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Table:1 Space heating by fuel.

= Space heaitng _ Fuel types |DHW |Space
= Water heating Secto Is Ratlos S
Space Heating 67% 68%  50%
Appliances 15% 29% 25%
Water Heating 15% Heating oil  RZLRERNAL

19  17%

I I 0
Lighting 3% -~ -

Appliances

m Lighting

® Space cooling

Natural Resource Canada (NRCan)

6 million tons of CO, to Canada's GHG every year

Residential consumers are consuming about 16%

In 2020, solar electricity production is nearly 1% of the total

electricity generation and almost 6300 MW.

Canada plans to reduce its GHG emissions by 30% below 2005 levels by 2030[2].
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» In 2020, solar electricity production is nearly 1% of the total electricity generation and
almost 6300 MW.

» The average annual solar irradiance in Newfoundland province is around 1000 KWh/kW/yr.

» The average per capita electricity consumption in Newfoundland province was 1294 kWh in
2019

» NL province received an F rating that means a 5 kW photovoltaic system able to produce
around 4,713 kWh per year, —

3%

@ energyhub.org

Electric
23%
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Glass Cover

Tedlar

Hybrid PVT Collector
- — o — Panel type Energy eficiency  Exergy efficiency
e e T Unglazed PV T air [36] 45%) 10.75
g Z;'m._ . o : :Ehh"*-'a Single glazed PV T-air [37] 55% 13.5%
5 oL "nﬂhh E ol ", . Single glazed PVT-air [38] 55%-66% 12%-15%
b= . L Double glazed T-air [39] — 7.4%
. L . ..., PVT-air [40] 33%-45% 11.3%-16%
MEAN WATER TEMPERATURE <G MEAN WATER TEMPERATURE oG PVT-water [41] — 39%-15%
winter summer

PVT: photovoltaic thermal; T: thermal.
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Heat Pump Water Heater
= Room Air Cool, Dry Air Solar collector
G — =
ij | Condensate
Tankloss . Drain
- a | Water
= M Heater | Hot Supply
p 10 House )
% Hydronic Taot
t At Handler Controller olaps
| ey [Cm]
Warm Alr
O Hot Water T
in tank
Tankless water heater - w S R —
P it o ==—=}] Cold water feed
Integrated \Water Heaters Heat pump Water Heaters Pump
Solar Water Heaters
- Conventional > TES: Thermal Energy Storage Systems

STES: Solar TES
SSTES: Sessional Solar TES

Newfoundland and Labrador, Canada Md. Habibur Rahaman WWW.mun.ca




Design, Analysis and Control of Solar Heating System with Seasonal Thermal Energy Storage NSERC

Energy Storage
Technology Network

Chap 1. Introduction and Literature Review _

Temperature €

Concentration

i !
Liw - J \L ¢
% _ d Medium High Non-conceéntrating/ Medium High concentrating
Metallic Non-metallic Stationary (Parabolic cylinder)
Parabolic trough Parabolic dish Heliostat field
J, Glazed Unglazed Glazed Unglazed
1. Medium grade heat Satellite dish
P (>110F, 140~180F) 1. Parabolic 1, Collector area Track ;?rfgslgn type Tracking mirrors
(<110 F) 2. Use of glazed flat- dish or trough are equal axis Concentrated to & solar tower.
2. Applications: p_Iatg collectors (air or col!ectors 2. SerplEs Fluid temp up a _focal point. Fluid temp up to
sWimming pool. I|qu]d as heat transfer 2. High heat F-Iat-plate or. to 750 E Fluid temp up to 3700 F
greenhouses |0\,N Instrument, or (>18.0F). Evacuated tube S0 F
’ concentrator collector 3. Application:
grade water and S . collector
space heating. 3. Applications: Independent 3. Applications: 1. Solar collector are>Absorber
Mainly domestic hot power station Building heating area. 2. Concave reflecting types
water heating. surface 3. High temperature
4. Applications: Solar thermal
J power plants.
Tracking Non-tracking
—> Flat receiver with booster mirrror
Single axis Two axis —> Tabor-Zeimer circular cylinder
Fixed mirror solar concentrator Paraboloidal dish concentrator [ Compound parabolic conc.
Cylindrical parabolic conc. Central tower receiver ——>V-trough
Linear Fresnel lens/reflactor Circular Fresnellens

Hemispherical bowl mirror
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. ! ! ! ! !

Thermal
0 — Mechanical Chemical Biological Magnetic Electrical
— Phase ;l:%ange ICE storage air Physical Chemical —> Compressed air [ Hydrozen B Starch -
material conditioning < processes  processes ! | Supercontucting Electric double layer
— Flywheels > Methanol YCOQEN ‘magnetic energy .
Solar —y = hemical storage (SMES) capacitor (EDLC)
— Organic PCMs pond < Sensible ~ Latentheat [ ermocll emiea Pump |y Liquid 9 . High power
~ Inorganic PCMs  Liquid air energy = Che[;::ce;e rgd(;oelfcmc hydrocarbon - SUpercapaciior 1= supercapacitors
: raulic -
Hygroscopic 101200 (LAES) T 1 i Slis LySolibSold [ pearpump [aocumulatr [ Ammonia High energy
Materials Cryogenic & — _ supercaparcitor
- Solid-solid PCM - €nergy storage. {ocoq - Open Solid-Liquid - Heat of reaction _)I Flreleis 5 Power to Gas
e ocomotive
_ Liquid-Gaseous Ly Electrochemical —» Nas Battery
Absorption - Adsorption Ad Advanced led
S vanced battery energy_s acid battery
Salt hydrates Silica gel storage systems (ABESSS) AR , |
, I-ion batte Mish-metal
Two phase systems [~ Zeolte > Chemical heat pump (CHPS) - o
(solid-gas) Three phase system -> Fuel cells —) Flow batteries Low-hvsteres
(sol-liquic-gas) Vong. [ hydiides 7Ly VSIS
Molten carbonate - Alkaline fuel Solid oxide fuel variant hemical id
VSR sk 060) | ol (07 el ki e
Direct methanol ~ Proton exchange membrane fuel Phosp*oric acid Divvariant D.irect Organip
fuel cells (DMFC) cells (PEMFC) fuel cells (PAFC) 2| fired Inorganic
Indirect
fired
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» Drack Landing project, AB in 2007.

