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Lecture 3 — Generation Technologies
Baris Sanli
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I Question

A fund provided you with 100 million $ for electricity
generation.

* How will you invest?
* What will be your optimal portfolio?
* What should be your initiating question
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I Load profiles

Mesken ! ! | | | | | AIL SEKLOT TAIEPIEN
| |
e Yesirmak © Vangou | | I | T T T P
3000 # Uudag = Tmkya
T2 . W Taoroskar N Sakarya
® Csmangas =M
TR = Kaysen = Eoik sy [ oEen
e L= = Fiemt ) T
2000 = Dice EmComh Sanayi = e
- WCamibsd B Bagamicl | janeq s g e
W B sioen i moayedns Yesilimak # Vangau : i Ay a
o Ay e e ¥ Wudag U Tmiya ¥ Ticarsthane
K . Ak deniz ® Tarasler W Sakarya ™ Sanay
a B Csmangasd § Meam W Mesken
' 10000
TERNE S A Hodk wisggrll o,
= Dk SComh
mCamiibel  mBagazmicl
Aydmlatma W Bazkent mAyedss 3000
Sy Yesirmak ® vVangau :::.z A -
# Liudag = Tmkya - .
o Torosir W Sakarya - — o . : :
o Osmangasi W Meam - et B e —_ 1 2 3 4 3 & 7T 8 9 1011 12 13 14 13 16 17 18 19 20 21 22 23 24
WKaysen @ mGoksu T
[T W Fiext | | | | | | | | | | |
™ Camiibsl i = -
:2:::1 —= Yesirmak
. = Vangaiu
- Ak ez = = Liudag
il = ooy
R e o A ® Torostar
| | | | | | o ¥ Sakarya
t t t t t t — » Csmangazi
" Memm
Tarmsal Sulama = Kaysan
o Yesmrmas — :ﬁ:ﬂ
\'L-J-m! —
- o = Tarasiar o :z
i = Dzmangaz = Meam — = Camh
Winywenl . W ! ! ! ! ! 1 1 L 1=t
B Gadiz B i ChTa
o m Dicke = Corin :Buﬂa:lnmp::
e B Camihbsl  §Bogazici N Ay s
N Basieeni W Ayedas .:'.;m
100 :.::-:lﬂn maras maras

3/62



I Generation technologies

l
Construction cost
Mew p|cr‘.| construction cost tar an
equivalznt amount of genzsraling capacity

Electricity cost
Projected cost o produce electricity
from a new plant aver its lifetime
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Water requirements
Amount of water required to genarate
equivalent amount of slecticiby

CO_ emissions
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Non-CO, emissions
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than CO_ per unit of alectricity

Waste products
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Ability 1o genarate electricity
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changes in demand
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I Load duration

Sorted normalized Power Load P / Pmax
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I Flexibility

Qualitative representation of key flexibility parameters of a power plant

Fichtner (2017)
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I Minimum load and ramp rates

Minimum load and ramp rates of different hard coal power plants Figure S3
Minimum load of different hard coal power plants Ramp rates of hard coal power plants in South Africa
(85 a percentage of nominal capacity) compared to most-commonly used and state-of-the-art designs
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Ramp rates

Ramp rates and start-up times of different power plant technologies

OCGT CCGT CCGT hard coal-fired
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Fichtner (20717) based on (VDE, 2012)



Comparison of most commonly used and state-of-the-art
power plants for each generation technology with regard to
flexibility

Comparison of most commonly used and state-of-the-art power plants for each generation
technology with regard to flexibility Table 1

Most commonly used power plants

Minimum load [% Ppy,,] 40-50% 40-50% 25-40 %2 50-60%
Average ramp rate [% Py, per min] 8-12% 2-4% 15-4% 1-2%
Hot start-up time [min] or [h] 5-11 min® 60-90 min 25-3h 4-6h
Cold start-up time [min] or [h] 5-11 min* 3-4h 5-10 h 8-10 h

State-of-the-art power plants

Minimum load [% P 20-50% 30-40% 25°-40 %' 35°-50%
(20% with SC%

Average ramp rate [% Py, per min] 10-15% 4-8% 3-6% 2-6"%

Hot start-up time [min] or [h] 5-10 min' 30-40 min 80 min-2.5h 1.25-4 h

Cold start-up time [min] or [h] 5-10 min’ 2-3h 3-6h 58h

9/62
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Resources

Panos Konstantin

M argarEtE Konstantin ® Chapter 1 — Thermodynamics (Bxamples Ch. 1)

s Chapter 2 — Fundamentals Power Generation (Examples Ch. 2)

® Chapter 3 — Fossil Power Plants (Examples Ch. 2)

® Chapter 4 — Nuclear Power Plants (Examples Ch. 4)

® Chapter 5 — REenewable (Examples Ch. 5.1, Ch. 5.2-5.5, Ch. 5.6-5.8, Ch. 5.9)
® Chapter & — Cogeneration (Examples Ch. &)

® Chapter 7 — Cost Allocation: Cogen (Examples Ch. 7.1, Ch.7.2-7.10)

® Chapter & — Transmission and Distribution (Examples Ch. &)

T h e P OW e r ® Case Study 1 — Rankine Cycle (in T-s-Diagram) calculated with FludEXL (C51)

® Case Study 2 — Simulation simple Rankine Cycle (C52)

® Case Study 3 — Demo — Rankine Cycle Development (C53)
® Case Study 4 — Integrated Model — techno-economics Fosil-PPs (C54)

