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ABSTRACT: Concentrating Solar Power (CSP) plantsdglly incorporate one or various auxiliary bodler
operating in parallel to the solar field to factié start up operations, provide system stabdwpid freezing of
heat transfer fluid (HTF) and increase generatiapacity. The environmental performance of thesatplés
highly influenced by the energy input and the tgbeuxiliary fuel, which in most cases is naturasgdNG).
Replacing the NG with biogas or biomethane (BMxammercial CSP installations is being considerea as
means to produce electricity that is fully reneveahd free from fossil inputs. Despite their reng@anature,
the use of these biofuels also generates envirotain@émpacts that need to be adequately identified a
quantified. This paper investigates the environmleperformance of a commercial wet-cooled paraltotiagh
50 MWe CSP plant in Spain operating according to $ivategies: solar-only, with minimum technicallgble
energy non-solar contribution; and hybrid operati@here 12 % of the electricity derives from awadi fuels
(as permitted by Spanish legislation). The analys&s based on standard Life Cycle Assessment (LCA)
methodology (ISO 14040-14040). The technical vigbiind the environmental profile of operating {G&P
plant with different auxiliary fuels was evaluatadgluding: NG; biogas from an adjacent plant; 2Bl
withdrawn from the gas network. The effect of ustifferent substrates (biowaste, sewage sludgssgrad a
mix of biowaste with animal manure) for the prodoictof the biofuels was also investigated. The ltesu
showed that NG is responsible for most of the emvitental damage associated with the operationeopldnt
in hybrid mode. Replacing NG with biogas resulted a significant improvement of the environmental
performance of the installation, primarily due teduced impact in the following categories: natueaid
transformation, depletion of fossil resources, alimhate change. However, despite the renewableraatuthe
biofuels, other environmental categories like hunmadicity, eutrophication, acidification and marieeotoxicity
scored higher when using biogas and BM.
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1 INTRODUCTION

With over 100 commercial projects in operation ader construction worldwide and an installed capaci
expected to reach 10.0 GWe in 2015, Concentratéal Bower (CSP) has the potential to play a maje in
the decarbonisation of the existing energy moddé][IDepending on the characteristics of the sotdiectors,
CSP plants may adopt different configurations. Palia trough collectors are the most mature andelyid
deployed of the CSP technologies, representing 8vé¥ of the installed capacity worldwide. Thesanpsd use
parabolic mirrors with sun tracking systems to @oriate direct solar irradiation into a tube reeeithat runs
along the focal point of the collector. A Heat Tster Fluid (HTF) circulating inside the receiversalbs the
solar energy to increase its temperature from at@eb °C in the cold end of the system to 395 “Beaexit of
the solar field. The hot HTF is subsequently ciatedi through a series of heat exchangers for therggon of
superheated steam (typically at 100 bars/375 °@js $team is employed to drive a turbine for eleityr
generation, as in conventional Rankine cycles. Mod&SP plants usually incorporate thermal energyage
(TES) systems based on molten nitrate salt mixtiréscrease the number of operating hours and tiagiacity
factor [3].


https://core.ac.uk/display/148677707?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Commercial CSP plants also include one or moreliauxiboilers that provide extra heat for dailyrstap
operations, to avoid freezing of the HTF and moHlalts, to reduce system instability caused bystesnt clouds
and also for additional electricity generation. INat Gas (NG) is used most frequently as auxilfasl due to
its low cost, clean combustion and rapid respoalteough the use of fuel oil, mineral c@add biomass has also
been reported [3-6]. The minimum amount of auxflianergy required to operate a commercial CSPliasta
varies depending on plant size and design, theacteistics of the TES system, the intensity anty deurs of
solar irradiance, and also ambient temperature.aF@SP plant like the one investigated in this pdpet-
cooled, 50 MWe, parabolic trough, 7.5 hours TER¥ minimum requirement has been estimated to bedes
100,000-130,000 MJ/MW/yr. It may be assumed thé &mergy input does not have a net contribution to
electricity generation.

The Spanish legislation regulating the generatioalectricity from sustainable resources allows Qfhihts
to produce up to 12 % of their electricity from diaxy fuels [7]. For a typical 50 MWe installatipthis hybrid
operation involves the consumption of 2.32 & WJ/yr of auxiliary fuel and results in the gen@atof 22,600
MWh/yr of additional electricity, which also bentsfifrom the 26.9 c€/kWh premium fee establishedsfuar
thermal power generation. Hence, all commercial @&Ats in Spain (39 in operation and 21 currentiger
construction) operate according to this strategyoider to maximize economic revenues. Note that thi
legislation was superseded by Royal Decree Law 1BR2Gvhich removed financial support for future
installations not approved under the previous regifa few authors have investigated the environnienta
performance of CSP plants based on parabolic throteghnology using Life Cycle Analysis (LCA)
methodology [8-12]. These investigations suggest the environmental performance of these plantsgkly
influenced by the energy input and the type of {aghinly NG) employed in auxiliary boilers [9]. Aaiternative
discussed in specialized forums involves repladimg NG with biomass derived fuels, so that the Itiegy
electricity could be regarded as being fully reneland totally independent from fossil resources.