» TES systems in BC for a fish firm.

» UOIT Developed a BTES Systems in 1990.

» Carleton University developed Low-temperature based TES.

» University of Alberta Builta BTES ES in 2015.

» Ahmed Aisa and Tariq Igbal designed a sessional STES systems for a residential house
in 2018.

» K & P contracting Ltd. built up a net-zero energy home in St. John's, Newfoundland

» Many more project around the world.
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v' Software Parts:

House parameters analysis using BEopt software.
» Components sizing in Mathematical calculations and Homer Software as well as weather.

» Design, simulation, and analysis of ES in PolySun software
» The TES system design and control using Matlab/Simulink software

v" Hardware Parts:

Remote Control Implementation steps:
» The openHAB Is used an loT Platform (Home Server).
» Remote monitoring and control system has been developed using ESP 32Thing, MQTT

and sensors.
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1

The following assumptions are considered:

v The water flow has been considered under steady-state conditions.

v The tube flow has been assumed fully developed flow

v" The collector's layer temperature has been neglected.

v All other parameters have been assumed temperature independent. :

v" There is no heat gain (or loss) when the water through the pumps and Space cooling, 57021 KWh,
pipes. Appliances, 2667

kWh, 149
v It is assumed that there is no shading and dust on the collector panel.
Lighting, 950.
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v" The required area of the solar collector 16 m? 45 1 —e—2m —A—3m —@-5m -—=—10m

v" The optimal volume to collector area ration should be 2 m3/m? 43 4 o
v" The optimal sessional tank volume is 30 m3 /\ /\ / \
| I/. - |

v The small tank for DWH is considered as 0.189 m3.
v" Finally, the sessional tank volume, V= (1t x D? x H)/4
Where the tank height, H=3 m and the volume, V=30 m3. T

B
|

©
1

oy
1
T

Ground temperature (0C)
w W w W w

v" The calculated tank diameter is, D= 3.36 m. So, H/D=3/3.36 =0.8 o
It showed a good agreement with literature. ST
N
v' Heat Pump COP=- T_"T_ =3 29 -
ASHP/GSHP? 2-7 .
5 } } } ] | | , . |

Ground Temp: t, = tq + Agexp{—yl[Q/(2a)]}cos{Qt — y[Q/(2a)] 0 1 2 3 AI, E 65 7 8 é 1'0 1'1 1'2
Months

: : : : Ground Temperature
Inlet and the outlet temp difference is small so, GSHP is unsuitable ¥

ASHP is considered.
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T 0.60
—@— Clearness index

+ 0.50

©
>
o

o
w
o

Clearness Index

6.00 -
14 - —&— Ambient temperature (0C) % 5.00 -
—@— Ground temperature (0C) S
12 + S
g 4.00 +
10 + g
g 8 T 5300 1
= -
e 67T ks
§ 41 < 2.00
a8 =
2T 8
o S 1.00 J
0 : : : : : : : : | @
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2+ 0.00 -
4 + Months Jan
6 L
450 - 14 g
300 T 0 —&—G (W/m2 S
——G (W/m2) 400 - Ta( (ocr;] ) 1 2
<250 0=Ta(00) typical winter (Jan) 43 350 A e g
£ o =300 5 &
2 200 0 45 2 | & 3
- G & 250 - g O
2 150 L 62 8 E X
kS £ 5 200 1 T62 o
g AT 2. @
g 100 + -BE) E 4_.%
2 2 2100 g
50 1 1 50 A typical Summer (Ju P2
O AAAAAA ———————NAAAAAAA _12 O 0

01234567 89101112131415161718192021222324
Time step (hr)

01234567 89101112131415161718192021222324
Time step (hr)

Feb

1T

oo o o0 o 9o 9 9o O
= N w = (6] (o) ~ [ee) [{e]
L L L L

0
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0 87
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6

li

1752
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|
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I l -

t t t t t + 0.00
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\
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I
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3000 +
_ 2465
§ 2500 + 2280
3 2090
8 1507
S 1500 +
% 1150
S, 1000 1
g 607 607 628
§ 500 | . I

