into account
the three components of sustainability separafdso, a method is known that combines life cycle
assessment and exergy analysis, i.e. the exergoamental analysis [8], but this method allocates
the results of an environmental life cycle assessitiethe individual components of a process or
system by applying exergy analysis, which is ddferfrom the goal of this research.

In this research, the sustainability of the fouwpo generation systems is assessed by applying the
non-exergetic environmental, economic and sociatasoability assessment methods and the
exergy analysis method described in sections 2214orespectively. From comparing the results of
applying the assessment methods to the four systmahganking of the systems per assessment
method, conclusions can be drawn with regard tovidae of exergy analysis in sustainability
assessment. For example, what it means for theamental sustainability if a system is chosen
that is preferred from an exergetic point of vielhe non-exergetic sustainability assessment
methods have been introduced before, e.g. [2],h@ave been selected on the basis of a thorough
literature research into sustainability assessmktéchnological systems because of their common
use and/or usability in this research. The exerlysis method is a combination of the recently
developed Total Cumulative Exergy Loss method [Z3BH the exergy replacement costs of
minerals [4,5].

2.1. Environmental sustainability

An environmental Life Cycle Assessment (LCA) methioat results in ReCiPe endpoint indicators
is used to assess the environmental sustainabilithe four systems. This ReCiPe method is a
combination of the CML 2002 and Eco-indicator 99tmoels and was presented in 2008 as the
result of a thorough cooperation between expertthénfield of LCA [9]. The ReCiPe method
facilitates the calculation of midpoint indicatass well as endpoint indicators. These endpoint
indicators are calculated from the midpoint indicat by applying models, which introduces
uncertainty (e.g. [10]), but because of the needafsingle environmental sustainability indicator
per assessed system it has been decided to useimnithalicators. In this research, the SimaPro
Software tool version 8.0.4.26 [11] in combinatiwith the ecoinvent database version 2.2 [12] is
used to calculate these endpoint indicators. ThHauttenormalisation/weighting set, i.e. ‘ReCiPe
Endpoint (H) V1.04’ and ‘Europe ReCiPe H/A’ of SiRr@ is used to calculate the ReCiPe
endpoint indicators. The higher the ReCiPe endpauitator score, the lower the environmental
sustainability is.

2.2. Economic sustainability

The economic sustainability of the systems is agskdy calculating their Present Worth Ratio
(PWR). This PWR not only takes into account the Rigisent Value (NPV) but also the investment
costs of the installations, and is defined as tR& Nf the revenues and costs during the lifetime of
the installation over the NPV of these investmarsts. A higher PWR score indicates a more likely
investment. The costs and revenues associated fudls, raw materials, products, utilities,
maintenance etc. have been included in the NPV.fdlleeving economic data have been used in
this research. The lifetime of the installationseatonstruction is assumed to be 20 years and the
applied discount rate equals 8 per cent. The prssl for coal is €2.65 per GJ and the price of



electricity is €60 per MWh. The brief descriptionfsthe systems include the yearly revenues used
for calculating the PWR, thus without taking intcaunt the capital costs.

2.3. Social sustainability

The social sustainability assessment method appligs research was introduced in 2011 [13] as
an alternative to the standard method for detenginthe social sustainability that is under
development [14,15], and because it would be tme-ttonsuming and costly to gather site-specific
social data. The method makes use of the Ineqeaditysted Human Development Index (IHDI) of
countries reported by the UNDP [16], the numbemah-hours spent in the different stages of the
production chains and the country of origin of @mployees. The IHDI indicators have been used
because they are reported for a large number aftdes and because they take into account the
inequality between the people living in a countsyweell. The overall IHDI of a system (IHRka)

is calculated from the percentage of man-hourscpentry relative to the total number of man-
hours (perc.man.hjsand the IHDIs of the countries the employeesioaig from as follows (1).