® Case Study 5 — Integrated Model — techno-economics Nuclear-PPs (C35)

® Case Study © — Cashflow, IRR-Analysis Wind farm (C56)
| n u S t r ® Case Study 7 — Integrated Model techno-economics Parabelic trough (CS7)
® Case Study £ — Integrated Model techno-economics Solar Tower (CS8)
/ ® Case Study 9 — Cost-Allocation: electric equivalent extraction — condensing CHP (C59)
Best Pra_':tl ce Manual for Power ] ® Case Study 10 — Cost-Allocation: exergy balance — backpressure CHP (C510)
Generation and Trﬂnspﬂn', Economics ® Case Study 11 — Modelling Simulation extraction — condensing Rankine-Cycle no Beheat (C511]

and Trade ® Case Study 12 — Modelling Simulation extraction — condensing Rankine-Cycle Reheat (C512)
® Case Study 13 — Modelling Simulation extraction — condensing CCGT-Cyele (C513)

5‘;1 Springer

http://www.pk-energie-praxiswissen.com/?page_id=479&lang=en 10/62



Flexibility in thermal
power plants

‘with a fous an easting coal-fired power plants

STUDY

Energiewsnde
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MIT Energy Initiative

UTILITY OF
THE FUTURE

An MIT Energy Initiative response
to an industry in transition

e
o
—_—
—_—
—_—
S
——
i

e

o

—
E
=

% \h'l,'l.\ﬁ
-

o

i col shcration with i ECaminn COMILLAS
=======

https://energy.mit.edu/wp-content/uploads/2016/12/Utility-of-the-Future-Full-Report.pdf 11/62
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I Value of generation to the sys.

LOCATIONAL MON-LOCATIONAL

* Energy

« Metwork capacity margin = Firm generation capacity’
POWER SYSTEM VALUES * Power guality » Operating reserves'

« Reliability and resiliency = Price hedging

* Black-start

* Land value/impacts

OTHER VALUES « Employment

« Premium values®

» CO; emissions mitigation
= Energy security
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I Carnot verimliligi

» Carnot verimliligi
* 1- To/T1

Example 1-8: Electrical efficiency of gas turbine vs. Carnot cycle

The gas temperature at the entry of a modern gas turbine 1s 1200°C, the air inlet tempera-
ture to the compressor 1s 15°C. The maximum plant efficiency in a state-of-the-art simple
cycle gas turbine cycle (SCGT) is 44%, In a combined gas-steam turbine cycle (CCGT) it
15 60%. What 15 the maximum efficiency of the Carnot cycle between the two tempera-
tures? What 1s the theoretical improvement potential?

273415

27341200
The theoretical improvement potential is 20 percentage points.

= (.8 or 80%

Carnot efficiency: 7, =

13 /62



I Heating Values

* American English

- LCV : Lower heating value

- HCV: Higher heating value
* British English

- NCV - net calorific value

- GCV — gross calorific value

Fuel

LHV/HHYV

Matural oas

0.903

Heating oil

0.940

Hard coal

0.958

* Lower heating value does not include condensation

heat of water vapor
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I Types of Power Plants

LTy pes of Power Plants (PPs)

L

Thermal Power Plants

—* |Fassil fueled power plants |
—  Steam power plants
* Simple cycle gas turbine (SC-GT) PPs

—* Combined cycle gas urbine (CCGT) PPs
—* Inlemal combuston engine PPs

—* |Nuclear power plants I
—* Nuckear fueled PPs

—*|Concentrated Solar thermal power plants |
[—* Parabolic trough PPs

—* Inlegrated solar combined cycle PPs
—* Solar tower PPs

—* Fresnel PPs

w

Mon-Themal Power Plants

—* | Hydro power plants

—*  run-of-river HPPs
* Pondage HPPs
Storage HPPs

—* Pump storage HPPs

* | Wind power plants

—* [nshore wind fams
*  Offshore wind farms

. | Photowvoltaic power plants

—»{Fuel cell power plants

15/62



I Reference site conditions

* Performance is defined with energy efficiency or the
neat rate

* Rated power is the performance (kW, eff) based on
refence site conditions (RSC)

Ambient Cooling water
: Condenser .
Site Cooling Temperature inlet
Frr'ms [kx\'{f] QC QC
Electrical Efficiency: 77, =————
O L] Europe, North Sea Seawaler 15 12
0. once through
q =3600x =t
B rom Central Europe Cooling tower 15 25
Gulf Seawater 46 26
once through
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I Operating hour

* Operating hours/Running Hours -> time the plant is
IN operation

* Equivalent Full Capacity Hours -> the equivalent
time period during which the power plant would
have produced the same amount of electrical power
at full power output

» Capacity Factor (CF) : produced/ could have been
produced at continuous operation at full power

* Avallabllity : Is the state where a unit can provide
energy within a reference period (IEEE-762-2006)

