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Synopsis — ESS facility

~ TargetStations
* He- gas cooled rotating e
W-target (SMW average power) j
42 beam ports A | g

== ngh Power
Linear Accelerator:
* Energy: 2 GeV "
* Rep. Rate: 14 Hz"
~»_Current: 62.5 mA / g AN

. P ¢
S5

16 Instruments in
Construction budget

Committed to deliver
First Science by 2028

~Peak flux ~30-100
brighter than the ILL

Total cost: > 1843 MEuros ,g13
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Synopsis — ESS accelerator @

Beam power on target: 125MW,,, 5SMW,, ; Beam pulse length = 2.86ms;

PRR = 14Hz
352 ) | MHz - <l 04,47 MHz m—(ie-—
im> H4bobm>» S8m> €K39Im> <€56m>@ €«<77m > <& I179m —>

[LEBY; RFQ MEBi) Spokes Medium 3 High /3 "[i-lEB'I'?.‘:Con:ingawy
{ { { { { {

75 keV 3.6 MeV 90 MeV 216 MeV 571 MeV 2000 MeV

Source

Baseline (end 2027):
« 1RFQ;
o et iy Yo _ « 5 DTL tanks;
= ,, g : * 36 Medium Beta SCRF cavities
3 N (1MW, each);
« 20 High Beta SCRF cavities

* (TMWyg; each)

Upgrade:

* + 64 High Beta SCRF cavities
(1MW, each) (upgrade to 5MW
average beam power)
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ESS modulator development strategy #1 @

July  ESS has launched an Invitation To Tender for the design and construction of one 180kVA
2017 modulator (turn-key, functional specification):

- Contract awarded in Dec. 2011; Delivery May 2014 (30 months delivery time);

> 15t ESS modulator (monolithic topology, pulse transformer based):
Rated @ 115kV/25A; 2.8ms/20Hz;, 160kVA -> enough to power one 1.4MWpl klystron;

8 modulators per RF cell needed
(Med-Beta, High-Beta)
Limited performance:

- Rise time;_g9o,) = 350us; ]

- Flat-top droop = 3%;

- Efficiency = 88%;

- Power density = 22kVA/m? (no
space in RF Gallery)

- w|=¢-

I““l"i"""'

: =l

10200

- AC power quality issues (flicker,
current harmonic distortion)

.-l—--l-----l—-]

High capital cost:

- ~130 modulators needed Purple: AC line current

| Green: Capacitor bank voltage
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ESS modulator development strategy #2

Jamn. ESS has launched an Invitation To Tender for the design and construction
—d 2014 of one 330kVA modulator (turn-key, functional specification):

- Contract awarded in June 2014; Delivery June 2017 (36 months delivery time);

» 25t ESS modulator (modular topology, HF transformers based):
Rated 115kV/50A; 3.5ms/14Hz; 330kVA -> enough to power two 1.4MWpl klystrons;

Better but still limited performance:

- Rise time;_g9o,) = ~120ps;
- Flat-top droop < 1%;

- Efficiency = 87%;

- Power density = 66kVA/m?
- Better AC power quality: still high current distortion;

- Reliability concerns due to huge number of
components and limited design margins

Still high capital cost:

- ~65 modulators needed
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ESS modulator development strategy #3 — SML modulator @

Jume ESS has decided to launch a collaboration with LTH / IEA Department, in view of
2012 designing and building a modulator prototype for ESS, following a novel topology:

> 3rd ESS modulator (Stacked Multi-Level topology)
Aimed at final ratings: 115kV/100A; 3.5ms/14Hz; 660kVA -> enough to power four 1.4MWpk klystrons;
Reduced scale prototype (easily scalable) rated at: 115kV/20A; 3.5ms/14Hz; 130kVA

RF cell #1

«3- | /) |
acso x| . RF power > SC cavity #A |
' ol ! Electrical . i

=1 ulsed powye A D |

3 i D D RF power > SC cavity #B i

=y I iy |

Of A N |

= RF power > el |SC cavity #C |

o | | o/ |

o | BN

) | RF power > SC cavity #D |

< | . L |

——————————————————————————————————————————————————————————————————————————————————————

15 RF cells in total (Medium Beta and High Beta, 2GeV, 5M
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SML Modulator main parameters

AC, 50Hz RF cell #1

* 3-phase, 600V &/

SC cavity
HA

* Main parameters of SML klystron modulators (as from SoW)