=3 percmanhrs (OHDI, /100 (1)

i=1

IHDI

overall

2.4. Exergetic sustainability

The exergetic sustainability is assessed by appliie Total Cumulative Exergy Loss (TCEXxL)
method [2,3] in combination with the exergy replaeat costs of minerals [4]. The TCExXL method
is described in Section 2.4.1 and determines tleFggxloss caused by a technological system
including its supply chains during the phases afstauction, operation and decommissioning.
Although it is common practice to call an assesgmdife cycle assessment if the aforementioned
three life cycle phases are included, it is onlyrae life cycle assessment if technological
installations for the transformation of the outputs the required inputs are included in the
assessment, i.e. if it is a ‘cradle to cradle’ sysinstead of a ‘cradle to grave’ system. The TCEXxL
method can be applied to all kinds of technologsyatems and thus to ‘cradle to cradle’ as well as
to ‘cradle to grave’ systems. The systems of tesearch are of the ‘cradle to grave’ type and
therefore the TCEXL method is combined with thergxeeplacement costs of minerals described
in Section 2.4.2 to include the ‘grave to cradleftpf the systems as well (Section 2.4.3).

2.4.1. Total Cumulative Exergy Loss (TCExL) method

The Total Cumulative Exergy Loss (TCExL) method3]2was introduced in 2012 (under its
previous name Cumulative Exergy Loss (CExL) metHad] as an alternative to existing exergy
analysis methods. The TCEXxL is the summation of ifternal exergy loss caused by a
technological system, the internal exergy loss edulsy abatement of the resulting waste flows and
emissions to an acceptable level and the exergydosompanied with the land used by the system.
The TCExXL method can be regarded as a combinatipleroextension to, the exergy analysis
methods known as Cumulative Exergy Consumption @©EX18], Cumulative Exergy
Consumption and Abatement (CExCA) [19], Cumulatizeergy Extraction from the Natural
Environment (CEENE) [20] and Exergetic Life Cyclessgssment (ELCA) [21]. The main
difference between methods that calculate the |(mienulative) exergy loss (e.g. the TCEXxL
method) and methods that calculate the total exe&mysumption (e.g. CExC and Exergetic
Cost/Exergy Cost methods [22]) is that the latteriude the amount of exergy of the resulting
products and by-products as well. In other worlds, Exergetic Cost or Exergy Cost is larger than
the amount of exergy that is lost.

The internal exergy loss is equal to the differebedveen the total input and output of exergy of
the system during the phases of construction, tiparand decommissioning. This difference is
calculated from the Cumulative Exergy Demand (CEXZB]) reported by SimaPro/ecoinvent

minus the amount of exergy represented by the ptedemissions and waste flows of the system.
Hereto, the exergy values of mass flows have ba@ulated from the standard exergy values of



substances and other thermodynamic data, e.g. 4]t was undoable to calculate the exergy
values of all, i.e. more than 600, emissions regabtly SimaPro, it was decided to calculate the
exergy values of the largest emissions until attlé@e exergy values were known of the emissions
that contribute 99% by mass of all emissions.

The abatement exergy loss is calculated from theuats of waste flows and emissions reported by
SimaPro/ecoinvent multiplied by the abatement exeajues of these components. The abatement
exergy values of the emissions are used becausex#ngy values of the emissions themselves are
no measure of the environmental impact of thessgons. The abatement exergy values applied in
this research are limited to the abatement exeafjye¢ of carbon dioxide, sulphur dioxide, nitrogen
oxides and phosphates as abatement exergy valwlesfcomponents have not yet been found in
literature. The abatement exergy value of 5.9 MJdtgcarbon dioxide is based on €@covery

via ethanolamine absorption and stripping followsdcompression to 80 atm. for underground
storage [25,26]. The 57 MJ/kg for sulphur dioxidebased on 90% removal of S a flue gas
desulphurisation unit of a coal-fired power planthwimestone and subsequent conversion to
gypsum [21]. The 16 MJ/kg for nitrogen oxides iséxh 80% removal in a DeNQ@nit of a coal-
fired power plant as well [21] and the 18 MJ/kg ptwosphates is the value for 99% removal [21].

The exergy loss accompanied with land use equalariount of exergy that the ecosystem cannot
capture from sunlight because of land occupatiombtallations, equipment etc. that are part of the
assessed system. A worldwide average exergy la3%50€J per hectare per year is calculated from
the Net Primary Production [27], i.e. the net amooihbiomass produced when this land is not
occupied, and an average biomass exergy convefaabor of 42.9 MJ exergy per kg of carbon
[28]. SimaPro/ecoinvent distinguishes between dbffe types of land occupation. To prevent
double-counting, the types of land use that aratedlto the growing of trees or another type of
biomass are not taken into account in determiniegetixergy loss caused by land use. In addition,
the types of land use related to marine ecosystamsiot considered because of the very small
amount of solar energy that is captured [20]. Sunsimg, the land occupation types that are not
taken into account are all types of which the natpatains ‘benthos’, ‘forest’, ‘pasture and
meadow’, ‘permanent crop’, ‘sclerophyllous’, ‘sedhévegetation’ or ‘water’. Biomass like trees
or grass that is used as an input to a technolbgisiem is taken into account via the CExD
calculated of that system.