- Planned outages: Maintenance
- Forced outages: Failures during operation

17 /62



Cost structure

Technical parameters CAPEX [CU]
Type of plant EPC price
Rated Power output, gross, net Civil warks
Type of fusl, LHV . Mechanical
21| Electrical efficiency ’ Electrical
E‘ Reference site conditions (RSC) Owner's costs
B Grid connection Interest during construction
E Canstruction time Contingencies
E L
E Energy & Mass Balance Techno-Financial constraints
}= Equ. full capacity hours (FCH]) Discount rate (WACC)
- Electricity production, gross, net Lifetime
= Fuel consumption Operation staff, personnel costs
Consumables & residues Price of fuels, consumables etc.
Emissions Rates for O&M Costs (% x CAPEX)
Escalation rates for O&M costs
i &
vevvensssck i capital Service E 3
2 PV of CAPEX or annualized CAPEX ") |4 3 2
E : (overnight costs + interest during E - =
.E construction + reinvestment) = -% ﬁ
e Fixed OPEX (PV or annuilies 7) E o E
5 : O&M costs ) -2l 8§
s L eeeeeresafersereenn]  Personnel costs ) ag| @
EE‘ Insurance and averhead costs ;% o %
- H c T O
k] : Variable OPEX (PV or annuities *) « 5| £
i 5 *[ " Tuelcosts TSR - -
: Variable non-fugl costs HY E
¥ v
ﬁ Capacity cost = CC [CU / kW a] Energy cost — EC [CU / KWHh]
g (PY KW net power output) (PV of Electricity production KWh/a)
= 18 /62
E  ereeni Levelized Electricity cost [CU /kWHh] PR
n LEC = CC/FCH+ EC




I CAPEX estimate

ltem Unit Steam PP| CCGT PP
Power and energy balance
Power output, net ) 600 400
Equivalent operating hours hia 5.500 5500
Power generation, net MWh /a 3,300,0000 2,200,000
Efficiency, net - 42% 55%
Fuel consumption MWh, /a 7.857.143] 4,000,000
CAPEX, incl. IDC+reinvest min. US$ 1,343 433
Discount rate, in real terms % la 6.5% 6.5%
Lifetime a 35 25
Fixed OPEX % Capex 2.50% 1%
Fuel price LHV, w.o. escalation ' | US$/ MWh, 12.29) 27.5
Annual OPEX, at start of operation
OPEX, fixed min. US% /a 33.56 4.33
OPEX variable ?  10% min. US$ / a 106.18 121.00
Annual costs, incl. escalation for OPEX
Annualized CAPEX min. US$ /a a7.76 35.37
Fixed OPEX ¥ 0.5%/a esc min. US$ /a 3568 455
Variable OPEX * 1.5%/a esc min. US$ /a 128.26 140.88
Total annual costs min. US$/a 261.71 180.80
Levelized electricity cost UsS$/ MWh 79.30 82.18
1) price coal 100 USShce natural gas LHY 25 USS/MWh

N fwal « 400 Araan fial Aacia

AY aasalatam v raal farmee
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Steam Power Plants

Live steam bar [/ °C Grid
Reheat steam ppar / °C Step-up
Fluegas | transformer
Cleaning || MW
" [
Fuel MJ/s Generator
Steam
Extractions
HP-preheaters < to preheaters
Fuamp Cond. steam
Deaerator bar/°C
Cooli t
Condenser . ? e e Erﬁ
LP-preheaters %, <4 B nlet °C / outlet °C

Make-up water —D @

Source: Technologies & Economics, Author's own illustration
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40.0| 3,387
90 | 500

50,000 kW
32.9%

Generator
152,181 KW ka's [kJ/k
bar | °C
: O O
7.6 | 2,684 41.4| 2234
25| 127 0.05| 33
x= 87%
Deaerator 187 KW
27
Pump 138
33 15°C
e 1,741 kgls
Steam pipeline 86,860 kW
Water pipeline 57.1%

Sub-Super- Ultra Critical plants

16,321 kW
10.1%

Item

Unit SubC SC usc
Typical rated power capacity MW 600 800 800
Steam generation t/h 1,850 2,455 2,040
Live steam parameters bar/°C 160 /535 240/ 540 285 /600
Reheat steam parameters bar/°C 42 [ 535 48 [ 540 59/620
Cooling water temperature *) “C 31 31 31
Electrical efficiency, gross - 42 0% 455% 48.5%
Heat rate kd / KWh 8,571 7,912 7423
% mmaline beasiar Pandeal Coeana
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I How cooling affects efficiency

Location
Item Unit
North Sea Gulf

Technical parameters

Rated capacity, gross MW 600

Steam parameters *) bar /bar /°C 160 /42 / 535

Cooling water temperature *C 15 35

Electrical efficiency, gross ™) - 44 23% 41.75%

Heat rate MJ / kWh 8.14 8.62
Energy balance

Equivalent operating hours h/a 7,500

Annual electricity generation GWh, /a 4,500

Annual fuel consumption GWh; /a 10175 10,778
Fuel costs

Fuel price USS$ /t 120

Fuel heat price 8.14 MWhice | US$ / MWh; 14.74

Annual fuel costs min US$/ a 150 159

22162



I How sulphur content affects?

US$/ MWh, for flue gas cleaning

Technology

10.0

=4=Seawater-FGD

=8=|imestone-FGD

rd .