Spain produced in 2010 the equivalent of 5.19-N10 of raw biogas, of which 60.2 % was obtained in
landfill sites, 6.2 % was produced by digestionsefvage sludge in wastewater treatment plants amd th
remaining 33.5 % was produced from other substratesnly agricultural and farm waste). This genierat
capacity is still far from that of Germany, thegast producer of biogas in Europe, who produced-2@° MJ
equivalent of raw biogas in 2010 [10]. The Spamitn for Renewable Energies (2010-2020) [11] dbssrthat
biogas production in Spain will nearly triple inetlperiod between 2010 and 2020 mainly as a re$uheo
coming into operation of centralized plants usimgnf waste, agro-industrial waste and energy craps a
substrates. The possibility of upgrading biogalsitanethane (BM) for injection into the gas gridslwpen new
opportunities for this renewable fuel.

Despite its renewable nature, the production, ugigoa transportation and utilization of biogas atselves
environmental costs that need to be adequatelyifiehand quantified. LCA has been reported talmiitable
methodology to evaluate environmental performar@nergy systems [13-16].

The aims of this work are threefold: firstly, toatuate the technical viability and environmental
performance of a commercial 50 MWe CSP plant usifg Cycle Analysis (LCA) methodology; secondly, to
analyze the effect of operating the installatioml@emsolar-only and hybrid conditions (12 % eledyidrom
NG); and finally, to evaluate the technical vidliliand the environmental consequences associatdd wi
replacing this NG with biogas and BM obtained frdiffierent substrates.

2 METHODS, OBJECTIVES AND SCOPE

The LCA was conducted according to standardized 18@0-4 methodology. The functional unit was the
generation of 1 MWh of electricity. The objectiwgsre as follows:
- To quantify the environmental performance of a e@ded commercial 50 MWe CSP with 7.5 h TES,
- To analyze the environmental consequences of apgr#tie installation insolar-only and also inhybrid
mode with 12 % energy input from auxiliary fuelada



- To evaluate the technical viability and the envinremtal consequences associated with replacingN@is
with biogas and BM obtained from different subsisa(biowaste, sewage sludge, grass and a mix ofakie
with animal manure).

Unless otherwise indicated, the technical infororvatised in this paper regarding the design, coctstru
and the operating conditions and strategy of the ®Stallation was supplied by a team of enginepesialized
in CSP plants. ReCiPe Midpoint Europe (H perspegtand ReCiPe Endpoint Europe H/H methods were used
for aggregation of environmental impacts, while 8o v. 7.3 software was used for calculations.

2.1.Description of the CSP plant

The system under investigation is a wet-cooled 30eMCSP plant based on parabolic trough technology
located in the Ciudad Real region (Castilla La MancSpain). The plant uses synthetic oil as HTF and
incorporates a 7.5 hour molten salt thermal stomgtem (two tank configuration). Table 1 shows rien
specifications of the installation when operatingalar-only or in hybrid modes. The former implies that all the
electricity generated derives from solar irradiat{@00 % solar fraction); the latter involves thieguction of 12
% additional electricity from the combustion of diacy fuels, as permitted by Spanish law. It is@wed that
the only difference with respect to the configuwratof the CSP plant operating in solar-only or iybmodels
involves the addition of two 20 MWth auxiliary ghsilers in the latter. Both configurations havenzaier 10
MWsth boiler used to avoid freezing of the HTF durithe night, the two larger ones incorporated tbriay
mode are intended to increase power capacity Bndiig operating hours.

Table 1: Specifications of the reference CSP plant opagatisolar-only andhybrid conditions

Solar-only| Hybrid?
Installed capacity (MW) 50 50
Gross electricity output (MWh/yr) 165,687 188,281
Thermal efficiency of the cycle 35% 35%
Net efficiency 16% 16%
Auxiliary boiler efficiency 95% 95%
Lifetime (years) 25 25
Number of solar collectors 624 624
Aperture () 510,120 | 510,120
Area occupied (ha) 200 200
Full load hours equivalent (h/yr) 2,800 3,100
Normal Direct Irradiance (KWh/fyr) 2,030 2,030
Storage capacity (hours) 7.5 7.5
Non-solar energy input (MJ/yr) Maintenance 6.280° | 6.281C°
Operation 0 2.32-%0
. . self-consumption 25,962 29,577
Electricity consumption O&M (MWh/yr) from the grid 550 50

212 % of electricity output from auxiliary non-spl@sources, as permitted by Spanish Royal De@&£607.