0 } } }
Jan Feb Jun July Nov Dec
Month of year
19511 62.9 135

Space cooling, 570.21 kWh,
0,

E Hot water
Lighting, 950.35 2 ~ House parameters: Chap. 2, Table 1
kWh, 5% T:/ 2
S ) 3
5 ° < .
2 £ g Heating BEopt Software is used
Water heatin % '% -?,
KWh, 1 3 > £
2 g 2 Lights
2 Ui S Lg. Appl
§ Vent fan
Misc.
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309630%
1.6 —&— Space heating (kWh) —@— Hot water (KWh) °T —&—Jan Feb Mar Apr May —#—Jun
14 §4 . B Water consumption (%0)
< < Electrical
51.2 1 §3 1l
T 1 A —
5 82 -
£08 1 = 10% 109 10%
© @
206 1 wl
S 1 4% 4%
:%0,4 0 = — ——+— 2%
02 1 012345678 91011121314151617181920212223 0% 0% 0% 0% ﬂ 0 ﬂ 0
‘ Time step (hr) PR I+ FF - F -+
0 = = = = A — = ! 0 1234586 7 8 91011121314 151617 18 19 20 21 22 23
0 876 1752 2628 3504 4380 5256 6132 7008 7884 8760 25 +
Time step (hr) ——Jan —Feb — Mar — Apr — May —&—Jun
P — July — Aug —Sep —Oct Nov — Dec
3 —&—Jan Feb Mar — Apr May —0—Jun 2 1
July Aug — Sept. — Oct Nov — Dec ’;"
25 1 =z 4 Space Heating
— ©
= S 15 ¢
2z =]
=< 24 o
2 DHW }=
2 g
515 T § 11
©
s g
S 1+t n
T 05 +
05 +
o
—tt t 4 4 3% — o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
0 1 2 3 4 5 6 7 8 9 10_ 11 12 13 14 15 16 17 18 19 20 21 22 23 Time step (kW)
Time step (hr)
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Grid >< Controller

! ]

. Demand

Hot water

()

Electric Boiler

cold water

=2 Grid energy (KWh)

3500 ‘[ —e— Hot water (kWh)

3000 i i

NSERC
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SITY

UNIVER

—m— Appliances (kWh)

—A—Hot water Temp —0O—Radiator temp

b
Lo

—e— Space heating (kWh)

2500

N
o
o
(@)

[EEN
a1
o
o

Energy (IWh)

A
=

w
o
Temperature (0C)

House simulation parameters: Chap. 2, Table 3

Simulation Results: Chap. 2, Table 4
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Space heating Collector type Electrical load | | Hot water load
\ demand profile selection (PVT/ K— profile input profile input
: input thermal) Vs %
P AH=Auxiliary heater Grid o L T Heat gain of S
/ @ =Pump with controller 5 | Collector efficiency Solar irradiation SDHW calculation 5
N 5 lculati i
DHW=Domestic hot water g “ Clilla on calctilljtlon Changeltilt angle and azimuth
R=Radiator Collector area T T
calculation oAl Arcclias SDHWarea g |
T power calculation o
<> 0 Sessional storage T S
H Q
D4 @ tank s:l/ectlon Calculation of g
number of SDHW 5
j Valve Borehole and heat g
F/ ; pump calculation ~Controller (Supply, L -
Diuranal R R internal, demand pump, > g
oy e
l § tank E % mixing valve) 5
@ ~_ _~ Citywaterin — £
©
e ?7 Z
® AH Ol 2 Output
D I SO O R e IR RN O O DI DCCEE 5 \%“?/
W 1
Storage fank Spfigzif::s:mg Hof water tap Load power
tempera]Zre temperature tefperature consumption
observatjion obssrvation oljservation observation
Sessional storage tank T
Comparison of various Change
configuration sur?plementary
eat source
poonDaRee e J
. Economic )’ﬂ,
% Parameters: Chap. 2, Table 6 anelysis X

PolySun Software is used Not satsfied \Qisﬁed Not satisfed

Save and exit
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19/ 58 : Circulating pHp mrolllerv E R S I T Y Space heating controller

Auxiliary heater controller
Controller Input: Set and actual
room temperature

Solar collector to tank loop Controller Input: Set and actual Controller Input: Two tank Upper
Controller Input: Tank bottom tank temperature temperatures and hot water settings
and collector outlet temperature

Is the pump
running?

Is the radiator
ump running?

Yes

Is the heater No

running?

pump running?

sessional tank upper & Tdiurna\ tan sessional tank upper & Tdiuma

T, Tt >1°C?
upper <settings (°C)? aowal ™ Tt

TactuaI'Tset<'1 °Cc?

ankupper >S€ttings (°C)?
T, I 1 -T K [ collector outlet'Ttank TactuaI'Tset<'5 oc? Tactual 'Tset >5 OC?
o (;0 ecltor 0u>t]<-_:t0 oténo bottom Iayer>2 OC? NO
ottom layer .
No Yes l Yes
No Yes S Yes ‘ Change the mixing valve position ‘
ump-
Pump-OFF Pump-ON Heater-OFF Heater-ON g’j D T

Parameters

Fuel consumption (KWh)[HP 4185 3621 3797 3960 4135
Eenrgy to the system (kWh 11769 10217 10721 11132 11685

4861 6791 6860 6904 6921
2608 3643 3680 3703 3712
2426 2839 3378 3809 4357
70.2 69.9 69.8 68.5 68.2
435 472 47 46.9 46.4
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A