-m-SNOX-Technology

9.0
80 |
70
ED T E- -0 = 28| -85 -§ -8 -l Wl L e e T —— -
50 Specific costs and revenues:
Limestone, 45 USS#t
4.0 Gypsum: 30 USsht
Sulfuric acid: 50 USSH (revenue)
3.0
. Up to knee point water from condenser outlet only
20 Knee point After knee point additional water from seawater intake
1.0
5 % sulfur in fuel
g' 0.0% n% 3.0% 4.0% 5.0% 6.0%
: |
® Limestone FGD 1 | ‘
tem VR HFD-380 AH AL
Sulfur in fuel 5.70% 3.70% 2.96% 1.42%
Limestone consumption [t/h] 23.48 15.08 11.97 5.50
sum production . . B K
Gyp production [th] 40.39 2594 20.59 9.46

Mote: Reference power plant. electrical output 600 MWe, fusl input 1,420 Nt
YR vacuum residue; HFO: heavy fuel ol AH: Arabian heavy: AL Arabian light
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Simple cycle gas turbine

Air Inlet

EiL

Compressor

Turbine

1 Gas turhine 5 Auxiliary trafo
2 Generator 6 Main trafo

3 Air inlet 7 Rotor air cooler
4 Chimney

Source: ABB Brochure

ABB GT24GT26 Model
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I Site conditions on efficiency

Item Unit Values

Technical parameters

Gas turbine type STG6-5000F
Fuel - natural gas
Rated power output, 1SO MW 208
Electrical efficiency, ISO - 38.10%
Location (Saudi Arabia) F;J::asla g;ﬁ':;
Elevation m 7 608
Design temperature °C 38 44
Correction factors:
Elevation factor for power - 0.999 0933
Temperature factor for power - 0.976 0972
Temperature factor for efficiency - 0.949 0.936
Actual power output MW 203 189
Actual electrical efficiency - 36.2% 35.7%

25/62



I Heating inlet air temperature

11--1--1-1-1-1-1-*@1-1-1-1-!*!1-.

st ea.rx :f;tur
media Exhaust
Tk Air Filter ¥ -~ ga:
z ¥
A A o
TR %
: i -
' ' -
' ' 0 CoiTi o S s0r
i 1 i []
: I i o T. ----- | ]
: ! Combustion Turbine
Water
freatment Combustion Air
i
A | Water = =ses=as
Make up water Blow Fuel —_—

[optional down
potable water)
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I Combined Cycle

Fuel HP-Steam
Air

LP-
Steam

(&)

|
Gas Turbine Set I—{S0}=—— Exhaust

Suppl. firing Q’ Q‘
(optional) | Deaerator Seawatar
|

= )

Source: Technologies & Economics, Author's own illustration
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I Techno-economics of Fossil Fuel

Item Unit SIT;" Sst:;::ﬂ e Er:::m En':inn 2l
coal coal | ™93 | yeg | Lo | LFO
Energy balance
MNum ber of units . 1 1 1 24 20 2
Power cutput net MW 744 555 404 402 335 329
MNet electricity production GWh, /a 5,566 4,152 1,859 2,008 502 478
Fuel consum ption GWh/a 11,843 10,127 3,320 4 481 1,120 1,482
Financial constraints
Life tirn & a a5 a5 25 25 25 20
Construction time a 50 5.0 25 20 20 1.5
Discount rate (WACC), real terms % la 6.5% 5.5% 6.5% 5.5% 5.5% 5.5%
Fuel price USE J MWW ey, 183 182 355 380 613 813
CAPEX, 2014 USS, +25% min WSS 2,440.5 1,564.2 404.3 415.0 282.3 120.6
Annual power generation costs min US5/a 46.2.6 348.5 179.7 2275 101.7 109.9
Annualized CAPEX min USE/a 1777 1129 331 339 231 109
OPEX fixed min USE/a 51.2 54 85 8.0 &1 32
OPEX wvariable, incl. fuel costs min USE/a 2335 188.2 138.0 1856 725 458
Power generation cost, levelized
Capacity (ixed OPEX + Annuaized capex) LSS/ (KWa) 7.7 268.0 1032 1043 871 428
Enengy {variable cosi) LSS /MWh 420 480 705 923 1443 2004
Composite cost, gxel. COy-cost®) Uss 7 MWh, 83.10 83.93 91.75 11321 202.35 229.85
Composite cost, incl. CO,-cost *)*) USS I MWh, B6.T4 B8.10 93.46 116.34 | 205.32 233.92
*} referred to full kad hours hia T48 7481 4 B5D 5,000 1,500 1,455
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I Electricity Generation Costs

LEC USS / MWh

100

=+=Steam =-==5team ==CCGT ==|CE ===|CE --GT
Usc SubC nat. gas HFO LFO LFO
coal coal

Full load hoursh / a
29/ 62



Structure of electricity gen costs

350
308
300 Capacity cost USS / (kW a)
269 Energy cost USS / MWh
250 | —
200
w
=
150
100
50 +—
o o 2
Steam CCGT ICE ICE GT
SubC nat. gas HFO LFO LFO

coal
I Capacity (fixed OPEX + annualized CAPEX) 1l Energy (variable costs)
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I Nuclear Power

Pressurized Water Reacior = PWR

[resswrizer  steam

ﬁ Primary circuit

3

Source: Authors owncompilation
[Technical paremeters as EPR}

Steam line

Condensate line
— Pressurized water laop

I Containment

Boiling Water Reactor - BEWR

Item Unit Standard EPR
Fuel burnup MW, d/ kg 45 65
Time h /d 24 24
) i MWh /kg 1,080 1,560
Equivalent heating value
3600 MJ /kg 3,888,000] 5,616,000
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I Nuclear Economics