The gross electricity output of the CSP plant of#egain solar-only mode was estimated to be 165,687
MWh/yr, resulting from 2,800 h/yr equivalent of fidad operation. Although all the electricity prankd by the
plant is attributable to solar radiation, the ifiateon still consumes 6.280° MJ/yr of auxiliary fuel for start-up
and maintenance. Operationtiybrid mode involves the consumption of the same amount ofliaux fuel for
start-up and maintenance plus an additional 2.32v@yr for power generation (35 % thermal efficigruf the
cycle). This results in an increase in the fullda@peration capacity of the plant to 3,100 h/yriegjent, for a
yearly electricity output of 188,281 MWh/yr. Thidditional 22,594 MWh represent the 12 % electricitiygput
allowed by Spanish legislation. It is assumed &% of the electricity generated by the CSP pianised
onsite for operation and maintenance, while theaiaing 84 % is poured into the grid for economieemrue. In
addition, the installation consumes 550 MWh/yr letctricity from the grid during non-productive hguimainly
due to HTF circulation during the night).

Figure 1 shows the life cycle diagram of the CS&hplnder investigation. The following life cyclbgses



were considered in the analysis: extraction of raaterials; manufacturing of components, transpioriabf
components to the site, construction of the powantp operation and maintenance, and decommisgjcauia
disposal of components at the end of their uséfakl(25 years). The following systems were considén the
inventory data:

- HTF system: synthetic oil, piping, nitrogen protian system.

- Solar field: sun collectors (including frame, roirs and foundations), sun tracking system, cositrahicle for
cleaning collectors.

- Thermal storage: piping, tanks, foundations, lasison, heat exchangers, salts.

- Power block: heat exchanger, steam turbine, gémedeaerator, condenser, piping.

- Facilities: buildings, roads, water treatmenipla
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Figure 1: Life cycle flow chart of electricity generation fhe CSP plant



No inventory data was available for the followinigreents: circulation pumps used in the HTF cireuid
thermal storage system; foundations required byliank boilers and thermal storage system. Theofeihg
information was obtained from the scientific litene: inventory data for a generic office buildifig/]; sun
tracking system, inventory data for electricity somption during demolition; fuel consumption during
dismantling activities [11]. The waste managemeshario considered in this simulation (40 % reaygli30 %
landfill; 30 % materials recovery) is based on thformation published in the Spanish National Pfan
Management of Construction and Demolition Waste].[1Bcolnvent v. 2.0 was used to estimate the
environmental impact associated with the consumpdiforaw materials and fuels employed in the catsiin
and operation of the CSP plant, manufacturing aodstruction of the power block and deionization of
refrigerating water used in the power block.

2.2.Analysis of NG and biogas utilization in the CSBrl

Table 2 shows the auxiliary energy inputs requinedach of the operating scenarios investigateldr-smly
and hybrid mode. The consumption of auxiliary fuetss calculated considering their net calorificues as
follows: NG 39.0 MJ/Nrf; biowaste biogas 24.0 MJ/Nmgrass biogas 19.7 MJ/Nmsludge biogas 16.5
MJ/Nn?; mixed manure biogas 24.0 MJ//Rrand BM 34.5 MJ/Nm

Table 2: Energy and fuel requirements of the CSP plant dimgran solar-only and hybrid modes.

5%

Auxiliary NG BIOGAS from different substrates BM
SCENARIOS| Energy Input Biowaste Mixed manure  Grass Sewage Sludge Methane 9

(MJlyr) Vol. (Nm3/yr)| Vol. (Nm3¥yr) | Vol. (Nm®/yr) |Vol. (Nm3/yr)| Vol. (Nmé/yr) | Vol. (Nm?/yr)
Solar-only 6.28-10 1.61-16 2.61-16 2.61-16 3.18-16 2.78-16 1.82-10
Hybrid 2.39-18 6.12-16 9.93-16 9.93-16 1.21-10 1.06-10 6.93-16

