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1. Energiindikatorar

“Assessment of major electricity generation technologies based on
different energy indicators
— the effect of system boundaries”
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« Auke forstainga av resultata ved samanlikning av energiprodukt.
« Korleis kan systemgrenser paverke resultata for dei ulike energiindikatorane?
Basert pa resultat for vasskraft, vindkraft og elektrisitet fra biomasse, gass og kol.
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Energy indicators for
electricity production

Comparing technologies and the nature of the
indicators Energy Payback Ratio (EPR), Net Energy
Ratio (NER) and Cumulative Energy Demand (CED)
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Abstract

The aim of this paper is to improve the basis for the comparison of energy products. The paper will discuss

important methodological issues with regard to various energy indicators and it will, by means of a few

selected energy indicators, show examples of results for hydropower, wind power and electricity from

biomass, gas and coal. Lastly it will suggest methods to achieve results which are more consistent when
electricity p

In general, methodological issues can affect the results of life cycle In this paper,

have focused on the effect of system boundaries for energy indicators and found that the interal ranking of
cases within one electricity generation technology is dependent on the indicator used. These variations do
not, however, alter the general ranking of the major technologies studied.

The authors suggest that future assessments should focus on a smaller set of indicators: the Cumulative
Energy Demand (CED), which is the most ‘universal® indicator, Energy Payback Ratio (EPR) for
assessment of upstream activities, and a suggested "Cumulative Fossil Energy Demand” (GFED) for
resource depletion assessments. There is also a need for stricter standardisation and increased
transparency in the assessment of energy products.
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Resultat for elektrisitet produsert av ulike teknologiar

EPR=Energy Payback Ratio CED=Cumulative Energy Demand
Hgg verdi = hgg energieffektivitet Lag verdi = hgg energieffektivitet
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Hydro ~ Wind Biomass Gas Coal Hydro  Wind Biomass Gas Coal
EPR = mengde energiprodukt/investert energi CED = brukt energi/mengde energiprodukt

(inkluderer ikkje iboande energi i brenslet) (inkluderer iboande energi i brenslet)
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Kostnadsanalogi:

Kapitalkostnad per km eller totalkostnad per km?
(EPR tar ikkje med kor effektivt ein utnytter «brenslet»)

Kapitalkostnad —,

Drivstoff —
—Total kjgrelengde

Kapitalkostnad __

Drivstoff —— & |

- —Total kjgrelengde
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Resultat for ulike energiteknologiar
CED fordelt pa energikjelder

B 5UmM = Fomil energy M Nuclear energy m Renewable ensrgy B Unzpecified [incCluding energy from waste)

**T Fossil energi
2 17 Kjernekraft
a2 s T Fornybar energi
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”Research highlights”
fra artikkelen om energiindikatorar

Det trengs ei strengare standardisering ved vurderingar av energiytelse
(energy performance assessments).
Systemgrensene for fornybare energikjelder bagr harmoniserast.

Ein bar fokusere pa feerre indikatorar. CED bgr alltid inkluderast som ein
av indikatorane.
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2. Allokering I fleirbruksmagasin

«Allocation recommendations for multipurpose reservoirs -
results for water consumption»

Tor Haakon Bakken!4? Ingunn Saur Modahl3, Hanne Lerche Raadal3,

Ana Adeva Bustos?¢4 & Silje Arngy?

1 Norwegian University of Science and Technology, Trondheim, Norway
tor.haakon.bakken@sintef.no

2 SINTEF Energy Research, Trondheim, Norway

3 Ostfold Research, Fredrikstad, Norway

4 Universidad Politécnica de Madrid, Spain
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Background

Water consumption from energy generation:
Source: IPCC SRREN, 2011

Recirculating Cooling Once-Through Pond Dry
Cooling Cooling Cooling

Hybrid Cooling

§ i H
£ ' Main source of water losses: & ==
g . evaporation from reservoir
Z surfaces
E | 209 m3/MWh
a2 B

’ . o I ~0 m3/MWh

il -
+ l I I I . I
. .1.+.L._’_.,_, <

Weak methodology
= | imited number of cases

» Unclear definition of spatial and temporal boundaries of the
study area

* Only the operational phase is included
« HP: calculations based on gross evaporation rates
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Inga allokering bak IPCC-resultata
Kva er hovedformalet med fleirbruksmagasin?

ICOLD: Blant 9423
registrerte store
dammar med
kraftproduksjon, har
meir enn 40% fleire
funksjonar.

M Irrigation (5939)

B Hydropower (3849)

I Water supply (4275)

M Flood control (4815)

M Recreation (2864)

M Havigation/fish farming (1855)
Il Others (1156)

Source: ICOLD

CEDREN Centre for Environmental Design of Renewable Energy
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Recommendations

« We consider volume allocation to be the most robust approach for
allocating water consumption between competing functions in
multipurpose reservoirs.

* Anbefalingane gjeld ikkje berre vannforbruk, men alle indikatorar.
Ogsa energieffektivitet og klimagassar (ref. IPCC, 2014), pga at valgt
allokering er uavhengig av indikator.