Component Explanation :;:_it,lskn;age} USﬂl;lnit Total
2
This is the form Uranium is
Uranium oxide offered in the market place. It
U305 includes 0.7% of the fissile 8.90 kg L30B8 72.64 646
isotope U-235.
c I The Uranium oxide is converted
U't:m.rersmn n in gaseous form in Uranium 7.50kgU 7.92 59
5 hexafluoride (UFg).
Uranium hexafluoride (UFg) is in
. enriched in centrifuges to
Enrichment enriched UF, with a concertation 7.30 kg SWU 91.83 670
of 3 to 4 percent U-235.
The enriched UF; is converted in
Uranium dioxide (UO;), the actual
iati nuclear fuel, in form of powder. It - -
Fuelfabrication is compressed in pellets and filled 28
in thin pipes bundle up in fuel
assemblies.
Nuclear fuel Assemblies of nuclear fuel 1 kg UO, 1,651
*} Source: World Nuclear Association, information library, July 2015 Symbﬂh Uit Conventional Advanced
' ‘ v Steam PP Nuclear PP
Type - - usc EPR -Areva
Fuel - - hard coal Uo,
Number af units - - 2 1 1
Rated power output, per unit, gross Pe MWV, 875 1,750 1,760
Rated thermal power P, W, 1,804 4 580 4 500
Electrical efficiency, gross - 48.5% 38.1% 3B.1%
Heat value LHW Fuel burnup - - B.14 GWh/t] 1560 GWhit 65 GWdh
_ hia 7,500 7,500 7,500
Equivalent full load hours t
dia n.a. Mn.a. 312.5
Electricity generation W.=P.,xt]| GWh,/la 13,125 13,125 13125
Q=w,. GWh, /a 27,062 34,425 34,425
Fuel consumption — n &
m tia 3,325 221 2.1
Formula m= tla Q/LHY QfLHY Pt bumup




I Technoeconomics

ltem Unit Value
Power and Energy balance -
Rated power each_ total, gross MW, 2.400
Thermal reactor power, total MWV, 6,800
Electricity generation, net 7,500 hia GWh, /a 16,740
Fuel consumption, in thermal units GWh, / a 47 .430
metric tons nuclear fuel t/a 354
Technical-financial constraints
Service life for calculation a 50
Discount rate, on real terms (WACC) %/ a 71%
Cost of nuclear fuel *) USS / kg UO, 1,651
Reserve funds for decommissioning, waste disposal USS/ MWh, 3.65
Capital expenditures (CAPEX), US$ 2013 **) Min US$ 13,720
Annual costs, US$ 2013 Min US$/a 1,483
Annualized CAPEX Min US$/a 1,002
Fixed Operating expenses (fixed OPEX) Min US$/a 362
Variable operating expenses (variable OPEX) Min USS /a 120
Capacity cost ref. to net power USS / (kW a) 611
Energy cost, ref. to net electricity production USS / MWh, 7.14
Composite cost US$/ MWh, 88.60

*) Average 2013, book, Engineering Economics
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I Hydroelectric

P:y;xpxgxg-xh [W] P=g_34xQ-xh [kW]

Where:

mn:

ol

gl

0:

h:

System elTiciency (0,80 — 0,90)
Density of water (1000 kg/m?)
Gravity acceleration (9,81 m/s)

Water flow rate (m'/s).
Head of water (m)

Reservoir

Tailwater level

" W - S =

Intake —»

Source: BBC Website

Kaplan turbine with vertical shaft
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Power gnd

Turbi ne\

Pressure pipe

Source: Hydro Power Association, Brussels, Belgium
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I Different hydro turbines

N

Kaplan-Turbine

Run-of-River PP
Head: 2to 70 m
100 kW to 50 MW

Francis-Turbine

Pelton-Turbine

Head: 20 to 800 m
100 kW to 1000 MW

Pump Storage PP
Head: 100 to 2000 m
100 kW to 400 MW
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I Cost of hydro

Item Unit it S FT
of River Hydro Storage
Technical Parameters
Nominal power MW 150 150 150
Load segment - base | Intermediate peak
Typical full load utilization time h/a 4,500 3,500 1,000
Annual electricity generation GWh/ a 675 525 150
Financial constraints
Water head m 20 200 250
Pumping electricity eta=850% GWh /a - - 176
Pump utilization time hia - - 1.000
Cost of electricity for pumping €/ MWh - - 30
Life time a 50 50 50
Discount rate, in real terms Yol a 4.58% 4 _58% 4 58%
Fixed OPEX Y% Inv./a 1.0 1.1 12
CAPEX, estimate, US$ 2014, £25% Mio. € 525 600 675
specific €/ kW 3,500 4,000 4 500
Annual electricity gen. Costs, in real terms
Capital costs 4.58%/a 50 a Mio.€/a 269 30.7 34.6
Fixed OPEX Mio.€/a 0.5 0.7 0.8
Variable Cost Mio. €/ a - - 53
Total annual costs Mio. €/ a 27.4 31.4 40.7
Levelized Electricity cost, real terms € | MWh 40.62 59.80 271.19
Capacity cost €/ (KW a) 179.28 204.89 230.50
Variable cost € /| MWh - - 35.29
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I Wind power

How Wind Power Works Hori:

al-axis Turbine P= ‘r .,q-.p-Dz-w3 [kW]
8000

Rotor Blade Where:
o Cp: Actual performance coefficient of the wind turbine
o Air density [kg/m?]
Hub D:  Rotor diameter [m]
W Wind speed [m/s]

180
H
in—~
) z
Low-speed High-speed Wo = W. ¥ 0 [m;.;]
N i o
nan sheh 150 1n s
Rotor Hub Gearbox Zy
\wy: Wind speed at hub height m/s

i
1]
[=]

|wy. Wind speed at reference height 5.5 m/s
Hg Reference heighlt 30 m

H,,;: Hub height m

z; Roughness length al site 0.1 m

Transforme

Elevation above ground m
o o
= =]