?including maintenance and operation activities

The environmental impact associated with the useNGf was determined by adjusting the data from
Ecoinvent v.2.0 to the Spanish import mix in 2012][as follows: Algeria 69 %, Nigeria 16 %, Norwa.9 %
and Netherlands 3.9 %. This data includes the enmental impact associated with the extraction ragigg
and transportation of the NG to the CSP plant. &mdronmental impact associated with the use of bagas
from specific substrates was obtained from Ecoibhwed.0. The impacts of biogas obtained frowaste
(household, yard and food waste) and frauttivated grass were estimated considering centralized plants with
capacities around 1,000,000 Riym. The impact ofmixed manure biogas was estimated in a 300,000 3ym
installation utilizing a mixture of liquid manureitiv fat, oil, cereals, catering waste, vegetabled arganic
waste. The impact afewage sludge biogas was determined in a 912,500 ¥minstallation associated to a
100,000 per capita equivalent (PCE) wastewatetneat plant. Further information about these bioglasts
can be found in chapter 12 of Life Cycle Inventsr@ Bioenergy from Ecolnvent [20]. The environnant
impact associated with the use of BM was estimbtedddition of the impacts attributed to the praédurcof the
raw biogas (as described above), upgrading ofdtehiogas into BM using Pressure Swing Adsorptie8A)
technologyand transportation via existing gas grids to theP(Q#ant. The impact associated with biogas
upgrading and BM transportation was obtained fraral&vent [20].

Farm scale biogas facilities typically produce fed brder of 10,000-100,000 Nm?3/yr, which would eeén
be sufficient to feed the CSP plant operating ilarsonly mode. Centralized facilities have biog@neration
capacities typically in the range between 1 an@SNm3/yr, although even larger plants (up to 258 N@3/yr)
operate in specific locations of northern Europ][Z his suggests that a CSP plant like the onestigated in
this paper (50 MWe) operating in hybrid mode (12eféctricity output from auxiliary fuels) could meits
auxiliary energy demand by association with a singry large centralized biogas plants. Howevas, inlikely
that the same geographical location will meet #guirements for both large scale biogas generaiwhsolar
irradiance. An alternative for hybrid mode opematassumed in this work involves using BM as aumilifuel.
This option involves generation of raw biogas iapdirse plants, followed by upgrading into BM, itj@e and
transportation through the gas network for us&éé@SP installation.



2.3.0perating scenarios

2.3.1. Solar only mode

As shown in Table 2, solar-only operation of thePQsant requires the consumption of 1.62-M6¥/yr of
NG or between 2.61-1Gnd 3.18-10Nm?/yr of biogas, depending on substrate. Considettiegproduction
capacity of biogas installations, it has been assurthat the CSP plant obtains all its auxiliary rgge
requirements from a centralized biogas plant latateits vicinity. It has been assumed that the Begas is
transported by pipes without additional processirte cultivation of grass for biogas generationas suitable
in southern Spain, where the CSP plant under imgag&in is located. Furthermore, the use of sewslgdge
biogas would require the location of the CSP ptadr a large wastewater treatment plant, an uglikelation
considering the space constraints of the solar ppleat. Hence, these two options were not consitl@r this
analysis. The use of BM was not considered in $igisnario either due to the reduced consumptionttaed
additional economic and environmental costs assatiaith upgrading the raw biogas.

2.3.1. Hybrid mode

As shown in Table 2, operation of the CSP planhybrid mode would require the provision of 2.3% 10
MJ/yr from auxiliary fuels, which represents 6.1 Nm?/yr of NG, 6.93- 1ONm?/yr of BM or between 9.9- £0
and 12.1-19Nm?/yr of biogas, depending on substrate. As discuabeste, this volume of raw biogas may only
be produced in very large centralized facilitiesos# geographical location is unlikely to coincidihvstrong
solar irradiance, as required by the CSP plant.celepperation of the CSP plant in hybrid mode hesnb
investigated assuming that it uses BM produced fimun alternative substrates: grass, biowaste, gewhudge
and mixed manure. In this case, the impact assatiafith upgrading the biogas to BM, its injectionda
transportation through the gas grid have also besrporated into the model.

3 RESULTS AND DISCUSSION

3.1.Impact assessment of the CSP plant operating ar-soly mode

Table 3 shows the environmental impact associaiéd thve generation of a functional unit of eleadtsiq1
MWh) in the CSP plant operating in solar-only moBéht midpoint categories have been included &s¢h
analyses, which represent the most relevant ingexirenvironmental significance. In this scenatibds been
assumed that the 6.28° MJ/yr of auxiliary energy consumed by the plarg eret by the combustion of either
NG or biogas obtained from biowaste (Bw) or mixeahuore (Mx).

Table 3: Characterized impacts in different life cycle pbs of the CSP plant operating in solar-only moike w
NG and biogas from mixed manure biogas (Mx BG) hiadvaste biogas (Bw BG).