SC cavity

AC Electrical Network

exceeded

met
Module #1A e
lac /. Ipc/|
. loc | Dc-link Ipc_|
not met, oc_
but non- ModulB#381 J'H'l —
critical | e o - —~
e — el —| % - 1
loc | DC || ke I—E ~—~—T T
DC AC
T L / B
Module #3B2
Module #2C Modul@ #3C1 —
Module #1C J.II-I;.‘,.,._—
wr@ o’ =
Yy —-y)| — T
DC || e p——
¥ L e ||
Module #amnc - -
LV stage (Part 1) HV stage (Part II)
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y

SML modulator schematics (ess)

CABINET #1 z
(5
HV OIL TANK e
AUX PS1 AUX PS4 z
e (Fmme——— - DCCT 1 -
+ - + - ! CAPACITOR CHARGER #A CMC suppr. caps| 1w i HV CABLE 1
- ) 13_4r 12 | Transformer 1y 1 | —%
] pc/pcsa 234&2 . I — ,Hn__,l gk
AUX POWER | | Aux POWER Z= = Pos ! { * _,YZ“I}: g
- H 2
SUPPLY SUPPLY EE i 333 5 Vg ] ! KLYSTRON 1
24V 24V § = | X )i t = HVModule 1 | o OIL TANK
T T < P32 : T T =
| | | . 228 H | Transformer 2 HVL2 | g
E L H Iy B j_: &
H o 1| g
X CB AUX1 : : { * | =% T S
T( e H a DCCT 2 =
>_\§_K\n{\_0_ H i i HV CABLE 2
. : HVModule2 | - —" =
v P—0o= ~o— . I _ 2
i HVHF i
P ¥ H ! I 2
. C o oc/ocss : : DB+ | Transformer :p::\ﬁij__l—: KLYSTRON 2
' : ) I [ OIL TANK
R O— BEE ] B{*mzz}
i 25y T L= #) T
I x|o 3 H g [ | __ g
5 (O— emcrLTER K A i : ] HYEETE g
o L [| H v e — == »
e b0 o
= E ' o« | Transformer 4 Hy| 4 | DCCT 3
H B S 1 - HV CABLE 3
—————————————————————————————————————————— g% 3 f 1| = 1 o
&« | i s %)
= | 2
\_______] __ 2
: [ ronnng HV Module 4 =
%%‘{‘%ﬁ @ CMC s rT' -H-f\/ﬁF_ '; """ . ':
N r TR | Transformer 5 HVLS I
EmR pc/pcac 2 —1 |
= AC/DC #C i :3. Tl
RC |LEMRC Y Gl : { * _WIFZW&}:
1
i d %ﬁ 3 { =i ! = - ! DCCT 4
=] S | -
! A p= HV Module — e
ogl T . 2
= ﬁ ETransfurmer 6 HVLG _}[: % g
3 = KLYSTRON 4
==
:: % { * =5 g OIL TANK
g S o & b
HV Module 6 1 =
—
Arc Protec Box

PART | - LV POWER CONVERSION STAGE > GART 11— HV OIL TANK ASSEMBLY

(1)- EMC filter (5) - AC line filter (L, branch) (9) - Common mode suppression capacitors
(2) - Main Circuit Breaker (6) - AFE (AC/DC) + DC/DC power stacks | (10) - Main capacitor banks

(3) - AC line filter (L,C branch) | (7) - DC-link busses pre-charge circuits (11) — H-bridge (DC/AC) power stacks

(4) - AC contactors (8) - DC filter inductors (12) — Oil tank assembly
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Full Scale Units, rated at 115kV/100A ; 3.5ms/14Hz @

Sent. Design of full scale modulator completed,

~3
2016 ready for call for tender -8m Compact

Retractable HV oil { |
tank for easier
access

20?

L _7_ - -___7_?-1.-.."_' e
Al 7 el | m

In one frame with Perman
Mounted wheels for easy tra

ently
nsportation
» Total footprint: 4.2m x 1.4m

 Total weight: < 12 tons (with oil);

» Total volume of oil: ~ 2000 litters;
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Part | — Low Voltage power conversion cabinet

Current Limiting Resistors for GSw (R GSw 1-4) Main Power

Busbar of main capacitor bank (Cbk 1-4)

Main Water Connection Discharging resistor (R DS 1-6)

Capacitor of main Commeon Mode Filter (CMC A,B,C)
capacitor bank 3 (Cbk3)

Busbar Main
cap. bank to
H-bridge

Discharging resistor (R DS C1,C2)