CEDREN Centre for Environmental Design of Renewable Energy £ / E;ﬁ%
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Dokumentasjon og bruk

Innspel i revisjonsprosessen av PCR for
vasskratft.

Innsendt artikkel Version 3.0 Draft for open consultation: The
(Bakken et al. 2014)  construction of dams is a prerequisite for

_ _ _ regulation of water flows in a water course.
““““““ Large dams may also represent reservoirs
e With multipurpose functions, such as

irrigation, flood control, and water supply, in
addition to hydropower aeneration. In such

dam infrastructure between the different
functions (irrigation, flood control, water

supply and hydropower generation) should

approach shall be and motivated in

the EPD.
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3. Vannfotavtrykk (water scarcity) for
vasskraft

Innsendt og revidert artikkel:

“The life-cycle water footprint of two hydropower projects in
Norway”

Tor Haakon Bakken, Ingunn Saur Modahl, Kolbjgrn Engeland, Hanne
Lerche Raadal og Silje Arngy
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Hovedtema i artikkelen

« Kva er vannforbruket over livsigpet for norsk vannkraft?

 Kor viktig er fordamping fra dam/vannvegar?

Vannforbruk
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Bakgrunn

« Det er antatt at vannforbruket for vasskraft er dominert av den
operative fasen/fordamping (Inhaber, 2004; Fthenakis & Kim, 2010;
Pfister et al., 2011; Mekonnen & Hoekstra, 2012). Dette er derimot
Ikkje godt nok dokumentert.

« Korleis er forholdet mellom vannforbruk fra fordamping samanlikna
med vannforbruk ved konstruksjon og drift?

CEDREN Centre for Environmental Design of Renewable Energy Vs~ —
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Aukande interesse for beregning og dokumentasjon av vannforbruk for bade
produkt og tenester.

Det finnst fa vannforbruk-beregningar pa vasskraft, og dei fleste har berre
konsentrert seg om fordamping.

Metodikken har vore kritisert pga:

— Beregningar basert pa brutto fordampingsverdiar
— Manglande allokering mellom parallelle funksjonar
— Uklare systemgrenser i tid og rom

CEDREN Centre for Environmental Design of Renewable Energy
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Case studies Norway

‘ EPD’s: GWP, AP etc

] FEDERATION

Trollheim
(Follsjgen lake)

http://www.epd-
norge.no/category.php?categorylD=623

o
Skagerro¥

Er vannforbruket for vasskraft dominert av den operative fasen (fordamping
fra dam og vannvegar)?
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Global Warming Potential for hydropower
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Kva med vannforbruk?

Tilpassingar for a kunne bruke eksisterande LCA-modellar for a

beregne vannforbruk:

- Omforming av modellane fra a bruke Ecoinvent 2 til Ecoinvent 3 som
database.

- Manuell omforming av fleire gjenstaande prosessar.

@kludering av fordampings@

Vannforbruk fordelt pa region (land) og kjelde (elv, innsjg, bragnn
0SsV).

7966 processes involved
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Methodological approach:

evaporation calculat

—_

Evaporation after
inundation

Evaporation before
iInundation

lI0NS

Net evaporation
_ = Evaporation after
— Evaporation before

Evaporation/evapotranspiration based on the Penman-
Monteith model on daily time steps for one year:
* Precipitation, temperature, wind speed, relative
humidity, global radiation/cloud cover
« Vegetation type, vegetation height and season
(leafes)

Measured and
modelled values
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Metodar for beregning av “water scarcity”

Midtpunkt-metodar basert pa knappheit av ferskvatn (mengde tilgjengeleg vatn):
- Pfister et al. 2009

- Boulay et al. 2011 (simplified)
- Hoekstra 2012

- Ecological scarcity 2006

Forskjellen pa metodane:

- Datakjelde

- Metode for & beregne knappheit;
» uttak i forhold til tilgjengeleg mengde (withdrawal-to-availability ratio), eller
= forbruk i forhold til tilgjengeleg mengde (consumption-to-availability ratio)
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Regionale karakteriseringsfaktorar (eksempel)

Water footprint method Unit

Pfister et al. 2009 0,71 m3/m3
Boulay et al. 2011 (simplified) , , , 0,998 m3/m3
Hoekstra 2012 1,36 m3/m3

Ecological scarcity 2006 990 UBP/m3

Vannforbruk i Noreg er ikkje sa ille som i mange andre land. Korleis paverkar
dette fordampingsresultata?



Evaporation
(in Norway)

Production of
copper, steel,
plastics etc,
produced in

Europe, China etc.