. o&M Total

Impact category Units E&M C NG VMxBG | BwBG D&D NG | Mx B BWEBG
Climate change kg C£eg/MWh 211 0.03 4.63 2.19 3.04 0.90 26.6 242 125b.
Human toxicity kg 1.4-DB eg/MWh 12.9 | 4.70E-03 0.35 0.37 0.38 -0.18 13.] 13.1 131
Terrestrial acidification g S£eq/MWh 150 0.21 8.96 19.0 12.2 7.21 166 176 170
Freshwater eutrophication kg P eqg/MWi| 10{1 4.05E-0330 0.32 0.31 -0.36 10.1 10.6 10/6
Marine ecotoxicity g 1.4-DB eg/MWh 271 0.11 6.94 7.08 7.71 -1.93 276 276 277
Natural land transformation #wh 3.42E-033.72E-058.30E-04 3.55E-04 4.01E-04 5.27E-04| 0.005 0.004 0.004
Water depletion MMWh 0.21 | 4.34E-03 6.06 6.07 6.07 | -1.70 E-OB 6.27 6.28 6.28
Fossil depletion kg oil eg/MWh 7.15 0.01 1.76 0.56 0.58 0.37 9.29 8.08 8.11

*E&M: Extraction and Manufacturing, C: Constructié@&M: Operation and Maintenance, D&D: DismantlimgeDisposal.

The results show that when using NG as auxiliag}, fmost (78 %) of the impact associated with ctema
change derives from the extraction of raw matedad the manufacturing of components employedend8P
plant (E&M phase), while only 19 % is attributaltéeoperation and maintenance (O&M). A similar plieiis
observed in all other impact categories with theeption of water depletion, where O&M activitiese ar
responsible for most (97 %) of water consumed (8r®MWh) by the CSP. Most of this water is used in the



condenser of the power block. The intensive consiompf fresh water in wet-cooled CSP plants poses
problem to the widespread deployment of this tetdgywin desert areas. This problem may be overcosireg
dry-cooled condensers, although these devices inomparatively higher capital and operating cosid a
achieve reduced energy efficiencies in thermodyonamyile.

Substitution of NG with biogas only affected thevieonmental performance of the system in its O&MNagh
while all other phases remained unchanged. Thenpatdenefits/detriments of this substitution wénaited in
all impact categories, due to the low influencelef O&M phase in the overall performance of thexpldhe
use of biogas (instead of NG) had a small positiflience in some environmental categories likenalie
change and fossil depletion. For instance, ovepakenhouse gas emissions were reduced from 26@60Q)
eg/MWh (NG) to 25.1 (biowaste biogas) and 24.2 ka2Gg/MWh (mixed manure biogas). However, despite
the renewable nature of the fuel, there was ane@as® in the environmental impact associated wikterot
environmental categories like terrestrial acidifica and freshwater eutrophication.

Figure 2 shows the normalized impacts associatdutive CSP plant operating in solar-only mode \W.
The results show that the E&M phase was responsdrlanost of the environmental impact as a reséilt o
damage to the following categories: marine ecoftxiéresh water eutrophication, human toxicity amatural
land transformation. The second most impacted difele phase is O&M, due primarily to damage in the
following categories: marine ecotoxicity, human itity, freshwater eutrophication and natural land
transformation. The results also evidence thatrdtliephases like construction (C) or dismantlingl amsposal
(D&D) had a very limited contribution to the enummental performance of the CSP plant. Positive otpa
derived from the recycling of elements at the efttheir useful lives were also limited.
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Figure 2: Normalized impacts in different life cycle phasssociated with the generation of electricitytia t
CSP plant in solar-only operation with NG.

Figure 3 shows a comparative analysis of the nazeglimpacts in different categories associateth wie
operation of the plant in solar-only mode using H@ biogas as auxiliary fuels. The results evidethed
marine ecotoxicity is the most impacted categorylincases, followed by natural land transformatifsash
water eutrophication and human toxicity. Impactstio& marine ecotoxicity category originate primafilom
the extraction of raw materials in the E&M phaseled life cycle of the plant, being largely indegent from
the type of auxiliary fuel used during operatiomplarticular, contribution to this category is nigiattributable
to the use of reinforcing (37%) and chromium s{@@k%) in the solar field, the use of copper botlthi@ TES
and the power block (18%), and also the HTF (9%ie Tiormalized impact in the climate change andilfoss
depletion categories are low, due to the limiteel osauxiliary fuels during O&M. The substitutioh NG with



biogas has a limited positive effect on these aaieg.
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Figure 3: Normalized impacts in different environmental catégs determined for the production of electricity
in the CSP plant operating in solar-only mode udi®or biogas from different substrates.