ICS & RFLPS Box

b Main Circuit

‘\ 5 N Breaker (MCB
A
L

! : S ' AC line filter (AC fq)
stz & ¢ 1SR Tl ‘ et L z - H Bridge Power Stack (HB1-HB&

National Instruments
Central Control System

Water circvit modulator.
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Power Stacks

AFE (AC/DC) Designed, manufactured
and tested in factory by a

specialized sub-contractor

-
@

DETAILC

Advanced IGBT modules

Power cycling lifetime as a function of AT, and T,

> Water cooled heatsinks: Power cycling and IGBT lifetime
. '. . | : IGB'I'I powerdiss?pation: | o o
> IGBT modules with Al-Sic baseplates in H- - 2 e INIANAN
bridges (higher power cycling capabilities); %" ‘ I | ‘ : SeRN
8 5 E 1E+6 ==
» Standard / well proven IGBT drivers with - | L | | | | | y —~ :
. . 0 0.05 0.1 0.15 0.2 025 0.3 0.35 1E45 —ij=90:c
embedded protections: Time I e =
. . — Equivalent circuit temperatures: nction - =150°C
* Short circuit, by Vcesat; g-;m\\j i e ] Ef{us.'_efase N i
» Dead time generation; ER =
. g20F
* +15V aux. supply undervoltage protection; £ | | | | | | |
0 0.05 0.1 0.15 0.2 025 0.3 0.35

* Active Vce clamping at turn-off; Tine 5
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AC line and DC filter inductors .

AC LINE
INDUCTOR (x3

DC FILTER
INDUCTOR
(x3)

New technology (Casted Iron Powder Inductors)

1400 ESS _245A 600u_DC_v11dc ([ :7e: ssises002

3.726e+002 : 3.770e+002

-
N
o
o

----- L _max 3.682e+002 : 3.726e+002
= 3.638e+002 : 36824002

; 3.5940+002 : 3.638e+002 -
1000 — = L_min 3.550e+002 : 3.594e+002 it SRR .
3.506e+002 : 3.550e+002 e e e |

. 3.463e+002 : 3.506e+002

800 &— R Diff. 3.419+002 : 3.463e+002

L 3.375e+002 : 3.419e+002

600 3.331¢+002 : 3.375¢+002
3.2870+002 ; 3.331e4002
400 3.243e+002 : 3.287e+002
3.199€4002 : 3.243¢+002
3.1556+002 : 3.199¢+002
200 3.112e+002 : 3.155¢+002
3.068e+002 : 3.1126+002
3.0246+002 : 3.068¢+002
0 <2.980e+002 : 30244002

Differential inductance [puH]

0 200 400 600 Density Plot: Temperature (K)
Current [Apeak]

SHEITG

Figure 2: Inductance vs. current. Three inductors, incremental inductance.

Water cooled;
Casted core (iron powder / epoxy resin mixture);

Figure 3: Thermal plot of three inductor package

Compact;

Higher efficiency;

No saturation “knee”;

Higher inductances (for free) at lower currents, where current ripples are higher);
Very low acoustic noise

VV VY VY

A\
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Main Capacitor Banks

Capacitors:

- Polypropylene, dry, self-

healing type;

- 1.1kV / 3x(6x18mF)

2-805-610_Busbar Copocitor

Fuse end contact 170M7803 BUSSMANN 1250V 1000A (FHB 1-6 ) DETAIL B

- SCALE1:1

"'\.‘_

RMHS5 & 6-1
DETAIL A
SCALET:1

|
FHB 1 |
e DC/ACH] . | 2:805-614 Busbar
—_ - Capacitor_H-Bridges
I 5
: I
|
[
[
[
Cbk 1 |
—  DOACE: H-bridge
L] & Medium Power Film Capacitors (Cbk 1-2
FHB 2 LT 1 M e
| g5 Y2
|
= >
E Z| =t
e o v
[ B R B Ny 2-805-190_Busbar
| G PTC Cbk 1-2
]
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Part Il — High Voltage oil tank assembly

ARC Protection Box

Tank breathers

Traction pulley

June 2022 IPMHVC 2022 - THE STACKED MULTI-LEVEL KLYSTRON MODULATORS FOR THE ESS LINAC

HV oil tank assembly frame (Carbon steel)

Qil spill retention bin(Carbon steel)

Oil pumping and Cooling circuit

15



Xfrm | Lcm Rect

=i ii={f ) 1—i

HV Output
Terminals

Grounding Wire
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Part Il — ngh Voltage Oil Tank Assembly @

