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Introduction
= |n June 2019, the parliament passed a new legislation The energy supply sector
requiring the UK to bring down all greenhouse gas has accounted for 70% of
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emissions (GHG) by 100% by 2050, compared 101990 the overall reduction in UK
levels. GHG emissions since 1990.
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Intfroduction

» Energy Supply Sector has been the second largest contributor to
GHG emissions in 2020 after fransport sector, constituting 21% of
total GHG emissions.

2020 UK GHG Emissions by Sector
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2020 UK Electricity Generation by Fuel

Natural Gas
m Renewables
m Coal
m Oil and other fuels
m Nuclear

m Hydro

The share of renewable
energy mix is required
to increase by more
than twice its current
amount to achieve the
Zero-Carbon ambition.
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Infroduction

e R
» The admission of renewable energy systems into the grid is subject _ Fossil-fuel
to significant variability due to their intermittency, requiring central 55'22;28 ﬁﬁgﬁs
generq‘rions to cover any transient variation between renewable energy storage
power input and consumer demand. Improvement of
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Green Hydrogen Energy Storage Systems
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Rationale of the Proposed Research

The integration of Renewables into Electrical Power Systems brings major
technical challenges which can be addressed by integrating Green
Hydrogen Energy Storage (HES); however, integrating HES requires:

Operation

System Sizin .
Y S Scheduling
J J
- i p=
=  Meeting the energy - Scheduling the
demands operation of the
J = Mitigating the < hydrogen system
infermittency of components with
renewable energy other parts of the
e _ electrical system
" Minimizing the GHG

emissions
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The Proposed Hybrid Photovoltaic-Hydrogen Energy System
within a Grid-Connected Building Scenario

-----------------------
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Presenter Notes
Presentation Notes
The proposed system will be based on PV and H2 Storage systems. During hours of high PV production, the excess energy from PV will be used to generate Green H2 by electrolyser, then the green H2 generated will be stored and discharged during the hours of off-peak generation and peak-load demand through a FC facility, to cover the shortage in PV production. The grid import will only take place to cover the deficit from both PV and H2 fuel cell. 
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Case Study: Sir lan Wood Building (SIWB) —= RGU Campus

» The proposed system sizing and energy
management modelling has been

T ]

de\(eloped for SIWB (as case study) bqsed i THE SIR IAN i Eﬁﬁ;ﬂ #ﬂg}lﬁisisﬂ

on ifs actual hourly load demand profile for + WOODBUILDING BUILDING SCHOOL

the year 2020/2021 | - Semenammmmonr ;‘mm Mot

0 - 5900 OF PRARNALY 6 LIFE SCIENCES | ~ SSHO0L OF AL 3R SR
800 : -f‘mmmﬁﬁmmnmm: ! LIBRARY “ ﬁ
AL
E E‘DD I GARTHOEE
% 500 :ls.slrri'li'r:li ﬁhk_‘“-nii
g A & I
5 400
0 730 1460 2190 2920 3650 4380 5110 5840 6570 7300 8030 8760

s Parometer  [Rating |
& 800
s Average Demand 515.8 kW
= g00
5 Peak Demand 738 kW
2 400 .
5 ; Minimum Demand 340 kW
5 200 il L | | i L | .

. | LA Il | Total Annual Demand 4518 GW

) 730 1460 2190 2820 3650 4380 5110 5840 6570 7300 8030 8760
Timescale (hours)




~77| ROBERT GORDON
o UNIVERSITY ABERDEEN

Simulating the Building Currently Installed PV Cdpcci’ry

Design Specifications of PV Facility
currently installed in RGU Campus

Panel Orientation

Pitch Angle
Solar PV Module
Type

Number of PV
panels installed

Facing South
(Azimuth: 0°)