14500 T
18000 80 —— Auxilliary heat supply
; —X— Auxiliary heat —a— Solar fraction (%) ~ 14000 4
. 16000 T 70 §
< ~
i 14000 1 60 > 13500 +
= 12000 + § 2
o 50 = 2
S 10000 + S + 13000 1
5 o g £
o 8000 + = >
< 30 = E 12500 +
> [ 2
' 6000 T+ S =
< Q x
= L o P s
% 4000 + < 12000 + A —x —A A
< 2000 + 10
. . . 11500 } t t t t t |
0 5 1'0 15 20 2'5 3'0 3 0 0 0.5 1 15 2 25 3 35 4
Solar collector area (m2) Solar loop flow rate (gpm)
2000 T 75 +
1800 4 —X—Heat demand —&—Collector output —o— Auxilliary supply 70 + & Bt — w
1600 + 65 +
x ~—~
1400 1 ~y— ST g W W
E 1200 + g 55 1
>1000 + 5
2 S 50 1
2 800 T g-
L (3] 45 T
600 + [
400 + 40 +
200 35 4+ —&—Tank top —8— Tank average —o— Tank bottom
0 . } } } } } : , } } { 30 i i t t t t t t t t |
0 1 2 3 4 5 6 7 8 9 10 12 0 1 2 3 4 5 6 7 8 9 10 11 12
Months Months
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500 -+ mmmm Total Energy Production mmmm DH\W Demand === Collector Output
1800 T ) 450 +
= Total Energy Production mmmm S.H. Demand === Collector Output
400 -
_ 350
e
< 300 A
<
> 250
o
L%J 200 A
150 -
100 A
50 A
t t 0 -
1 2 3 4 5 6 7 8 9 10 11 12
Months Months
—8— Heater Output ——Collector Output —X—S.H. Demand
1800 —@—DHW Demand —A—Hot water temp —o—Room temp 60 70 Solar tank bottom layer — Solar tankc top layer = Buffer tank: top layer = Buffer tank: bottom layer —— Space temp === Hot water temp.
1600 l_‘_‘_‘ 4 A——ix N—x L——x I
\x\ + 50 60
O 50
[ \..."\ 4 % o A |
. EU 40 ‘wﬂ f| rwhvw,‘_w MI | P [\\ “ j\\f\\_\ \\ \J\\ |I|
£ 3 'J r\ " "'“WN\I\M‘MN\JM ‘\ ’\JW»N\}MMM
o \
=
20 s
- 10 10
0 0 = = o o E E “—1 ‘a = o= = = = =] o o o [=3 g g = o= 5] 5]
T 5 P ¢ 2 < < &2 %233 353 32 3 8 8 2 2 8 8
R ¢ g ¢ g TR Fg el "R dyg g T & 2 49 o2 4

Months
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22156 |Comparison of Ref and SSTES | UNIVERSITY Techneloay Hetwork
Reference systems (Grid + EH SSTES

Total energy demand (kWh 12873 12573
Space heating temperature (oC 20 20

Hot water temperature (0C 55 55
Collector size N/A 16 m?
Main tsank size (m? 0.189 30
Solar fraction to hot water (% 0 61
Solar fraction to space heating (% 0 61
Total thermal energy generation (kWh 12873 12855
Solar energy production (KWh 0 7837
Auxiliary heater production (KWh 12873 5015

CO2 emission (kg 6224 3556
Electrical energy savings (%o 0 0

Thermal energy savings (% 0 61%
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30%  30%

S N W Water consumption (%)
10%  10% 10%
Circulating pump wn o o o A’ ﬁ
3 Controller W e e e ; E’
) 0 2 14
i Radiator
Oil burner or Hours of a day
Heat pum : .
pump IIIIII Weather and house parameters remains same as mention in Chapter-2
Coldwater temperature=10 °C.
Storage hot water temperature= 55 °C.
— Per person hot water demand, DHW= 20 liter/day
- - }g, Hot water demand in kitchen, HWD,= 30 liter/day
L « 7 L
|:| S < Domestic Storage volume,

> Vor = [(B X O x DHW) + HWDy] X 1.2

3 water = [(02 X 02 x 20) + 30] x 1.2

3 — el =132 liter=0.132 m3 Main Tank: 0.2 m3

cold watet Energy demand for hot water,
QS = VST X C X AT
supply

=0.132 x 1.16 X 45 = 6.89 kWh/day.
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Pu
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Installation,

Tank, 24%

Collector yield,

Cy = Sp X Mk X Ngys
=2.9x0.6x0.8=1.392 kWh/m?Z.

Q 6.89 kWh
Collector array, C, = == = 4.95 m?
Y ba Cy 1.392%

Pipes,
- Daily requirement 8%

The required number of collectors= —2—— =0.0223 (m?/day) -
Collecotor output Fluid, 1%

Fixin
8 Collector, 14%

The total number of collectors=0.02231(m?/day) x 125.27 m?=2.7 per mounting, 7%
day. Cost Analysis
The surfa}ce area of collector array=No of collectors x size of each Total Implementation cost:
collector in m? Oil Burner based TES: CA $ 53600
=27%1.9m2=5.13 m? Heat Pump based TES: CA $ 54600
AE-21 model solar collector dimension is considered Need Details? Chap. 3, Table 2

Total collector area for space heating and DHW=10.08 m? =10 m?
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700 I 120 4 (it Model 1 Oil consumption mmm Model 1 Total energy consumption
Mudehoitpit mmm Vodel 2 output  ——Model 1 (S.F)  ——Model P (S.F) - Model 2 Total energy consumption ——Model 2 Electricity consumption
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0 0 Jan. Feb Mar Apr May Jun July Aug Sep Oct Nov Dec

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec

a1

o

o
1
T
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o
o
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5
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26/58 | Collector based TES_performance summery _|

UNIVERSITY
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Existing/ reference system Model 1 (Oil Burner) Model 2 (Heat pump)

Type
Solar collector Number of collectors
Total gross area

Annual Output
\Volume

Storage tank

Functions

Type, capacity
Auxiliary burner
Energy input/output

Annual energy _
_ DHW and space heating
consumption

: DHW and space heating
Annual consumer bill

Savings

N/A

N/A

N/A
181 Liter

DHW only
Electric resistance (4 kW)

Same
17009 kWh

1690 CAD
No

Flat plate
05 (No tracking)

10 m?