Figure 4 shows the aggregated weighted impact [SiBgore indicator from ReCiPe Endpoint Europe H/H
methodology) associated with the operation of t&# @lant in solar-only mode with NG or biogas asilauty
fuels. The results evidence a slight improvemenhe overall performance of the installation priityadue to
reduced impact in thResources endpoint category. This category is highly affdddy the consumption of fossil
fuels like NG. The type of substrate employed ia groduction of the biogas has virtually no effent the
environmental performance of the plant.
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Figure 4: Single Score profile comparing the use of differamtiliary fuels (NG and biogas) in the CSP plant
operating in solar-only mode.

3.2.Impact assessment of the CSP plant operating irichyiiode

Table 4 shows the environmental performance aseacisith the generation of 1 MWh of electricitytime



CSP plant operating in hybrid mode (12 % of thecteigity from auxiliary fuels). The scenarios arzdd
include providing this additional energy in the rforof NG and also as BM produced from four different

substrates: mixed manure; biowaste; grass; andgeesiadge.

Table 4: Characterized impacts of the CSP plant operatifgbrid mode with different auxiliary fuels.

Life Cycle of the CSP Plant
Impact category Units NG Mixed manure Biowaste| Sewage Grass

BM BM BM BM
Climate change kg CCeq/MWh 124 68.3 96.0 72.9 97.4
Human toxicity kg 1.4-DB eqg/MWh  12.4 20.4 20.8 22.2 22.6
Terrestrial acidification g S£2q/MWh 215 587 366 259 1,398
Freshwater eutrophication kg P eq/MWh 9.46 15.8 515 17.7 21.8
Marine ecotoxicity g 1.4-DB eq/MWh 266 401 422 433 634
Natural land transformation #IwWh 0.020 0.008 0.010 0.012 0.01
\Water depletion HMWh 6.26 6.41 6.40 6.48 6.62
Fossil depletion kg oil eqg/MWh 48.4 9.34 10.2 16.8 12.4

The results evidence a notable deterioration in ¢hgironmental performance of the CSP plant (per
functional unit of electricity) when operating igbrid mode, as compared with solar only. When NG wsed
as auxiliary fuel, the characterized impacts fdaisonly and hybrid operation in selected categodeanged as
follows: climate change, from 26.7 to 124 kg CO2MMYh; terrestrial acidification, from 166 to 21532;
natural land transformation, from 0.005 to 0.020M\&h; fossil depletion, from 9.29 to 48.4 kg oil /BtNVh.
Variations in other impact categories were lessallet The environmental impact associated with the
construction of the two additional boilers (20 M\Wtiequired to operate in hybrid mode is negligibience,
nearly all the transformations described are attable to consumption of auxiliary fuel in the O&phase.

Of the four BM analyzed in this paper, the one picEtl from grass (energy crop) generated a significa
higher impact in the climate change category (3®0CQ, eg/MWh) than the ones produced from the other
three substrates (between 68.3-90.9 kg EQMWNh), which has been attributed to the resichalre of the
latter. The results show significant savings inegfiouse gas emissions (between 23 and 45 %, depeoli
substrate) as a result of replacing NG with BM. dtid¢ environmental benefits were also observedtliero
impact categories like fossil depletion and natiaatl transformation.

However, despite the renewable nature of the BM,ethvironmental analysis shows detrimental effetts
other impact categories, primarily terrestrial #adtion but also fresh water eutrophication, wadepletion
and human and marine toxicity. The high impactemdstrial acidification has been associated wittmania
emissions during biogas substrate production @nddse of grass biogas), and application of madigestate
(for mix biogas). In the case of marine ecotoxiciyd water eutrophication, higher impacts in bidraat
scenarios are due to the consumption of electréityng upgrading and biogas generation, but alsntissions
during substrate production (emissions of phosphitevater when grass cultivation). Human toxidéipacts
in biomethane scenarios are due mainly to the higleetricity consumption, since the disposal ofimg spoils
and uranium tailings (from fossil fuels contribugito the electricity mix) have emissions with higixicity to
humans. Sewage and grass biogas have higher imipaittese three categories due to their highertréidy
use.

Figure 5 illustrates the normalized profile of B8P plant operating in hybrid mode with NG as aaml
fuel. In this scenario, most of the environmentaimdge is attributable to the O&M phase due to the
consumption of NG. The consumption of this auxyliuel is responsible for 85% and 78% of the impawtthe
climate change and the natural land transformatiategories, respectively. Due to the higher germrat
capacity achieved in hybrid mode operation, themadized impact associated with the Extraction and
Manufacturing (E&M) and with the Construction (Cf) the CSP plant phases are reduced compared to sola
only operation.
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Figure 5: Normalized impacts in different life cycle phasessariated with the generation of electricity in the
CSP plant in hybrid mode operation with NG.