2.4.2. Exergy replacement costs of minerals

The assessment of minerals is accomplished thrthegbo-called exergy replacement costs. These
costs represent the exergy that would be needgdlyiag current available technology, to replace
the minerals into their original conditions aftéeey have been dispersed at the end of their use
phase [5]. The baseline used for calculating thergxreplacement costs is a model of an average
dispersed crust, named Thanatia, which is a pkatdescribes a possible state of the earth where
all available resources have been consumed andrdexph[29]. Thanatia can be used as a boundary
limit to the calculations since the model includaslist of minerals with their respective
concentrations in the crust which constitutes thveel limit of the ore grades. Every mineral deposit
has exergy, the greater the difference betweendheentration of the mineral in the dispersed crust
and in the mine, the greater its exergy. The exeegded to extract any given mineral increases
exponentially as the concentration in the mine el#ses, i.e. when the ore grade and the size of the
particle decreases, the exergy needed to recogemtheral from the rock tends towards infinity.
Exergy replacement costs are associated to theofypéneral analysed, the ore grade of the deposit
and the energy intensity of the mining and benafiich process. The scarcer a mineral, the higher
the associated exergy replacement costs are. Qoersyy scarcer minerals such as gold and
mercury have a higher weight in the accounting @edhan common minerals such as limestone
and phosphate rock. This way, exergy replacemestsaan be used as a quality weighting factor
for minerals based on thermodynamics.



2.4.3. Combination of the TCEXL method and exergy replacement costs of
minerals

The TCEXL method can be combined with the exergyacement costs by substituting the CExD

values of minerals with the exergy replacementscosthese minerals followed by calculating the

total exergy input of the system (by hand) from #mounts of resources used by the system
reported by SimaPro/ecoinvent and the CExD valuegexergy replacement costs (in case of

minerals) of these resources.

3. Description of the power generation systems

The four power generation systems that are asseisstk research are briefly described in the
next four sections. The functional unit used in tenparison of the systems is the production of
1 PJ of electricity. In case the systems producerbgucts as well, this is accounted for via
allocation of the inputs, emissions etc. to thedpat and by-products on an exergy basis.

The assessment includes the extraction and/or ggywirocessing and transport of coal, wood
pellets and other inputs as well as the treatmérth® wastes and emissions according to the
processes modelled in SimaPro/ecoinvent. The amsessincludes the phases of construction,
operation (including maintenance) and decommiss@of the installations and equipment.

3.1. Coal-fired power plant

The coal-fired power plant system (Fig 1.) is basedhe new ‘Maasvlakte Power Plant No.3’ in
Rotterdam, Netherlands, and is an adaptation dinthste heat’ system previously presented as part
of the LNG case study [2,3]. The coal-fired powkmp system considers the power plant only, i.e.
neither the production of H-gas, which is a mixtafe@vaporated LNG and nitrogen that is used by
large-scale gas consumers in the Netherlands,hsoexchange of waste heat of the coal power
plant with the LNG terminal and the LNG terminakealf are part of the system anymore.
Furthermore, the carbon dioxide is not captured.

The power plant has a capacity of 1070 MWe, it uga-supercritical steam of about 600 °C and
300 bars and has an electrical efficiency of aluper cent [30]. The coal consumption for the
production of 1 PJ of electricity is 0.11 Mton. Tamissions to air consist of 0.24 Mton of £0
51 ton of NQ and 0.41 ton of SO Other emissions have not been included in thesassent as
they are missing in the description of the powempl([30]) and because it was not meant to
conduct detailed environmental assessments ofyisteras. In addition, 0.81 PJ of waste heat is
emitted to the ocean and 13 kton of slags/ashett.res

The investment costs and yearly revenues excludapgtal costs of the system allocated to the
production of 1 PJ of electricity are €66 milliondg€6.0 million per year, respectively.