2-700-060_R2_Customized Plastic Tubes 2-700-050_R2_Customized Plastic Tube:

=

| 2=
——

Oil cooling unit L =

(oil pump, filter, flow sensor,
oil/water heat exchanger
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HV rectifier box

Rect HV-L HV-C

t el r

i,

June 2022

o o g o
[}
‘_n||||!.|-|j_
— - IIIIII-I:II ; L]
|
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HV output stage

(Connectors, instrumentation, arc protection)

HV Output
/ T —

Signal
Connections

HV Divider

il level sensor & PT 100

Signal Connecﬁ%
PV

ARC Protection Box

-
ad

L

[Northstar, VD-110B]

ARC Protection Box:

Oil level sensor

PT 100

Current Sensor

LV return

Signal Connections

-07-04 ESS MODULATORS' STATUS AND HV Divider [Northstar, VD-110B]

Current Sensor

LV return

Qil level sensor & PT 100

E70-NO_Gravity Return’

ARC Protection Box

E70-NO_Gravity Return
Mount Base Up

19



Arc Protection Box

RETURN
A z <
E o
> ‘ | -
DCCT 3 = S
HV CABLE 3 —
[ |
KLYSTRON 3
____________ ‘ OIL TANK DC/DC 1 Dri 1&2
| river : -
IGBT 1&2 DC/DC 2 Fibre optic interface
e
e~ A A
=< HV+ 44 ﬂ RETURN
DCCT4 tl > Ji;\” ivz
= -
_____________ . D V CABLE 4 | L..:J Meas R5 U R3 R4
1 1] ¢ R
———————————— Rgnd ﬂ R2 c2 22
I 7—~\~—J a ":’—'I ":‘_‘I |_
- = = 15V
2% KLYSTRON 4 1\ 2 \ 12
] OIL TANK } ey
= + 25V +25V
ViModiee —~ """~ :$ :E’E]‘ I DC/DC 1 Driver 1 Driver 2 DC/DC 2
= > . - Fiber cable l Fiber cable
d Arc Protec Box ?l

— Adapter PCB

i Splitter board ch6 Fiber OptiC

20
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Extraction and opening of oil tank assembly

= ol % - -~ T ;f @ #
Pt
— e
—

\et 4 B

-

-t I BN BN BN B B BN BN BN B e
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Control system

o

e — ¥ Safety PLC, PLUTO - ABB®
NN -!g .

im=s | Egi - Personnel safety:

mgj | . fg (Emergency stops, door
ml & switches)

N

= ] A i

It \ap - ’

i

“ i B CompactRIO, NI®

nE | G | :

i eneral state machine
H’E controls (CPU);

I

| - Fast regulation loops &

fast interlocks (FPGA);
v/

( voltage/current/power
regulations;

.---g
Z\
A=

i

overcurrent, overvoltages,
dry contact switches, oil /
water flows, contactors,
etc.)
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Experimental results on resistive dummy load

— HV Pulse Quality: Rise time, Overshoot, Flat-top Droop,

@ 108kV/96A ; 3.5ms/14Hz

ﬁ
Flat-top Ripple@

A0 — = — — — — m = y—————————
-20- I
E -40 - , : = -107.5_— top (O-Q%)
o Full pulse X 107.75| |
0L @ - d -—— - ——— _______'____f-____
E 60 % 108} — ‘ Ml j| A :
> .80 ; -108.25 DI‘OOp 0.25kV
T T 1085 (0.22%)
-100- -108.75! I
120 | ‘ ‘ ‘ | ‘ ; ‘ i -109" 44 1000 1500 2000 2500 3000 3500
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 time (us)
time (us)
-107-9 T T T T T " T " T T e N T T il T M T T ’ T T T T T T T T T T T
0; Ri Extra zoom in middle of flat-top
-10¢ ise time Zoom durl'ﬁg rise : ' ‘
= 'gg; 180“§ time o 107965
B e S e s kit S e I
X 40" ; - ; =
@ -50 " B 108
2 60 N P00 0 =S
g 70 I | : : ;
; :ggg : : OVEI‘ShOQt = T _108.05
_1005 : I O% )
-110° I — ' _ 108
-1206 100 ‘269‘ 300 400 500 108,860 1050 1100 1150 1200 1250 1300 1350 1400
time (us) time (us)
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Experimental results on resistive dummy load @
— HV Pulse Quality: Pulse-to-pulse reproducibility