15°

SI-Mono X Neon
300 W PV Panel

100

§PVsyst

PHOTOVOLTAIC SOFTWARE

Total PV Installed
Capacity

30 kW

—Sub-array name and Orientation

Name PV Array

Pre-sizing Help
O No sizing

Enter planned power @ kwip 9

(]
Orient. Fixed Tilted Plane Azim-lJ:; lzu ... or avaiable area{modules) O m?
—Select the PV module
|AII modules vl Filter |AI| PV modules vl Approx. needed modules 100
| AE Solar | [300Wp2sv  Simeno A 300M5-60 (1500) Since 2020 Manufacturer 2020 |

D Use optimizer

Sizing voltages : Vmpp (B0°C) 283V

Voo (-10°C) 437V

—select the inverter

Nb. of inverters

: Operating voltage:

. 50 Hz
|AII inverters V| Output voltage 400 ¥ Tri 50Hz &0 Hz
[ ag8 | |2z76kw 200-950v T S0Hz  TRIO-27.6-TL-OUTD-400 (27,6 kiac max)  Unti 2020 V|

200-950 V  Global Inverter's power

27.6 kWac

Inverter Type

Number of installed
inverters

Power-One TRIO-
27.6TL S2X Inverter

1

"] use multi-MPPT feature Input maximum voltage: 1000V  inverter with 2 MPPT
—Design the array
—MNumber of modules and strings Operating conditions The Array maximum power is greater than the
specified Inverter maximum allowed input PY
Vimpp (60°C) 67V pawer , i.e. 29k,
. Vmpp (20°C) 671V {Info, not significant)
Mod. in series @ - [between 8 and 22 Q| o 873 !
., giri S o ibili L .
M. strings D v @ only possiilty 5 Flane iradiance 1000 W/ m?2 () Max. in data ®sTC
Overload loss 0.0 % = Impp (STC) 46.1A Max. operating power 27.3 kW
RE— | Bstowsing @ e s (at 1000 Wjm2 and 50°C)
MNb. modules 100  Area 164 m? Isc(atSTC)  48.1A Array nom. Power (STC) 30.0 kWp
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Simulating the Building Currently Installed PV Capcm Y

Monthly (" solar Energy
Load Energy fed to load
Normalized productions (per installed kWp): Nominal power 30.0 kWp Consumpﬁon ) demand
7 T T T T T T T T T T T A4
_ PO H g GlobHor | DiffHor | T_Amb | Globlnc | GlobEff | EArray || E_User || E_Solar | E_Grid | EFrGrid
Lc: Collection Loss (PV-array losses) 0.24 kWh/kWp/day ! 1 - - - -
i Ls: System Loss (inverter, ...) 0.06 kWh/kWp/day i 2‘42 kWh/kW/dqy : i .
6 Yf: Produced useful energy (inverter output) 2.42 kWh/kWp/day : X 30 kw X 365 days : KWhi/m® KWh/m® C KWhi/m® KWhi/m® MWh MWh MWh MWh MWh
1 17
i = 26.47 MWh i January 155 10.60 4.00 241 25 0.663 376.0 0.645 0.000 3754
s I February 0.2 15820 3.80 407 3E6 1.144 360.0 1.113 0.000 3589
= March 68.0 3770 540 83.0 795 2318 385.0 2263 0.000 386.7
B Total useful Solar Energy - _
z L Production at the OUpri’_ April 102.0 54.00 7.30 M27 108.4 3.133 364.0 3.082 0.000 3609
i of PV inverter May 144.2 75.30 5.50 1525 147.4 4187 391.0 4.085 0.000 386.9
?E“ | June 140.9 T9.60 12.40 145.0 1401 35830 386.0 3.840 0.000 3822
53]
E 3 ] July 13687 7230 14,20 1423 137 4 3.805 404.0 3716 0.000 400.3
E August 105.5 5870 14.40 1142 110.0 3.053 354.0 3022 0.000 351.0
2 n September 4.3 35.60 12.10 88.0 344 2353 345.0 2335 0.000 &5 7
October BT 2430 §.30 45.8 455 1.342 XY 1.306 0.000 T
1 . November 16.8 11.90 6.30 246 231 0.679 381.0 0.656 0.000 380.3
December 96 6.50 3.50 16.0 148 0.437 387.0 0418 0.000 386.6
Year 8824 S02.09 8.66 9917 9529 27128 4518.0 26473 0.000 44915
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Analysis of PV Facility currently installed in RGU Legends S ‘
GlobHor  Global horizontal irradiation EArray Effective energy at the output of the array
Total Solar Energy Supplied to Load Demand 26.47 MWh DiffHor Horizontal diffuse irradiation E_User Energy supplied to the user
T_Amb Ambient Temperature E_Solar Energy from the sun
Total Load Energy Consumption 4518 MWh Globinc  Global incident in coll. plane E_Grid Energy injected into grid
GlobEff Effective Global, corr. for IAM and shadings EFrGrid Energy from the grid
% Solar Energy Supplied to Load Demand 0.58 %