4345 kWh
(132+200) Liter

DHW and space heating
Oil burner (3 kW)

1635/1091 kWh
9389.5 kWh + 159.2 L Oil

1201 CAD
29%

Flat plate
05 (No tracking)

10 m?

5161 kWh
(132+200) Liter

DHW and space heating
Heat pump (3 kW)

354/882 kWh
8320.5 kWh

998.46 CAD
44%
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v' Sizing PV for Water Heating
Required load for water heating= 6.89 kWh/day (standard two rooms for 4 people)
Total PV panels energy needed= 6.89 kWh/dayx1.3= 8.957 kWh/day.
Total Wp of PV panel capacity needed= 8957 Wh/day/3.4=2634 Wp.
Number of PV module=2634 Wp/150 W= 17.56 modules = 18 modules.
The area of PV panel=0.93 x 0.675 m?=0.6277 m?/per panel
The total area of PV panel= 11.3 m?

Sizing of Inverter and the MPPT

v’ Sizing for Space Heating 20-25% bigger size then demand

Required load for space heating= 20.27 kWh/day [standard two rooms with 4 people]

Total PV panels energy needed= 20.27 kWh/day x 1.3= 26.35 kWh/day.

Total Wp of PV panel capacity needed= 26350 Wh/day/3.4=7750 Wp.

Number of PV module=7750 Wp/150 W= 51.66 modules = 52 modules.

The area of PV panel=0.93 x 0.675 m?= 0.6277 m?/per panel

The total area of PV panel=0.6277 m? x 52= 32.64 m?

The total number of a solar panel for water and space heating is 70 numbers, which are equal to 43.94 m2.
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Control Systems
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Controller working principle

PV panels \ PV panels

Is the water level
good?

Is it day time?

Main switch box

/7=< ntroller Keep open the Keep close the
Inverter \ Tl Controlle \?al\fez ealvez Is the sunshine Is the water
MCB 1 :" '\ available? temperature <507
X,\ Valve 1 Turn on the
' Yes pump

/,/Au&'i]‘i;ry 1 -

Is the water level -
i Switch on the
i ) good? Is the water Switch off the L
electric heatel - e auxilary
heater coil 1 heater coil 1

Yes

Is the water
temperature >50?

Three position .
AC switch
|

Connect three position switch in MCB 3
& heater coil 2 both, turn off the pump

Thermostat MCB 3

Cold water.in

Room heater-1 Room heater-2 Valve 2
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20/53 | PVBasted TES Implementation Cost |

3000 T

N

1500 +

2500

2000

PV output (W)

500 +

1000 +

—8— Output power (W) with no tracking

4 5 6 7 8 9 10
Months

11

12

Energy Storage
Technology Network

MIENMORI]A
UNIVERSITY

PV Panel cost 150$x70 no’s=10500 CAD.
10500x34%=2310 CAD.

450 L of Electric Water Tank with high insulation cost 3000 CAD
Combiner box (6 String, 250 V AC, 10 A each) 12x225 = 2700 CAD

optiona

3000 CAD
10500x8%=840 CAD.
22350 CAD

—+=—House appliances consumption —O—Heat Pump consumption —a—Total conusmption

700 -|-
600 A\
= e — / :
E 500 T+ ‘ \A /A
= * \ A/ *
g 400 "\‘/‘\ * o h - Q/
= —_ é >—
£ 300 1 T . . —
>
2 200
Q ¢
O
100 T O O—O—/_O—/_o/o
0 } } }
1 2 3 4 5 6 7 8 9 10 11 12
Month
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30/53 | PVBasted TES System Comparison' |

Particulars

Model 1

Energy generation
from a renewable JORAWIAEEL 4345 kWh/year
source
Energy is taken 9389.5 kWh + 159.2

: 17009 kWh/year )
from the grid L Oil
Annual energy

0 kWh/year 7619.5 kWh/year

savings

Surface

P - 10 m?
requirement
Storage tank size 181 L (132+200) Liter

Nothing change 53,600 CAD

Yearly savings 0 CAD (0%) 914.34 CAD (29%)

Reference system | Thermal Collector Based PV Based

Model 2
4345 kWh/year 26412 kWh

0 kWh/year (If net
8320.5 kWh metering is

implemented)

8688.5 kWh/year 17009 kWh/year

10 m? 43.94 m?
(132+200) Liter 454 L
54,600 CAD 22350 CAD
041.08 CAD
1042.62 CAD (44%)
(100%)

3500 T
3000 ¥+

2000 T

nN
a1
o
o

=
o
o
o

Annual savings (CAD)

0

UNIVERSITY

1500 T
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- A

=—A—Savings (PV) ~@—-Savings (Collector)

D'D'D'D'D'D'D'D'D'D'D'D'D-D-D-D-D-D-D-D-D-D-D-D-D-D_D.D.D_D

500 T

0

2 4.6 810 12 14 16 18 20 22 24 .26 28 30
Years

Comparison of annual savings
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Chap 4. Dynamic Simulation of Solar Water Heating Systems in MATLAB
\" Vi O K | A

Energy Storage

31753 [Collector Based TES Design in MATLAG | UNIVERSITY Technology Network

TES system simulation softwares

Assumptions:

. The tube flow has been assumed fully developed flow.