Figure 6 shows the normalized profiles of the C&intpoperating in hybrid mode with NG or BM from
different substrates. As shown in the characterfediles of Table 4, the substitution of NG wittMBmproved
the environmental performance of the plant in theategories (climate change, fossil depletion aatdnal land
transformation) but had a detrimental effect on sathers (mainly terrestrial acidification). Acciorg to the
methodology employed in this analysis (ReCiPe Eerép perspective), the extent and the environmental
significance of the improvements observed in ceriztegories largely outweighed the detrimentatatff
observed in some others.
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Figure 6: Normalized impacts in different environmental eggiries determined for the production of
electricity in the CSP plant operating in hybriddeaising NG or BM from different substrates.



This is confirmed in Figure 7, which shows the $&n§core profile of the CSP plant operating in fgybr
mode using NG and BM as auxiliary fuels. The resaitidence a significant improvement in the envinental
performance of the plant when using the renewabddsf as compared with NG. Single Score values were
reduced from 14.8 Pt in the case of NG to betwe6rP6 and 7.5 Pt when using BM from different stdtsts.
This evolution is due primarily to lower impacttile Resources category due to reduced consumgtitmssl
fuels. NG consumption in hybrid mode operation dbates to 83% of the Single Score indicator wiile!
consumption constributes to between 45-60%, depgndn substrate. Upgrading of raw biogas to BM
contributes to between 20-24% of the Single Scodéator, while transportation only represents leetav0.9-

1.0 %.
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Figure 7: Single Score profile comparing the use of différauxiliary fuels (NG and BM) in the CSP plant
operating in hybrid mode.

Single Score Indicatlor
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Of the four BM substrates investigated, the resshisw that the utilization of cultivated grass proed the
highest impact due primarily to the consumptionfeéls, fertilizers and other agricultural inputsigher
environmental savings were achieved using BM andds from residual substrates.

4  CONCLUSIONS

The environmental performance of a 50 MWe wateles &SP plant with 7.5 hour TES operating in solar-
only mode and using NG as auxiliary fuel is asdat: climate change 26.6 kg CO2 eq/MWh; human ttxic
13.1 1,4-DB eg/MWhterrestrial acidification 166 g SO2; freshwatetrephication 10.1 g P egq/Mwh; marine
ecotoxicity 276 g 1,4-DB eg/Mwh; natural land trimmenation, 4.81 E-03 #MMWh; water depletion 6.82
m¥/MWh; fossil depletion 9.29 kg oil eg/MWh. The inqtassociated with the consumption of NG in solao
operation is low and most of the environmental dgen& associated with the extraction of materiald a
manufacturing of elements employed in the constroatf the CCP plant.

Due to the low contribution of auxiliary fuels thet environmental performance of the CSP plant when
operated in solar-only mode, the potential benafitsubstituting NG with biogas in this scenarie éimited.
The potential savings in greenhouse emissions waydtesent between 6-10 % of the total. The ovaradhct
of the CSP plant, as determined using Single Stut&ator (ReCiPe Endpoint Europe) methodology, was
reduced by between 7 - 8 %, depending on the bisgastrate.

This environmental profile of the CSP plant changigsificantly when it is operated in hybrid mode (%



electricity from NG): climate change 124 kg CO2MWh; human toxicity 12.4 kg 1,4-DB eq/MWterrestrial
acidification 215 g SO2; freshwater eutrophicat®of6 g P eq/Mwh; marine ecotoxicity 266 g 1,4-DBMgh;
natural land transformation, 0.02/iMWh; water depletion 6.24 #iMWh; fossil depletion 48.4 kg oil eg/MWh.
In hybrid mode operation, most of the environmedtahage is associated with the consumption of N&hc,
the most impacting phase is Operation and Manageofethie CSP plant. The incorporation of the thgas
boilers required to operate the installation in fiybmode has a negligible effect on the environmkent
performance of the plant.

In hybrid mode operation, the substitution of NGhwvBM results in a notable reduction of the impact
associated with certain environmental categoriebméte change, fossil depletion and natural land
transformation). However, despite the renewableneadf the BM, the model shows detrimental effectther
impact categories like terrestrial acidificatioresh water eutrophication, water depletion and huarad marine
toxicity. The method employed (ReCiPe Endpoint erbl/H) suggests that the extent and significaridaeo
positive impacts largely outweighs the deleterieffscts on certain other categories. The carbotpfod of the
CSP plant operating in hybrid mode was nearly hhlaad the overall impact (Single Score indicatogsw
reduced by up to 60 % when replacing NG with BMgltéir environmental savings were observed when using
BM and biogas from residual substrates, rather émaangy crops.