\\


Presenter Notes
Presentation Notes
The results of PVSyst simulation has shown that the PV system currently installed is only able to supply 0.6% from total load demands
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Sizing of the Proposed PV System Capacity

®» The size of the proposed PV capacity can be calculated based on the PV
capacity factor, defined as the percentage of the average output power
from the PV to the rated power of PV module:

Ppy ‘ Ppy = Paygioaa = 915.8 kW

Py vatea | Gapg = 119.66 W /m? W
@ 1200 )
1000

5
The PV capacity factor (CFpy) can be estimated é
by measuring the ratio of average actual solar - 5 60

CFPV —

irradiation to the solar irradiation at Standard
Test Conditions (Gsrc= 1000 W /m?)

Gavg 1 1966 Hours of the
= = = 11.9669
Gere 1000 o

PVGIS Data of Hourly Solar Irradiation over one-year
Thus;

Ppy 515.8 Proposed PV Installed
Pevratea = o~ = 511066 = 4310 kW = 431 MW | Capacity




Modelling and Simulation of the Proposed PV System
Capacity with no H2 Energy Storage

PVSyst Simulation Results — Performance of the
proposed grid-connected PV capacity in feeding
load demands with no H2 energy storage

PVSyst Simulation Results - Monthly Solar energy
production by the proposed PV capacity

Normalized productions (per installed kWp): Nominal power 4310 kWp

7 | | | | | | | 300 = T T T T T
| Lc: Collection Loss (PV-array losses) 0.24 KWhkWpiday __________ ] Energy TFF'm th '-1-.5””. 1 577 MWh
Ls: System Loss (inverter, ...l) 0.04 kWh/kWp/day i 2.652 kWh/kW/day X i I Energy injected II'ItIZ-I grid, .ZE-E'E MWh
Yf: Produced useful energy (inverter output) 2.65 kWh/kWp/day 1 H Energy from the grid, 2541 MWh
5 1 4310 kW x 365 days ~ | ]
i i | _
! 4172 MWh ; 400
e e ——— e I
| (| |
B Total useful PV Production |
(=2
z at the output of PV W00
e \ |
: inverter
B
g
=
3 ’ 200}
:
Z
2
100
1
0 0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Mow Dec



Analysis Results of the Proposed PV System
Capacity with no H2 energy Storage

Annual Conftribution of the proposed grid- Annual Utilization of the proposed PV
connected PV System in feeding load system capacity
demands

35% 38%
Load PV power
Demand 62% consumed by
supplied Non- load demand

by PV utilized PV
energy
excess
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Sizing of the Proposed H2 Electrolyser

» The elecftrolyser can be sized as 50% of the proposed PV capacity to compensate
for the level of underutilization during the hours of low availability of solar energy.