TRNSYS, ESP-r, POLYSUN, TRNSOL,

. The water flow has been considered under steady-state conditions. MINSUN, SOLCHIPS, MATLAB,

DYOMLA, SmartStore, EnergyPlus, eQuest,
HVACSIM+, GeoStar, GetSolar (GR), Fortran

1
2
3. The PVT and collectors layer temperature has been neglected.
4,
5
6

All other parameters have been assumed; temperature independent.

. There is no heat gain (or loss) when the water through the pumps and pipes.

It is assumed that there is no shading and dust on the PVT and collector panel.
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32)53 | Mathematical Modelling of Solar Collector Based TES |

Solar Collector:

UNIVERSITY

- A

Heat exchanger
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dT,, A ULAc Ve
dt ~— I — C (Tav o Tca) + Vc (Tci o Tco)
sin(u(1)*exp(2.3*(-u(2)))) I-» 1 I—o—b@
Thho(o) Thho (oC)
Tci
Tca
10*5/2*u[4]-15*10/5*((u[2]+u[1])/2-u[3])+u[5]/20*(u[2]-u[1]) >®
I Equn. hho(o) Tco (oC)
Wi
[[[ |
de Vl Vl Asks sin(u(1)*exp(2.3*(-u(2)))) > L »
dt I V (Td T TS) + V (Thco T Ts) T (Ts oh Tsa) Thco(o) Theo (oC)
S S stsVs
Thhi Tel
Thhi
Cold Thho —I-@
Ref.: J. Buzés and 1. Farkas, “Solar Domestic Hot Water System Simulation Cold in Thho .
Using Block Oriented Softwrae,” Jun. 2000. Heat Exc.+Tank
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fl
Td Fipe Temp. N ;} floww ﬂ'-ﬂ'::
L fix) =0 "¢ _ i - o
u b)) — ) cold. wat. Temp
Pressure Source Ambiant
Y Temperature
——— ﬁ Water{ground) .
@_I_> Insulation Conduction | ajr convection
: Thhi
Thhi |
Ve ™V, thho oc) —h@ T4
| ——»ma Thho —"V! The Simulink diagram of city cold water supply to the tank.
s | e m—() &= e
] _h' TE-E o Gravi B
ha —1 1 lve TheoloC) s et :
—.' V's1 fiu)
E— (oo} gl [ ] o
P cold Storage Tank 2 ST =J N H
Vs s | Heat Exchanger ia—[l—l
| | - "‘l_. fiu) o (|

| R I speca (od >
| | o]
Circulating Pump C
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V] C) I

34/58 U NIVERSITY Technology Network
The flow rate in the collector to storage tank loop[13]: 2 0e-
. (29 x105m3s!  when T, >T,+3 (1 )—""¢ The pump On/Off control was usec
V. = .
c 0 m3S~! when T,, < T, +3 Oniff | g I—l -
. . 0. 0e-5—m
The flow rate in the storage tank to the radiator loop: O l_._:‘u\_ . @
. 159 x10°m3s™!  when T, > T, +3 = T
Ve = 3 arl Onvaff 0
0 m>S™" when T,, < T+ 3
Auxiliary Electric Heater The flow rate controller modeling The Controlled Valve

'I
Th tat C ned (O
OnOft ermaostat Command (OnfCHT) X | numis} s g ®—> ﬁr

o
den(s) Al P B 7 »(1) control
( } Q Heat Limited Integrator
Troom fx) =0 Temp. sensor

HeatGain
£ x (1)
@ g ot flow

source flow

]

Heater Air Temperature
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fix) = 0 r
In_rw Grid G . Demand
e Pump Controller
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Radiator Radiator | \ | ,
§| N

@ | ws L)

T _atm - | v /N

@
Room 1 Room 2
o D
Coe——ros [ \E ——
T_awg
Indoor average Hot Water
_temperaure Collector [ } cold water in
Radiator System Design Parameters: Chap. 4, Table 1 L
Summing Pre-heating Tank Electric boiler
Junction

Setpoint Error
EEE—— Controller —»| Amp » Output Full TES system

A Y

Sensor
Feedback |

Thermostat (Matlab Programming)
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UNlVERSITY
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3858 JPVT]

et te et ke et

1 L‘l I ! L|A l‘l i'l I;l |

UNIVERSITY
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| FlatPlate | Air-based | |

- |Un-covered | Covered | Thermal

: | | . | Systems

| : \ / _~ Liquid based | : (anector) PVT Systems | PV Arrays

[ Concentratin .\ Photovoltaic Thermal i |

| g (PVT) Collector ’ Heat pipe based | < eat Energy> < Electrical >

| i | Energy

| i / \ - > PCM based | !

| , | | Baaed on Baaed on

| i High Low | i medium Structure

| Building | concentration || concentration | | Thermoglectric | ! J

. |integrated | | based i

T i R e _ Flat | Building
Structure Heat extraction metho Alr Water | Refrigerent| | pjate | | Concentrating Integrated
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_ Quseful_heat The electrical efficiency of a glazed and unglazed PVT collector
Nthermal = 7 . is about 11.5 and 13.4%
. Total efficiency of glazed and unglazed PVT collectors is 59.5%
Quseful—heat_meAT and 48.4%.
AT
Nthermal = Mo — &1 E
Im XVim H. E= Heat Exchanger ~ C''d @ O
Qelectrical = %A Pump Conw
S collector
AT O ! L
Nelectrical = Mo — %1 ? —,O\— Demand
/N D
Ntotal = Nelectrical T Nthermal ﬁ
EPV — APV X Ix X NMmodule X Ninv X Nwire :14%’ 90%' and 95%’ HE
Solar radiation (l,) in St. John's, NL is 3.06 KWh/m?, A_,jjecior IS 3 é HOLWAter ' told water in
the collector absorber area which is 16 m? PVT Collector S —
Electric boiler
The thermal efficiency of a glazed and unglazed PVT collector Details parameters: Chap. 4. Table 3
Is about 48% and 35%,
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——PVT Thermal output —e—PVT Electric output -e-Total demand ——Grid Energy —o—Hot water temp —a—Room temp