The man-hours needed for exploration/processingp édea transport of coal and operation of the
power plant have been calculated at 2:101d¢ and 2-16 man-hours per Mton of coal,
respectively.

coal

air—ﬁ power plant }7electricity4>

Fig. 1. Coal-fired power plant.

3.2. Co-firing of coal and wood pellets

The Amercentrale power plant in Geertruidenberghbidands [31] is the power plant the co-firing
system (Fig. 2) is based on. This power plant pesfi87 kton of coal and 37 kton of trees
(transformed into wood pellets) per PJ of eledyicThe wood pellets are produced in the Georgia
Biomass plant in the US [32] and then transportedhie Netherlands. The coal power plant
produces heat as well. On the basis of the exealyes of both products, 96% of the inputs,



emissions etc. of the power plant is allocatedht® denerated electricity. The power plant emits
0.15 Mton of fossil C@ 0.042 Mton of biogenic C£0.12 kton of N@, 37 ton of S@and 3.5 ton

of PM10 per PJ of electricity. Like in the coaleftt power plant system, other emissions have not
been included in the assessment.

The investment costs and yearly revenues of theesysllocated to the production of 1 PJ of
electricity are €47 million and €8.0 million perarerespectively.

The man-hours needed for exploration/processing daep sea transport of coal as well as for
operating the power plant are the same as in tbeiqus system. The man-hours needed for the
processing of trees to wood pellets and subseglesgt sea transport have been calculated at 2-10
and 3- 18 man-hours per Mton of wood pellets, respectively.

trees biomass plant —wood pellets

coal—»{coal supply chain|

Fig. 2. Co-firing of coal and wood pellets.

3.3. Wind farm

The wind farm system is modelled after the windnfathat is under construction in the
Noordoostpolder area in the Netherlands [33]. Blgistem is slightly different from the wind farm
system presented before ([2]) in the sense that thenSiemens SWT3.0 instead of the Siemens
SWT3.6 is modelled as the off-shore wind turbin®jol corresponds with the type of off-shore
wind turbine that will be used in this area. Thadvfarm has a capacity of about 5 PJ of electricity
per year and needs 2.4 PJ of wind energy per Rleofricity. Back-up systems to deal with the
discontinuity in electricity production caused mptlow or too high wind speeds have not been
taken into account in this research. As an alter@aio back-up power plants, energy storage
facilities are investigated by researchers worldewi

The investment costs allocated to 1 PJ of elettremmount to €198 million. The yearly revenues
excluding capital costs and excluding subsidy &8¢ €nillion per year and the subsidy to be
received during the first 15 years of operatiooakulated at €12 million per year.

It was assumed that all employees active duringtcoction, operation and decommissioning of the
wind farm system originate from the Netherlandseréfore the man-hours have not been
calculated.

3.4.Combustion of bioethanol from verge grass

This bioethanol system (Fig. 3) consists of thewgng, mowing and transport of verge grass,
followed by its fermentation to bioethanol and sdugently combusting the bioethanol in a
combined-cycle power plant. This system has a ¢gpaicabout 30 MW of electricity and is based
on the research by De Vries [34].

’—bioethanol electricity»

—verge grassﬂ transport M fermentation plant } proteing——————»
| grass fibres >

Fig. 3. Combustion of bioethanol from verge grass.

The grass fibres and protein by-products of then&tation processes are taken into account via
allocation on an exergy basis, i.e. 28, 31 ande¥icpnt of the impact of the fermentation process
including its supply chains is allocated to thedbi@nol product and grass fibres and protein by-
products, respectively. The possibility of the &ge of heavy metals etc. in the verge grass,



originating from road traffic, has not been taketoiaccount as it was not meant to conduct detailed
environmental assessments of the systems.

The investment costs allocated to 1 PJ of eletregual €86 million. Assuming that €15 per ton of
verge grass (40% dry matter) is received for itscessing, the yearly revenues excluding capital
costs amount to €21 million.

Like in the wind farm system, it is assumed thheaiployees originate from the Netherlands.