@ 108kV/96A ; 3.5ms/14Hz @ 108kV/96A : 0.5ms/1Hz @ 20kV/17A ;: 0.5ms/1Hz
(Pav = 508kW : 90%) (Pav = 5.2kW ; 0.9%) (Pav = 170W ; 0.03%)
HV Pulse amplitude [kV], HV Pulse amplitude [kV], HV Pulse amplitude [kV],
1000 pulses at 14Hz, total 71 sec 306 pulses at 1Hz, total 306 sec 323 pulses at 1Hz, total 323 sec

-107'95ammhmﬂmmhmﬂmmhmammr\mﬂmm -107'75ﬂmmm,\ﬂmmm,\ﬂmmm,\ﬂmmm,\ﬂm -19.96
10796 O A A RRAAH SIS D DD OO DR g CNTONPOININTEANNNARAR 1997"‘HQB:HEHHQB:HMHH
ig::: PIs-to-PI.ls reProduc. = |().0.3% 1078 pls-to-Pls reproduc. = 0.11% 9% —pIsto-Pls reproduc. = 0.06%
g A A T N .""""'ﬂWﬂ'nﬂ%' RNV AT il

-108 M || HHW W |]- .H MM W m M||NII! Wul”lw ‘,||l.. f‘ NJ .Mi} MIJ\ I ||\ i 107.35 ' I -20 ""'HF'I‘L"I'T"‘ "II'I'W'I"II']TJII ' wllprl*'r l“""'qlr'“"‘] r'l"' I'J'W
OO T et 5 A
qo802 — [ mhiii QERTY Jetinkalinkel nltedlbeliak sl | QL T 200
-108.03 -108.1 -20.03
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Experimental results on resistive dummy load @
— HV Pulse Quality: Power ramping up/down

Ramp-up/down 20-108kV; Ramp-up/down 20-108kV;
3.5ms/14Hz 0.5ms/1Hz
HV pulse amplitude ramping up/down: HV pulse amplitude ramping up/down:
(Tp=3.5 ms, f =14 Hz) (Tp=o_5 ms, f =1 Hz)
0 | | 0 Ramp-up | |
time ~
- -20
? | \ 20/108kV i
s wf I N i
o . \ Ramp-up/down 0 ool . . .
> 60T '\ time 20/108kV & : : ! !
% : = 105 6 - I: :I I: :I
_ L 1 > 80 1 I 1
> : | : : . / Ramp-down
100 - : | ] -100 | '/ time 108/20kV
: : ' : : = 150s
-120 ‘ T | | | _120 | | | |
0 10 20 30 40 50 0 100 200 300 400

Time [s] Time [s]
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Experimental results on resistive dummy load

— AC power quality

Line voltages and line currents (one charqer) /

AN

/|
IV
-500 \/

voltages

A AR
L1
L2
L3
\

500

O
i

-

0 0.05 0.1 0.15 0.2 0.25
Capacitor bank voltage & charging current (one charger): 230
1000 Capacitor bank voltage
Charging current 1220

900 200
850 - | | | ‘ | =190
0 0.05 0.1 0.15 0.2 0.25
Pulse trigger || , ) 1 , |
1000 - Line voltages and line currents (complete modulator):
A/currents
A ~ooa
500 i
0 / \ :;;3 \ \I‘;.. [
500 |
_1000 1 1 1 1 1 1 ]
(0] 0.02 0.04 0.06 0.08 0.1 0.12 0.14
-07-04 ESS MODULATORS' STATUS AND FUTURE PLANS

600 |
-Llne current, phase R

500 I Line current, phase S|
o~ [lLine current, phase T
-
& 400 i
bt THD AC line currents:
S 300 - phase R: 1.48% E
g - Phase S: 1.52%
g 200 - Phase T:1.41% ]
c
<

THD average: 1.47%

L 1 L 1 1 L sl 1 L

1 3 5 7 9 11 13 15 17 19
Harmonic order

» Unitary power factor;
> Flicker free operation (constant line currents)
» Pure sinusoidal current absorption

% Minimal line RMS current consumption;

% No extra power losses on AC power line (cables,

transformers, filters & compensators)

s
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Arc simulation tests @

—_, "cathode” current [A] Ik @115kV
Arc generator 160

g (triggerable 140

Arc event

+ spark-ga 120

P g p) start “K
— - 100 =

o I\
60 \
. arc \

charge = \ Arc event

A — 92mC sto time [s]