Pote ratea = 0.5 X Ppy rated mmmp NEL A1000 H2 electrolyser (A-Series stacked together)

— 05 X431 MW = 2.155 MW SPECIFICATIONS A1000

Net Production Rate 600-970 Nm?3/h

Electrolyser Capacity Range _ Production Capacity Dynamic Range 15-100% of flow range
Power Consumption at Stack® 3.8-4.4 KWh/Nm?3

3 Purity - with optional purification 99.99-99.999%

O,-Contentin H, <2 ppmyv
H,O-Content in H, <2ppmv

= (2.28 —4.27) MW -[ S;tzi:f);ifn 3;2?;’;?3;:::1 J Delivery Pressure 1-200 barg
Dimensions

: _ a2

. Container1 -WxD xH NA
Average H2 Electrolyser Capacity 3.275 MW
) Container2 -WxD x H NA
Average H2 Volume Production 785 Nm3/h Containes 3 - W x D x H =
Average H2 mass Production 70.7 kg/h Ambient Temperature 5.350 C
H2 Mass Flow Rate per unit capacity 0.0216 kg/h/kW Flectrolyte 25% KOH aqueous solution

H2 Electrolyser Target Pressure 200 bar Feed Water Consumption 0.9 I/Nm3



EQutiny

KMWh
January 151.2
February 2231
March 395.7
April 4541
May 578.0
June >18.5
July 510.1
August 444 4
September 3912
October 2428
November 1471
December 106.5
Year 41728

Power |kWh'day)

Sizing of the Proposed H2 Fuel Cell

» The H2 fuel cell has been sized to cover the maximum power deficit that can occur
by the proposed PV capacity during the hours of minimum solar production.

PVSyst Simulation Results of Solar Energy Production at the
output of PV Inverter during the month of December

12000 T T T T T T T T T T T T T T T T T T T 1 T T T T I T T T T

10000 |-

8000

6000

- Available Energy at Inverter Output, 3436 k\Wh/day

- ——— e,
- -

() ,\4._
C ‘.. December _.
Day at which occurs

minimum PV Production
(56 kWh daily
production)

0112 0612 1112 168/12 2112 26/12

3112
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( Comparison of Solar
Energy output at PV
inverter and Actual

Load Demand during

30t December

- J

$

4 N\
A 500-kW closest

standard size of fuel cell
capacity can be
considered, enough to
cover the average load
demand during the day
of min PV production
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Sizing of the Proposed H2 Storage Tank

®» Based on the maximum permissible working pressure of the selected H2
electrolyser (200 bar), a BOC Manifold 15-Cylinder Pallet (MCP) with the
following specifications can be selected:

Volume of H2 tank  Target Pressure Maximum Storage Capacity
s s s
Manifolded MCP contents Maximum filled Approx. dimensions Approx. gross MCP
15 cylinder volume (m*)" pressure at 15°C weight (kg)
pallet (MCP) (bar) (HX W X D)* - heights
are given to centre of
typical valve outlet (m)

WL 132.00 200 1.85 X 1.29 x 0.84 1331

)

The suitability of the selected H2 tank is verified through the

thermodynamic model of H2 accumulation inside the tank,

considering pressure build-up and pressure decrease during
charging and discharging processes of H2 tank over the year.
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Sizing Summary of the Proposed Hybrid PV-H2 Energy System

e L —

PV System Proposed Capacity  4.31 MW
PV Modules 14368 Modules,
300 W each MATLAB
Modules connection 449 strings x 32 in
series
PV inverters 4 units, 1000 kW Energy
Management
each Model
Rated Capacity 3.275 MW o
H2 Mass Flow Rate 0.0216 kg/h/kW
H2 Electrolyser Running on an
Target Pressure 1-200 bars hourly-basis
H2 Fuel Cell Rated capacity 500 kW over the year
( A
Tank Volume 132 m? To schedule the operation of
H2 storage tank Fyrere Storage 1331 kg proposed components and
Capacit the utility grid in feeding the
X Y building demands
Target Pressure 200 bars . )
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Energy Management Model — Flowchart

Initialization of component sizing
developed for the Proposed

Hybrid PV-H2

Energy System

A

y

Data input of hourly load demand
profile and hourly solar
irradiation

t=

1

Calculate hourly PV Output
Power: Ppy (t)