4. Results of the assessments

The results of applying the environmental, econoamd social sustainability assessment methods
to the four systems are presented in Tables 1 t@spectively. The ReCiPe total score of the
environmental assessment is subdivided into iteettdamage categories. The damage category
human health contributes 32 to 44 per cent of th@ ReCiPe score. The categories ecosystems
and resources contribute about 25 and 35 per msygectively, but with the exception of the wind
farm system where both categories contribute 1258 ¢ger cent respectively. The total ReCiPe
score of the wind farm system is small compareth& other systems, which is understandable
because wind energy needs not to be transporteddaed not lead to flue gases etc. The
environmental sustainability of the bioethanol eystiargely depends on the fact whether the verge
grass input is considered a waste product, ilesas ‘no’ land to grow, or not. If the land neetied
grow the grass is taken into account, the ReCiBeesacreases from 8.0 to 34 MPt. Furthermore,
the results of the bioethanol system largely dependthe allocation of the impact of the
fermentation process to the three products, i.e.hbi-ethanol product and the grass fibres and
protein by-products, as 99% of the ReCiPe scorddmng infrastructure processes, is determined
by the fermentation process including its supplgicb.

Table 1. Results of the environmental sustainability assessment.

Damage category Coal power plant Co-firing Wind farm Bioethanol
[MPt]

Human Health 9.6 7.2 0.25 3.3
Ecosystents 5.0 5.4 0.093 1.7
Resource’s 7.2 6.2 0.44 3.0
Total ReCiPe score 22 19 0.78 8.0

'The damage category numbers have already beentegighaccordance with the selected ReCiPe avevaighting
set.

According to the results of the economic sustailitgbassessment in Table 2, the Bioethanol
system is the most sustainable from an economiot pdi view. The reason for the high PWR
compared to the other systems is that in the bémethsystem money is received for the processing
of the feedstock, i.e. verge grass. The wind faystesn has a negative PWR, indicating that this
system is not profitable at the prices used.

Table 2. Results of the economic sustainability assessment.

Coal power plant  Co-firing Wind farm Bioethanol
NPV [10° €] 8 17 -23 94
Investment costs [£G&E]* 57 40 184 80
PWR [] 7.2 6.2 0.44 3.0
PWR 0.13 0.42 -0.12 1.2

INet Present Value of the investment costs.

The results of the social sustainability assessnagatshown in Table 3. The wind farm and
bioethanol systems have the highest social susiiitgyebecause it is assumed that all employees
originate from the Netherlands (Sections 3.3 a]. ’he coal power plant system has a lower



social sustainability than the co-firing system &ese the employees of the coal supply chain are
from a country with a lower IHDI than the employedshe wood pellet supply chain.
Table 3. Results of the social sustainability assessment.

Coal power plant Co-firing Wind farm Bioethanol
IHD overal [-] 0.633 0.639 0.857 0.857

Table 4 presents the results of the exergetic siadtity assessment. The exergy input is a
combination of the CExD and exergy replacementscoftninerals (Section 2.4.3). The wind farm
system has the highest exergetic sustainabilite. fhiee other systems, which involve combustion
of the fuel input, have about the same exergetitaguability. The exergy input of the wind farm
system is much lower because in SimaPro/ecoinvelyt tbe wind energy captured by the wind
turbine is considered as an input. Allocation dfvahd flowing towards the wind turbines would
result in an exergy input and TCEXL that is 2.2hiyher, but then again the wind farm system has
the highest exergetic sustainability.

Table 4. Results of the exergetic sustainability assessment.

[PJ] Coal power plant ~ Co-firing Wind farm Bioethanol
Exergy input 3.1 35 1.2 5.1
Exergy of the product 1.0 1.0 1.0 1.0
Exergy of emissions 0.38 0.38 0.026 0.91
Internal exergy loss 1.7 2.1 0.18 3.1
Abatement exergy 15 1.0 0.051 0.48
Exergy loss land use 0.040 0.0051 0.00087 0.023
TCExL® 3.3 3.2 0.23 3.6

TThe exergy input is a combination of the CExD axergy replacement costs of minerals.
2The internal exergy loss is equal to the exergytmpinus the exergy of the products and emissidhs. TCEXL is
the summation of the internal exergy loss, theexbant exergy loss and the exergy loss caused Dyutsan

When looking in more detail at the exergy inputappears that the influence of the exergy
replacement costs of minerals is quite small, wiscbnderstandable because the used amount of
mineral inputs is small compared to the input afsiband renewable inputs during the operation
phase. Table 5 gives an overview of the originhefihputs that contribute at least 1 per centeo th
exergy input of the systems as a whole, thus imetuohfrastructure processes, and the origin of the
inputs that contribute at least 1 per cent to stexgy input of the infrastructural part of the €yss.