Source: Author's own llustration

3“ T T T
L2006 HowStuf fWork 5.5 6.0 6.5 7.0

Wind Speed mis

Source: http://www.howstuffworks.com/
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Rayleigh Freq Dist of Wind
Speed

1100
1000 P Height above ground 30 m
Annual average wind speed 55 m/s
900
800 -H‘( )
@ . T W 4w
g / \ |7(9) =8760x —x——xe * "/ h/a
s ?DD 2 ],.'I_,JL
IE'I T
g 600
3 500 w : Wind speed -
2 w,: Annual average Wind speed at Hub
£ 300
2 o L] N\
L 200
100 -
Source: Author's own illustration Wind speed m/s
0

0 2 4 6 g8 10 12 14 16 18 20 22 24
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I Performance curve

Power output kW

2200 0.60
2000
1600 a
L 040 ©
1400 =
2
1200 E
- 0.30
1000 8
o
@
800
- 020 2
m
600
:
400 0.10 E
200 o
Source: Author's own illustration
D 1 1 1 'l : 1 1 1 1 L U,DU,
1 3 5 i ] 1 13 15 17 18 21 23 25
Wind speed m/s
IEC-Wind Class
Parameter Symbol
| I ] N
Average wind speed Ve 10.0 m/s B.5mis 7.5 m/s 6.0 mfs
Maximum, 10 minute average
' 'l
wind s lin a 50 year period 50 70.0 mfs 595 m's 52 5mis 42 0m/fs
A 18.0%
Airturbulence intensity at a wind 5 16%
speed of 15 m/s Tl
C 14%

Note: Wind speed at Hulb height
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Reference annual electricity
yield

The computation of the annual electricity yield of a single wind turbine is conducted by
multiplication of the power output values from the performance curve with the corre-
sponding values of duration of each wind speed from the Weibull or Rayleigh distribu-
tion over all wind speed intervals.

Annual average wind speed w: 55mifs 30 m abowve ground

Rated power output 3,000

Availability 0.97

Hub height Hy : 149 m

Average wind speed at hub height w,: 20=0.10 7.05 m/s Roughness class 2

Wyl mls 0.0 1.0 2.0 35 40 50] 60 ?.UI B.UI 9.0 100f 110{ 120 Sub-

2 KW 0 0 0 49 155 3309] 628] 1,036 1,549' 2,080| 2,580] 2,900) 3000 total

t hia O 273] 520f 799] B861] 933] 9S41] 854 BﬂEl 693 &70| 450 341

W.| MWh 0 0 0 38| 128] 307| &73] &9§| 1,210' 1404| 1426|1265 992| 8,243
Continuation

wyl mis 13.0] 14.0] 15.0] 16.0] 17.0] 180] 19.0] 20.0] 21.0] 22.0] 230] 240 250] Sub-
Py kKW 3,000| 3,000| 3,000 3,000] 3,000 3000] 3 000] 3000 3000] 3000 3000|3000 3000 total
t hia 249] 175) 118 77 49 30 17 10} 5 3 1 1 0
W.l MWh 724| 509 345) 225) 142 B6 51 29' 16] 8 4 2 1] 2,142

P, kW: Performance characteristic of the WT *) Grand total, annual yield MWh 10,385
t h/a: Frequency distribution acc. Rayleigh Model Capacity factor 39.5% | 3,462 hia
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I Electricity Generation Costs

ltem Unit Wind farm Capacity
60 MW 120 MW
Technical, Operational parameters
Awverage wind speed, 30 m above ground m/s 55 55
Electrical capacity of each WT kKW 2,400 3,000
Number of wind turbines Stck. 25 40
Energy vield of each WT MW hia 8,580 10,385
Total gross energy yield of the wind farm W 60.0 120.0
Energy losses of the wind farm B 14% 13%
Electricity production, net MW hia 184,690 361,399
Full load hours hia 3.078 3.012
Technical, economic parameters
Life time a 20 20
Construction time a 1.50 2.00
Inflation %% 2.0% 20%
Discount rate in real terms (WACC) *) i 4.58% 4 .58%
CAPEX estimate, 2013 prices, +20% 1,000 € 103,280 191,250
Operating Costs 1,000 € 5,354 10,131
Maintenance contract 1,000 € 1,847 3,614
Management'technical surveillance 1,000 € 1,343 2 488
Insurance 1,000 € 516 958
Reserves for decommissioning 1,000 € B26 1,530
Costs of personnel 1,000 € 175 280
Leasing costs for site 1,000 € 646 1,265
Annualized CAPEX 1.000 € 7.642 14,151
Total annual costs 1,000 € 12,996 24,282
Specific electricity generation cost €/ MWh 70.36 67.19
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Diffuse

Direct
horizontal

Direct

Global = Diffuse + Direct
normal

GHI = DIF + DHI
Source: Fichtner, adapted by the author

on horizontal plane

Annual average DNI kWh/m? d:
Munich 3.06; Johannesburg 6.61; Kuala Lumpur 4.1
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Solar - Photovoltaic

Source: Solarpraxis AG

Poly-crystalline

Thin Film Cells
Amorphoua Silicon
Cadmium Telluride — CdTe
Copper Indium - CIS, CIGS