A 4

[AP (£) = Ppy (At) — Ploaa(t) }

NO Apply Scenario
of PV Deficit

YES

Apply Scenario of
PV excess

t > 8760
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Energy Management Model — Scenario of PV Energy Excess

moles generated: n, (t) of H2 tank: myany (¢)

Calculate no. of H2 moles —  Stop filling H2 tank
present in the tank: ngnk (£) ) I .
Calculate the Non- AP(t) 4 St © N
utilized PV excess < DS - et Mtank
- ~ Calculate the operating = Mank (t — 1) )
f P, (t) pressure of H2 tank: P(t)
L = AP(t) — Peie ratea ) [ Set: P, (t) = AP(t) } [ Set: P(£) =P (t— 1) }
/
- a
Set: Pyo(t) =P, .
— clerated ) Calculate mass of H2 Evaluate mass of H2
generated: mg (t) YES to be sold to grid
v Allow charging of H2 tank
[ Calculate no. of H2 and update the mass status [mHZ sale (t) meg (1) }




[ Set: Pr.(t)

= Pfc rated

/

y

Calculate the power that
needs to be imported
from grid

A

y

Pyria(t) = Paer(t) — Prcratea

Energy Management Model

[ Paes(t) = Pioaa(t) — Ppy(t) }

[ Set: Pro(t) = Pger(t) }

\ 4

Calculate mass of H2 to
be consumed: m,. (t)

YES

Allow discharging of H2 tank
and update the mass status of
H2 tank: mypnk (t)

A 4

-

-

Calculate no. of H2 moles

consumed by fuel cell: n, (t) )

~

A\ 4

-~

Update no. of H2 moles
present in the tank: ne,nx ()

~

\ 4

-

Calculate the operating
pressure of H2 tank: P(t)
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— Scenario of PV Energy Deficit

Set: m. (t)
= Meank (t—1)

A 4

Update Pf.(t), based on
mass of H2 available in
the tank

A 4

Calculate the power that

needs to be imported
from grid

A 4

[Pgrid(t) = Pdef(t) - Pfc(t) }
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Simulation Results of Hybrid PV-H2 Energy System

Simulation Results over one-year timescale Simulation Results over one Summer week

Electrical load demand (kW) 00

00t

1480 2190 2920 3650 4380 5110 5840 6570 7300 8030 8760

Electrical load demand (kW)

Hours of low
PV production 1680 168

Hours of high
PV production

40 48 55 64 T2 B0 88 95 104 1M

PV solar generation (kW) 4000 PV solar generation (kW)

T T T T T T T T T T - ‘ T T T T T T T T T T P.I-.I T T T T

] | I ]
2000 0 0 | ] .

! ! H [

ﬂ ' 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 i | 1 ' 1 1 1 1

1460 2190 2020 3650 4380 5110 5840 6570 7300 B30 B760 [} : 160 24 32 40 48 55 64 72 BO BB 95 104 1120 120 '1?3 136 144 152 180 188
Powerfed to electrolyzer (kW) ———- Power fed to electrolyzer (kW) s
T T T T T T T T T T T

I |Electrolyser “ON”

gl WAV WY

2920 3650 4380 5110 5840 8760 J2 40 48 556 64 T2 80 8B 95 104 Pressure 144 152 160 188
Operating Pressure of H2 tank (ba q Operating Pressure of H2 tank (b
T T |IJB ng T T : II-: T T T Pressure rise T T T T i T ngl T T T |: decredse
3{:— ",,’ \\\\
a0l 2l
i
2920 3650 4380 5110 5840 8760 . 40 48 55 64 T2 80 8B 85 104 112 120 1328 136 144 152 180 168
Mass status of H2 tank (kg) H2 Charging Mass status of H2 tank (k
T T T T T T T T T T T T T T
b 300
Ll )

0
1460 2180 2820 3650 4380 5110 5840 6570 7300 8030  BV60 0 8 16 24 32 40 48 56 &4 72 B0 BE 95 104 112 120 168 136 144 152 160 188