Table 5. Overview of the origin of the inputs that contribute at least 1% to the exergy input of the
systems and the origin of the inputs that contribute at least 1% to the infrastructural part of the
Systems.

[% of total Coal power plant Co-firing Wind farm Bioethanol
exergy input]

Whole system, i.e. including infrastructure proesss

Mineral 0.0 0.0 3.9 0.0
Renewable 0.0 23 89 74
Fossil 95 74 4.9 22
Total 95 97 98 96
Infrastructural part of the systém
Mineral 21 25 41 28
Renewable 19 15 8.4 8.6
Fossil 57 55 47 60
Total 97 95 96 97

T Calculated from the inputs of the system includitfgastructure processes and the inputs of theeystxcluding
infrastructure processes.



Table 6 provides an overview of the results of éngironmental, economic, social and exergetic
sustainability assessments. The wind farm systepneiferred from an environmental and exergetic
point of view and is one of the systems with thghlest social sustainability, but has the lowest
economic sustainability. The difference in the ge#ic sustainability of the three other systems is
too small to draw conclusions about which systensdsond-best. Although it seems that the
bioethanol system is the least preferred from argetic point of view, while it is the second-best
from an environmental point of view. However, teieonmental sustainability largely depends on
the fact whether the verge grass input is consitleneaste product, i.e. it uses ‘no’ land to grow,
not. The latter would result in a ReCiPe score 4firsstead of 8.0 MPt, but would not lead to a
different exergetic sustainability.

Table 6. Results of the environmental, economic, social and exergetic sustainability assessments.

Coal power plant Co-firing Wind farm Bioethanol
ReCiPe [MPt] 22 19 0.78 8.0
PWR [-] 0.13 0.42 -0.12 1.2
IHDI overal [-] 0.63 0.64 0.86 0.86
TCEXL [PJ] 3.3 3.2 0.23 3.6

5. Discussion and conclusions

On the basis of the results of the assessmensscancluded that the wind farm is preferred from
the environmental, social and exergetic sustaiitalpbints of view, but not from the economic
sustainability viewpoint. However, back-up systetasdeal with the discontinuity in electricity
production by the wind farm (caused by too lowaw high wind speeds) have not been taken into
account, but it is expected that the wind farm tif preferable from the environmental and
exergetic sustainability points of view becausehef large difference with the scores of the other
systems. It must also be noted that the resulthefenvironmental sustainability assessment are
less certain because of the choice of ReCiPe endpwtead of ReCiPe midpoint indicators, but
the need for a single environmental sustainabihtyicator per assessed system resulted in the
choice of endpoint indicators.

The coal power plant and the co-firing system amptyilar technologies, i.e. the combustion of
coal and/or biomass, to generate power. Accordintheé results of the assessments, the co-firing
system performs better than the coal power plamsddhe results of the environmental and
economic sustainability assessment of the bioetteystem largely depend on choices with regard
to considering verge grass a waste product or Besides, the environmental and exergetic
sustainability assessment results of the bioethsysiem are largely influenced by the allocation of
the impact of the fermentation process includirsgsiipply chains to the bioethanol product and
grass fibres and protein by-products as well, hatapplied allocation on the basis of the exergy
values of the products is considered appropriatthig research. The social sustainability of the
bioethanol system is not influenced by the allaratas it has been assumed that all employees
originate from the Netherlands.

The advantage of the exergetic sustainability @ssest method is that its results are not influenced
by choices regarding an input being a waste productot, and other uncertainties like market
prices and the like. The exergetic assessment me#kes into account all exergy losses caused by
a system during its life cycle and leads to reshks$ do not change over time.

The influence of the exergy replacement costs olenails on the results of the exergetic assessment
appears small, because less than 5 per cent eixtrgy input of the systems during construction,
operation and commission is of mineral origin. WHeaking at the infrastructural part of the
systems only, the influence of the exergy replaceroests is larger because about 25 to 40 per cent
of the exergy input is of mineral origin.



6. Recommendations

It is recommended that the TCExXL method and theggxeeplacement costs of minerals be
implemented in life cycle assessment software taold that abatement exergy values of more
components be calculated.
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