- 60
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(o}
(o}
(o}
(o}
(o}
(o}
(o}

Energy (kWh)
Temperature (0C)
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41/58  |Available Technology in the Market | UNIVERSITY

Name

Smart way to control
3'd Gen are available

Google Nest $329  Support multi-stage, multi-zone
Local/Remote control

NSERC
Energy Storage
Technology Network

Customer can not increase the number of channels
The development control is with Google team

Local/Remote control

digital screen, the humidity, temperature, It does not include the wall plate for installation,
Honeywell $149  and thermostat settings options are wiring is too complicated.
available it is a non-programmable device

Compatible with temperature and
humidity sensors it has only one temperature sensor and two

ecobee A2 Local/Remote control occupancy sensors build in at Ecobee4 systems
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Chap 5. Remote control of house thermal energy storage system
Technology Network

oo |EEAEY R

Router with WLAN port

- A

Remote control and

monitoring device Mol e
Yes
n

Setup the HUB
Login to work on user
home network

L

Configure Home
Appliances

3
Grid A. H=Auxiliary heater - g
> ® O Thermostat
- I Pump Controller > A
_O o) a Enter IP
,/ I 4 U_ g Address
® AN 5 g openHAB cloud
: >
g@,,}: 8 ’f‘::\\ I n te m et sﬁt;jr?et
wn O I\/I\IU/SK
Col lector } } Radl ator Router ((( o ’)) mstilr?gze
+DHW I ‘ T
Pre-heating Tank Main tank Confi i
on |gurat|on

Single family home cold water in

Solar thermal energy storage systems Mobile device Ena
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43158 |Overview of System Development | UNIVERSITY

4.3 System Specifications and Requirements is mentioned

NSERC
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Technology Network

Components:Description

openHAB Cloud
(Remote access)

Wi-Fi-Router

™~ | |openHAB Home Server 5.1 openHAB Home Automation Local Server 10T Platform

Processors

T
|

Internet

|
I % I =
|G | ) 5.2 DHT11 Digital Temperature Sensors
B L >
2 0
- : - 2
|3 Microcontroller Unit = s i
= (ESP32 Thing) = 5.4 Wi-Fi Router (Communication Channel)
Sensors and Actuators g
= 0 7|l 8
h : 2 5.5 Digital Thermostat and Heater
Q
N @D

Home Appliances
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s4/58  |Architecture and Connection of the ESP32 Thing board | UNIVERSITy Technology Network

SparkFun ESP32 Thing (DEV-13907) -

DAC
Antenna SPI
Control UART
Arduina Touch
Reset button pEg32 Thinq Button: GPIO O S ki
ADC1 0° GPIOSE" SensevP 36 GND S *GPIO: Port Input Only
ADCY CapvP 37 21 SDA  GPIO2! *ADC: Preamplifier ADC
ABE CapyN 38 TX  CLK3 uo_Tx0 GPIO 33V tolerant only VDD
SensVN 39 RX GPIO3 VDD
Touchs  ADCI XTAL32 32 22 | o
TouchB 1 XTAL32 33 19 wn
23 o
18 o 5K 1
L 8od 5 5
15 c AAAR
p =5 DHT11
2 < m 2
Touch 0 O w Temperature
i 7 c § Data 4 sensors Vcc Out NC GND  yee out GND
16 5 (3.3v) (3.3Vv)
3V3 =
Jumpers GND =1
VBAT «@
vuse VSEN
T GND GND -
microB Connector oy AN A »4{*'
ST Connector for single celled LIPO 1 1 Lo N NATSEST
i The connection diagram P <., Ut D
ESP32 VCC range: 22V-3.6V Dual-core Xtensa 32-bit LX6 When using preamp 270pF ca
g preamp 270pF cap
VBAT: direct to battery (and charger) Up to 240MHz connector from VP to CAPP
VUSB: direct to USB (5V) 520kB internal SRAM
VCC: Output of regulator 3.3V/600mMA  4MB external flash Other
Up to 250mA during RF transmissions Multiplexed 1/Os allow up to Hall Sensor
Wireless 18 ADC channeis Temp sensor (-40C to 125C)
Wik 80211 vl 3?‘:2"'13:':"'32':‘,“ SD/SDIO/MMC Host controlier
WPAMWPAZ/WPAZ-Enterprise/SPS 2 128 interfaces

BlustoothBluetooth 4.2/BLE 1 L0 P s Sparkfun ESP32 Thing development board

10 Capacitive Touch Inputs
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45/58

Maodel: Comfort Zone CZ523RBK

= ~ e w— ——
PRSI, — -

Thermostat settings

ON/OFF

Wireless
Remote

@
©
@

O) Comfort Zone

ESP32 Thing
Microcontroller

Connection diagram of remote and ESP32 Thing

UNIVERSITY

Install Zulu 8 (Windows) for JAV A programming

]

NSERC
Energy Storage
Technology Network

- A

}4 Update wrapper at openHAB2-wrapper.conf |

] I

Download, unzip it to to the C Drive (C:\openHAB?2) the

o latest Windows Snapshot ZIP file of openHAB software.

| Run Command Prompt as an administrator |

L

Launch the runtime by executing the script
(C:\openHAB?2\start.bat)

openHAB start
page?