0,25

0,00

Inventory results

E4 :I'rollheim
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IPCC: 0-209 I/kWh

M Infrastructure, tunnels

® Infrastructure, dam

® Infrastructure, gates

i Infrastructure, station hall
B Infrastructure, turbine

M Infrastructure, generator
M Infrastructure, transformator
B Infrastructure, internal net
M Infrastructure, roads

B Maintenance

M Annual reinvestment

B Operation, turbine

® Inundation

m Operation, evaporation from
reservoir
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How Iimportant is evaporation?
Water scarcity results (mid-point)

Low or Low or

~ zero -, Zero

100%
90%
80%
70%
60%
50% ‘  Infrastructure,
o reinvestments,
maintenance and
40% operation
M Evaporation from
30% reservoir
20%
10%
0%

Pfister et al. Boulay et Hoekstra etBerger et al. Ecological Pfister et al. Boulay et Hoekstra etBerger et al. Ecological
2009 al. 2011 al. 2012 2014 Scarcrty 2009 al. 2011 al. 2012 2014 Scarcrty

2006 2006

Y v
E4 Trollheim
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« Kva er vannforbruket over livsligpet for norsk vannkraft?
- 0,16 og 0,19 I/kWh for E4 og Trollheim.

« Kor viktig er fordamping fra dam/vannvegar?
- Mengde: fordamping bidrar 38% og 68% av totalt

vannforbruk for E4 og Trollheim.
- Karakteriserte resultat: fordamping bidrar 0-45% og 0-75%

av water scarcity for E4 og Trollheim.

Norske resultat er mykje lagare enn talla fra IPCC.

Andelen fra fordamping er ikkje totalt dominerande.
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LCM Bordeaux 2015, D-II, ID 217

Regionalization of water consumption
and the effect on water footprint
results for hydropower

A part of the EcoManage project:
Improved development and management of energy and
water resources

Ingunn Saur Modahl?), Hanne Lerche Raadal?), Tor Haakon Bakken? and
Kolbjgrn Engeland3

10stfold Research, Norway; 2Norwegian University of Science and Technology (NTNU), Norway; 3University of Oslo, Norway

CEDREN Centre for Environmental Design of Renewable Energ e K"\—/ L\ 5:;; — '
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What would the result be
If this evaporation happened in another region?

« Evaporation would most probably increase.

« How much will the scarcity issue affect the total results, assuming
Norwegian evaporation rates in another region?

* Virtually «moving» the Trollheim HPP/Follsjgen reservoir («exercise»).

Results presented at LCM Bordeaux.

Etter LCM:

- Utrekna reelle, spesifikke fordampingstall for ulike regionar.

- Beregna water scarcity pa nytt for Canada, Kina, Etiopia, New Zealand,
California og Florida.

- Karakteriseringsfaktorar fra Boulay et al. (2011).
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Hydropower from Trollheim power station/Follsjg reservoir
Life cycle inventory
(based on regional evaporation rates)

100%
; 10,0
IPCC: 0-209 I/kWh
1O/
90% 9,0
80% 8,0
M Operation, evaporation from
70% reservoir
° 7,0 M Inundation
'E m Operation, turbine
60% 3 6,0
- B Annual reinvestment
W Maintenance
50% 5,0
M Infrastructure, roads
- .
0% 4,0 Infrastructure, internal net
® Infrastructure, transformer
30% 3,0 M Infrastructure, generator
M Infrastructure, turbine
20% 2,0 | Infrastructure, station hall
M Infrastructure, gates
10% 10 ® Infrastructure, dam
—
0% 0,0
I I
LCl, NO LCI, NO

evaporation evaporation
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100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

l-eqv

Boulay, NO
amount, NO water

Hydropower from Trollheim power station/Follsj@ reservoir
Water scarcity results, relative numbers
(based on regional evaporation rates)

m Operation, evaporation from reservoir

M Inundation

1 Operation, turbine

M Annual reinvestment

B Maintenance

M Infrastructure, roads
Infrastructure, internal net

M Infrastructure, transformer

M Infrastructure, generator

M Infrastructure, turbine

M Infrastructure, station hall

M Infrastructure, gates

= Infrastructure, dam

M Infrastructure, tunnels

l-eqv l-eqv l-eqv l-eqv l-eqv l-eqv
Boulay, CA amount, Boulay, CN amount, Boulay, ET amount, Boulay, NZ amount,  Boulay, US-CA Boulay, US-FL
CA water CN water ET water NZ water amount, US-CA amount, US-FL

water water
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Conclusions

« Water scarcity of hydropower is not always dominated by evaporation
from reservoir and waterways. Infrastructure, maintenance and
reinvestment can also contribute in some regions. Site specific
evaporation calculations necessary.

« Water scarcity instead of inventory results should be used for
comparison of technologies/sites.

« Broaden the picture from IPCC (gross instead of net, not LCA-based, no
characterisation). LCI results for all 7 regions much lower than the high
IPCC number.

« More detailed regionalisation would enhance the results (CA-FL, China).

Forslag til vidare arbeid

« Skrive artikkel for & publisere resultata pa regionalisering av
vannfotavtrykk.
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Kvifor bar regionalisert vannforbruk pa
dagsorden?

- Grunnlag for a vite kor i verda vasskraftproduksjon er potensielt
problematisk (omrade med vannknappheit).

- | omrade der mange ikkje kjenner hydrologien og kor store
vassressurser som er tilgjengeleq: regionaliserte resultat vil kunne
avklare om vannforbruk (til elproduksjon) er eit problem eller ikkje.

- Norsk vasskraft i Noreg kan frikjennast!