Power fed by Fuel cell and imported from grid (kW) 00 Power fed by Fuel cell and imported from grid (kW)
' ' I| Fual call Grid impart | ' ' ' LT T T 10T 1T T 1T 1T T 1 |I_-_-IF|.|EIGIEII iﬁrid;mpcﬂl
" . | a o 1 1 | 1 1 |I||||||||||I.| 1=
1460 2180 2820 3650 4380 510 5840 G570 7300 8030 A7EO 0 8 16 24 32 40 48 56 64 72 B0 B8 95 104 111‘ 120 28 136 144 152 180 168
Timescale (hours) Timescale (hours) ===

Fuel Cell
HON"



Simulation Results of Hybrid PV-H2 Energy System

Simulation Results over one Winter week Simulation of Hourly status of H2 tank and the associated

Electrical load demand (kW) operating pressure during the month of June

T T T T T T T T T T T T T T T T

‘ g . .

16 24 32 40 48 55 64 72 80 88 86 104 112 120 128 136 144 152 160 168 !
PV solar generation (kW)
T T T T T T

1 1 1 1
16 24 32 40 48 55 64 T2 BO BB 96 104 112 120 128 136 144 152 160 168

Operating pressure
of hydrogen tank (bar)

Power fed to electrolyzer (kW)
T T T T T T T T T T T T T T T T T T T
| " 1 |II||| 1 1 II. 1 1 .I 1 1 1 1 1 ||| 1 ||II|I
16 24 40 48 56 64 72 BO 88 96 104 112 120 128 136 144 152 160 168 0 48 96 144 192 240 288 336 384 432 480 528 576 624 672 V20

Operating Pressure of H2 tank (bar)

T T T T T T 1{”}0

.II!! AN T .

1 1
16 24 48 56 64 T2 B0 BB 85 104 12 120 128 136 144 152 160 168
Mass status of H2 tank (kg)
T T T T

X 18 T T T T T T T T T T T T
Y B23.056

400

..ll\illl.lulﬂ.ml._ 200

16 24 32 40 48 56 64 72 B0 B8 96 104 112 120 128 136 144 152 160 168
Power fed by Fuel cell and imported from grid (kW) 0
oo T | Fuelcell I Grid import | 0 48 96 144 192 240 288 336 384 432 480 528 576 624 672 720

W, (A 0l o O 0 .

16 24 32 40 4B 56 64 T2 BD BB S8 104 112 120 12B 136 144 152 180 168
Timescale (hours)

Mass status of
hydrogen tank (kg)




Simulation Results of Hybrid PV-H2 Energy System

Annual Contribution of the proposed grid-
Monthly power exchange of the proposed Grid-connected  connecfed PV-H2 System in feeding load demands

PV-H2 System in supplying the load demands
m %Load supplied by PV
387 m %Load supplied by H2
fuel cell
& m %Grid import

Annual utilization of the proposed PV
system capacity

5
) 10 T T T T T T T T T T
[ IPower fed by PV
I ' power electrolysed
[ Power fed by fuel cell
| Grid impaort
[ IMNon-utiized PV excess

[#4]
T

B
T

Electrical Power (KW}

Cad
T

m %PV power fed to load

m %PV power electrolysed

m %Non-utilized PV excess

1 1 1 1
Jan Feb har Apr May  Jun Jul Aug Sep Cct Mov Dec
Months of the year
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Conclusion

» A Capacity sizihg and Energy Management Modelling has been developed for
the proposed hybrid Photovoltaic-Hydrogen Energy System for grid-connected
building scenario to support the building sector decarbonization while ensuring
a reliable system operation

» The results have shown a maintained energy balance between the renewable
generation, load consumption, green hydrogen production by electrolyser and
consumption by fuel cell, with less contribution from the utility grid throughout
the year.

» The integration of the proposed Hydrogen Energy Storage System has increased
the total contribution of green energy in feeding the building load demand by
21%, while improving the utilization of the proposed PV system capacity by 59%.
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