5 ACKNOWLEDGEMENTS

Thanks are due to MINECO for funding under Progi&NPACTO (IPT-440000-2010-004) and to The
European Commission for funding under FP7-ENERGY220 CP 308912.

6 REFERENCES

[1] IEA. 2012. World Energy Outlook 2012, Internatioiadergy Agency, ISBN 978-92-64-18084-0

[21 A. Jager-Waldau, M. Szab6, N. Scarlat, F. MonfBairario, Renewable electricity in Europe, Renew
Sustain Energ Rev. 15 (2011) 3703-3716.

[3] K. Lovegrove K., J. Pye, Fundamental principlesC&P systems, in: K Lovegrove (Eds.), Concentrating
solar power technology: Principles, developmentsapplications, Woodhead Publishing Ltd, 2012

[4]1 J. Servert, G. San Miguel, D. Lopez, Hybrid Sol&8iemass Plants for Power Generation; Technical and
Economic Assessment, Glob. Nest. J. 13 (2011) Z&6-2

[5] Deign J. (2012) Is it time to take CSP and biogasossly? Published in CSP Today, October 12, 2012
http://social.csptoday.com/markets/it-time-take-asgd-biogas-seriously information accessed in A01e3.

[6] P. Viebahn, Y. Lechon, F. Trieb, The potential roleconcentrated solar power (CSP) in Africa and
Europe—A dynamic assessment of technology developneest development and life cycle inventories
until 2050, Energy Policy. 39 (2011) 4420-4430

[7] SPAIN, Real Decreto 661/2007, de 25 de mayo, por el que se regula la actividad de
produccion de energia eléctrica en régimen especial., BOE-A-2007-10556. num.126 pag
22846-22886 (2007).

[8] V. Piemonte, M.D. Falco, P. Tarquini, A. Giaconidgfe Cycle Assessment of a high temperature molten
salt concentrated solar power plant, Sol Enerd2831) 1101-1108

[9] Y. Lechon, C. de la Rua, R. Saez, Life cycle enmvimental impacts of electricity production by sdierimal
power plants in Spain, J Sol Energ-T ASME. 130 @@»1012.

[10] J.J. Burkhardt Ill, G.A. Heath, C.S. Turchi, Lifgote assessment of a parabolic trough concentratiay
power plant and the impacts of key design alteveatiEnviron Sci Technol. 45 (2011) 2457-2464.

[11] J.J. Burkhardt, G. Heath, E. Cohen, Life Cycle @hmtise Gas Emissions of Trough and Tower
Concentrating Solar Power Electricity Generatiorind. Ecol. 16 (2012) S93-S109

[12] E. Or6, A. Gil, A. de Gracia, D. Boer, L.F. Cabegzamparative life cycle assessment of thermal gnerg
storage systems for solar power plants, Renewatdegy. 44 (2012) 166-173.

[13] M. Pehnt, Dynamic life cycle assessment (LCA) afewable energy technologies, Renewable Energy. 31
(2006) 55-71.

[14] E. Martinez, F. Sanz, S. Pellegrini, E. JiméneBldnco, Life cycle assessment of a multi-megawatt




turbine, Renewable Energy. 34 (2009) 667-673.

[15] A. Pascale, T. Urmee, A. Moore, Life cycle assesgroéa community hydroelectric power system iratur
Thailand, Renewable Energy. 36 (2011) 2799-2808.

[16] F. Sebastian, J. Royo, M. Gomez, Cofiring versusniiss-fired power plants: GHG (Greenhouse Gases)
emissions savings comparison by means of LCA (Ciyele Assessment) methodology, Energy. 36 (2011)
2029-2037.

[17] Su Xing, Zhang Xu, Gao Jun, Inventory analysis @ALon steel- and concrete-construction office
buildings, Energ Build. 40 (2008) 1188-93

[18] Ministerio de Medio Ambiente (MMA), Plan nacionaé desiduos de construccién y demolicion (2008-
2015), integrated in Plan Nacional Integrado deéd®es (PNIR), (2009).
[19] CORES Corporacion de Reservas Estratégicas de qiomduPetroliferos. Boletin Estadistico de

Hidrocarburos (2013).

[20] Jungbluth N., Chudacoff M., Dauriat A., Dinkel Boka G., Faist Emmenegger M., Gnhansounou E., Kljun
N., Spielmann M., Stettler C., Sutter J. (2007eL@ycle Inventories of Bioenergy. Final report event
data v2.0.

[21] Abebiom, 2009, A Biogas Road Map for Europe, ABEBIOEuropean Biomass Association
(http://www.aebiom.org/IMG/zpdf/Brochure_BiogasRozap WEB.pdf) information accessed in June
2013.