14% to 18%

8% to10%
10% to 17%
11% to 14%

Cell -
Material Efficiency el bt
Y
/)
Crystalline Silicon Cells
Mono-crystalline 16% to 22% 14% to 20%

12% to 16%

7% to 9%
11% to 14%
10% to 13%




I Module voltage

&
2 | E = 1000 W/m?
151
T ; E = 800 W/m*
:I 354
G
i o § E = 600 Wim?
-
[ 5] o
g
8 24 E = 400 W/m?
[=]
2 15
14 E =200 W/m?
. Source: Staedler
0 i i i i
0 ] 10 15 20

Module Voltage U [V]

Iltem Unit Values
Cell temperature °C 25 60 80
Crystalline cells

Temperature Coefficient Y%lK -04

Power output kW 100 86 78
Thin film cells

Temperature Coefficient Y%lK -0.25

Power output kW 100 91 86

45/ 62



I Dual axis

kWh

3,000

2,500

2,000

1,500

1,000

500

o A e
£ S < o N ~¢. *4: N “{J
SN 3 ‘,Q @" S S ¢ & o
S X S & &
h Q@ W :.’.‘qux o~ %04 &

B Fixed mount, 20 degree tilt, 180 degree azimuth

B Dual-axis tracking
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I Yield calculation

Item Unit Gerrn.a R ":Eauh:aia e ..Isn hiT:::
Munich | Athens Luanpur Sydney g
Technical parameters
Module area (mono-crystalline) m* 489 476
PV Module efficiency r - 20.43%
Annual performance ratio PR - 81.50%
Azimuth *) degrees 0
Tracking - vertical axis tracking, optimal tilt
Site |atitude degrees N 48.5 38.5 3.5 -335 -26.5
Longitude degrees E 11.5 235 101.5 151.5 285
Optimal tilt angle, annual average ***) - 37.9° 32.3° 146" 30.2° 259°
Electricity Production
Nominal capacity STC **) MW, 100
Horizontal global irradiation ***) kWh /m* a 1,148 1,265 1,788 1620 2018
Global irradiation, optimal tilted panel ***) | kWh /im* a 1,321 1,748 1,821 1,862 2,306
Annual yield MWh /a 107 661 142462 148411] 151,753] 187 938
Specific yield (1000 Wim® 25°C, AM =1.5)) KWh kW, 1.077 1425 1,484 1518 1,879

 Marthern hemisnhere anainat due smth Southern bemianhere anainst doe north



I Levelized elec. costs

Germany | Greece M:::;a Australia J?:-htfr:r;
Item Unit Munich | Athens Lumpur Sydney burg
100 MWe

Energy production

Nominal capacity STC MWp 100

Annual yield MWh / a 107,661 | 142,462 148,411 | 151,753 187,939
Financial constraints I

Life time a 25

Equity share Yo 20.0%

Inflation % [ a 2.0%

Discount rate, nominal Y% la 7.5%

Discount rate, real terms b fa 5.4%

O&M Cost Y% fa 0.50%

Site lease ct/ kWh 0.20 0.20 0.20 0.20 0.20

Insurance Y% fa 0.75% 0.7 8% 0.75% 0.75% 0.75%
CAPEX, US$ 2014, £20% Mio. US$ 215.0 215.0 215.0 215.0 215.0

Specific CAPEX UsD f KWp 2,180 2,150 2,150 2,180 2,180
Annual levelized costs, on real terms

Annualized CAPEX 1000 USS / a 15,809 15,809 15,809 15,809 15,809

O&M Costs 1000 USE / a 1.075 1.075 1.075 1.075 1,075

Lease 1000 US$ / a 2156 285 297 304 376

Insurance 1000 USS / a 1,612 1,612 1,612 1,612 1,612

Total 1000 USS / a 18,712 18,781 18,793 18,800 18,872
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Concentrated

AR

ﬂmFﬂ“‘“ﬂ“ E"b‘.lb‘, ""\

DIRECT NORLEAL
RADIATION

o - O —

oy
""-'h

Parabolic trough
Collector

Solarfeld
Piping system

Solar collector tracking system

Source: Concentrated Solar Power Source: Fichtner

Frozen salt meeting unit HOT tank

(for initial filling)

COLD tank

e
g

Oil to salt heat
exchangers

HTF pipes 49/ 62



I Solar tower

'\_—_-:]

Z; x'|‘f““-

molten salt MW

Step-up

Hot tank

Receivar

Heliostat field

Generator

> |sse

Cold tank

290°C

Condenser
Cooling tower

Source: Technologies & Economics
Author's own illustration

transformer

o Einheit 100 MW
Al TES9h TES12h | TES151
Technical parameters

Rated power output MW 100

Site latitude grd 28

Number of heliostats - 7,158 | 8,978 | 11,0

Solar irradiation kWh/m’a 2,400

Net electricity production GWh /a 379.6 | 476.2 | 587
Financial parammeters |

Discount rate in real terms - 4.6%

Project lifetime a
CAPEX, US$ 2014, £20 min US$ 784 933 1,0
Electricity generation costs in real terms |

Annual costs min US$ /a 66.9 79.4 92

of which capital cost 79.7% 79.9% BG'.
Levelized electricity cost uUs$ / MWh 176.3 166.7 158
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Cycles

Heat Only
Cycle

]5%

low pressure

85 %
heat
LIS Boiler

15 % chimney losses

85 % heatonly

Efficiency 85%

but low grade
energy product !