0,00E+00 1,00E-03 2,00E-03 3,00E-03 4,00E-03 5,00E-03 6,00E-03
-20

™13

Arc voltage: 50V mmm) “arc energy” = 4.6)

Note: Energy stored in the HV cables not included
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Experimental results on resistive dummy load @
— Power Losses and Efficiency

Module ihﬁ. Modull#3Aa1 —
ﬂl.[ " ] — L]
DC/ AC/ DE 26 ky ==
e De s -T"
15 kHz AC 15 kHz 26 kW AC + DC 15 kHz 26 BV
2u 1k
foc/ ']%g AT i inicior -
Module #3A2
Modull#381 J'Iﬂ_ S—
pC/ ﬂU 2 ac/ T L
' R
pc/ e AC/ St o
' DC | PPp—
| Module #3B2
Modull #3C1 J'|ﬂ —
o ILII g ” ac/ L
AC DC AP
bc/ < ac/ T L
AC < [ 7o) SN — S Y
Module #3C1
INPUT CHARGERS OUTPUT PULSER
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SML Modulator main features and performance @

Rated 115kV/100A; 3.5ms/14Hz; 660kVA -> enough to power four 1.4MWpk klystron in //;

Demonstrated Performance:

- Rise time = ~180ps;

i A > secrionee(00 2 modulators per RF cell
- Flat-top droop < 1%; NS . |
- Flat-top ripple < 0.2% ok EXs G ]
. e - - - -
- Efficiency = ~90%; =1 | 0
- Power density = 124kVA/m? LIgN! S
- AC power quality: Active Front End; % : : 3 o
(flicker free, sinusoidal current, unitary power factor) ; 1 % 2
- Improved reliability; minimal number of components e o . : : .
(most are standard) Bl _ _ il§ fi
Effective capital cost (MB+Hp): S e -
- 33 modulators |

17040
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I-FAST WU#1 — Powering accelerators from local PV renewable energy (3
Concept: @S
_ Install PV panels near accelerators’ “wasted land”;
- Connect them to the main power converters supplying accelerator magnets or RF amplifiers, using high

efficiency DC/DC converters;
- AFE’s can redirect the PV energy back to the AC grid when accelerator not running;

- Up to 15-20% renewable energy utilization possible with no transmission Iosses and high conversion efficiency;
- Lower capital cost & lower payback time; =y =mrms

Objectives:

- Feasibility study for ESS case: up-to 2MW installed PV
injected into the Linac RF klystron modulators;

- MSc thesis with Lund University (starting Feb. 2022);

Conventional scheme: New scheme:
PV injected into the AC grid (4 stages) PV injected into power converters (2 stages)
load load
Power Converter (magnet_c;l Power Converter (magnet:j
AC grid RF amp’s AC grid RF amp’s

N @

AFE: Active Front En

;

Npy=0.98x0.97x0.97x0.95 = 87.6% Npy~0.98x0.95 = 93.19%

NN For P=0.5MW ->
| savings = 20k€/year
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PV energy potential wrt ESS accelerator annual consumption?

S

PERFORMANCE OF GRID-CONNECTED PV: RESULTS @ PV output 1 0 MW insta I Ied PV ca pacity
Summary Monthly energy output from fix-angle PV system = La nd area: ~ 1 8 heCta res
L2 L2
e @10MW installed PV capacity Areas in “blue”
Location [Lat/Lon] 55735,13.253
Horizon: Calculated 1,500k (' H ) o
oreen o iaes i.e. outer area of ESS site):
PV technology: Crystalline silicon 1,250k —~ 1 8 R 5 h ect a res
PV installed [kWp]: 10000 g
System loss [%]: 5 3
S 1,000k
Slope angle [*]: 40 (opt) 2 750k
Azimuth angle [7]: 2 (opt) E
Yearly PV energy production [KWh] 11162309.12 o 500k
Yearly in-plane irradiation [kKWh/m2]: 1251.02
Year-to-year variability [kWh]: 488195.41 4 .
Changes in output due to: 250K
Angle of incidence [%]: -3.02 I .
Spectral effects [%]: 1.51 Ok T Hili
Temperature and low irraciance [%] 459 Jan Feb IMar Apr May Jun Jul Aug Sep Oct Nov Dec f
Total loss [%]: 077 Month

Yearly electrical PV power yield Lund: 11.2 GWh
( @10MWopk installed PV capacity )

~ 17% of ESS accelerator annual consumption
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