Power Only
Cycle

15 %

42 %
high pressure

42 % electricity only
15 % chimney losses

43 % condenser waste heat

Efficiency 42%
High energy losses in condenser,

however, high grade energy product !

Source: Technologies & Economics, Author's own illustrations

Power and Heat
Co-generation Cycle

15 “ 35 %

high pressure

35 % electricity
+ 50 % heat
15 % chimney losses

Efficiency 85%
Electricity & heat
high & low grade energy product !
Mo losses in condenser but
some loss of electricity production
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I South or West

100

80

o
[’

s/MWh

=
[

20

= = =DAM prices
e Tilt ] So0ED
i TilR A WSt

\ Joo

X

Without premium | 437 | 577 | 40| &,
, L With premium s | a2l o)’

s

ch

0.5

G123 Aas67 8o RN YSW0N NN
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Taxonomy of Solar PV and Solar-
plus-Storage Business Models

REVEMNUE STREAM(S) NUMEER OF BUSINESS MODELS
Asset Sale & i«s.si.:jtSasles&tl;gljgiiTg,‘R;nti.ng,‘
° Asset Sale & easing & Subscription Fees
Commodity Sale Brokerage Fees
Asset Sale & & Commodity Sale 1 6
Lending /Renting /Leasing & Brokerage Fees
Asset Sale & Lending /Renting/ Subscription Fees
Leasing & Brokerage Fees & Brokerage Fees

o Asset Sale & Lending /Renting/
Leasing & Commaodity Sale

Mon-Electricity TECHNOLOGY
O e MANUFACTURERS

Services
SOLAR-PLUS-STORAGE END-USER & MARKET CO-OPTIMIZATION

Energy & Firm . . . . . .

Capacity &

Operating Reserves
SOLAR-PLUS-STORAGE

END-USER OPTIMIZATION

Energy & Firm . %

Capacity

Service(s)

UTILITY-SCALE PV
FINAMCIERS & INTEGRATORS

Energy . ' & . . . & COMMUNITY
' & SOLAR PROVIDERS

DISTRIBUTED PV
FINAMCIERS & INEGRATORS
Residential CoL M CAl M & Industrial & Residential Residential & CA/M &
& Industrial & Load-Serving < C//M & Industrial  Industrial
CA/M Load-5erving Entity DER Provider < <=
Entity 150/ TSO/RTO 1S/ TSO/RTO
Residential Residential CAM Industrial Load-Serving Residential Residential & DER
& & | ndustrial Entity & S CASM CAAM & Provider
C/A/M 150/TS0O/RTO <> ElectricVehicle 53 / 62
& Industrial 150/ TSO/RTO <=
150,/ TSO/RTO

Customer Segment(s)



I Solar revenue vs penetration

== Distributed PV =#=Contralized PV =t=Digributed PV + EVs =+=Ceniralized PV « EVs
T0

2 & & 13

=

Annual Revense (Euros/ MW h)

[

% % 0% 15% 20N 25% 0% 85%
Solar PV installed capacity as % of total generation capacity
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I Locational value

Figure 8.12: Locational Value of Distributed Solar PV — Long Island, New York (High-Value Example)

H100 7
0.0 H T

-
I
2 %80
=
[=]
-
By
=
; 60
-
T
f=H
o
=]
2
@ F0
&
=1
2
=

F20

F0 T T 1
Locational Locational Conservation Network Creneration Reliability Total locational
energy value: energy value:  voltage reduction investment  capacity premium value

transmission distribution deferral

losses 62



I Distributed system

Initial Load Profile " Distributed Resource
Economics Model

\ Optimal Investment
& .
Expected energy prices ‘ e.g. 5 kW Solar PV
- e ] Y __-"ﬁ
w. - TR 3 -£\F
’ y " iwl
i Weather )

New Load Profile
N l‘ T M'- ii & _J

Tﬁhmlm Parameters 1 "v‘linirni!l’* Eﬁf"fR‘,' H'I”

subject to constraints:

|« A s @ energy balance,
. J

operational,

investment,

comfort
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I Increased penetration

levels of PV penetration

Total annual increase in the total cost for different

0.4

0.35

0.25 03

02

0.15

0.1

0.05

© © % o
}S0D $8SS0| pUE YJomjeu
Alseak [e10) ui eBueyd anneey

1®

Energy share in p.u.
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I Technology on Grid
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Production cost

Total Short-term Production Cost Average Thermal Production Cost
10.0
o8 |
PRL
"._f; 04 |
s 9.2
i 9.0
“.
86 |
8s |
8.2 je—— T P r— 1 e ————
0 6 12 18 24 30 3% & 0 6 12 18 24 30 ¥ 4«
Solar PV Penetration Solar PV Penetration
(% peak demand) (% peak demand)
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I Quality requirements

Total Costs

Costs

Customer Costs

Company Costs
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Nodal pricing

Spri
ansas City

ll."k-"_--' 3 [ &

sfferson
City Missouri
Poplar Bluff, - _’ ol
Fayetteville ! Ell"lt}tt /.
L en 1@‘
= -.._I1 D ' =TT ?’f"
'iﬂgS_ e o sl lme J - :
Source: PIM

LMP WA LLE CUSD)
W -55% to 210

0ta
Oto &
&tol4

14 ta 20
W20t 26
26t0 30
30t 34

400 to 500
500 to £00
&00 to BOO
BOO to 1000
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I Thank you

e For more info
www.barissanli.com
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http://www.barissanli.com/
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