L

Point your browser to http://localhost:8080

Verifying that the Windows Service is running (Start

openHAB start
page?

manu>services.msc)

openHAB service
running?

P Updating the openHAB Runtime

!

Install SSH clientand connect to the openHAB console

Starting openHAB as a Service

(MQTT, Putty, KiTTY)

openHAB start
page?

Is it connected?

| Shutdown the openHAB (logout)

l_ < All done (End) >

openHAB Setup and JAVA Programming
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Short descriptions
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Define rule and other runtime objects using Java . .
Javascript openHAB and MQTT Configuration

programming.

To communicate with connected devices
Device representation in openHAB Configure channel
Things properties and capabilities
Items collections and categories
User-defined interface to arrange groups, items,
Sitemaps o MoRE
and so on.
Functions to transform user data. E -
Store updated data service
It is used to automate the systems.
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i1 RG]

) openHAB Configuration > Things > Control and Monitoring

83 Control
® |nngo \‘J mqtttopicacc]l6edRelay 2 O
Switch
8 Configuration
; Relay_3
System mattiopicace]16ed:Relay3 O
o Switch
Bindings
Thermostat_Settings

Services . . :
mqtttopic:acc]16ed Thermostat_Settings 1D

Rollershutter

tems Ambient Temperature

* mqtttopic:ace116ed:Qutdoor_Temperature 0
Add-ons

String

0} Preferences Room Temperature (oC)
matttopic:ace116ed:Indeor_Temperature D

O
0
O

String
Paper Ul

The relation between Things and Items.

- A

UNIVERSITY

& -1

Hk Ed Hap

Fubsi Seripls  BrokerStius  Log

rebibard.inedcorrimend
Modsb wrdunsfurmmasd m
gtk W 0D

C .
. Drarad

Topizs Colectnr {4 o

Maabfwduinecammand

Mutsbfwduinoconmand

Thatsb wduinodommand

Thatab wduinemmard

Thatib e commard

Mtibd vl canmand

'otibf vl canmand

b arduina command

MDA D S TR
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- o i

0

)
e
i)
)
)
)

]

Fawland ety Flan Taof M dar

openHAB home server and ESP32 Thing communication via MQTT broker
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o5 [Communiaton Mcharis |
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Remote -Access
(Log in ID/Password)

—_—
—
p—
—_—
—
—_—
-—
—_—
e
—_—

—_—
—
—
-_—
—_—
—
e
-—
—
—_—
—_—
—

openHAB Cloud T
User.2

——
—_—
—
—
—
-_—
—

—_— -
—_—
—_—
—
—
—
—

i lmyopenhab.org

Connection Through
Wi-Fi
‘ > Publish/Subscribe @Y P'bllsh/Subscrlie
Windows 10

mosauitto” MOTT

ESP32 Thing microcontroller board DHT11 Sensor

(Inside/
Outside)

openHAB Home Server
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Name of the components QTY | Price (CA%)

Available product features

ESP32 Thing 1 31.90
TMP35 temperature sensors 2 2 Name
DHT11 Temperature sensor 2 2 Srdnart way to control Customer can not increase the number of
3" Gen are available channels
Miscellaneous (Breadboard, Google Nest  $329  Support multi-stage, multi-zone The development control is with Google
4 1 10 Local/Remote control team
Resistors, Wires, Boxes, etc.)
. Local/Remote control
- Grad total: 45.9 digital screen, the humidity, It does not include the wall plate for
Honeywell $149  temperature, and thermostat settings  installation, wiring is too complicated.
Hardware Power (W options are available it is a non-programmable device
ESP32 Thmg 0.5 Compatible with temperature and it h I d
. humidity sensors it has only one temperature sensor and two
Breadboard (with Sensors, ecobee $229 occupancy sensors build in at Ecobee4
2 3.3 Local/Remote control systems

ESP32, Resistors, etc. connected)

- Total: 3.8W
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v' Space heating and water heating is needed for approximately eight months in a year.

v The major problem: grid overloading, GHG emission, high electricity bill and so on.

v A ssingle-family residential house has been analyzed and energy demand is calculated.

v Proposed four TES systems such as solar collector, solar photovoltaic, hybrid type solar photovoltaic
thermal array and a sessional. All systems can save a major portion of electricity consumption.

v' The proposed TES systems implementation cost and their instrumentation has been discussed.

v' A sessional solar thermal energy storage system has been proposed, mathematically designed, simulated
and analyzed.

v" All results have been compared with the annual energy demand and annual energy production.

v Nobody proposed such a system before in such a way and with respect to the Canadian (NL province )
weather condition.

v Proposed a remote control and monitoring systems prototype which is low cost and low power
consumption.

v" The user can monitor and control from locally or remotely anywhere in the world.
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v Proposed STES systems can be redesigned at residential community, commercial or
Industrial.

v’ Several parameters assumed constant or ignored, can be considered and re-design

v The thermal and electrical efficiency can be further improved.

v" A robust controller can be proposed in dynamic simulation

v Proposed STES system can be re-deigned for all cold climate zone.

v’ Detailed reliability analysis of 10T based systems can be done in future

v The remote-control prototype can be made with other type of MCU board to reduce cost

v’ Data encryption can be implemented to ensure the more security.

v Various open source 10T/ SCADA systems can be developed.
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Refereed journal Articles

1. M. H. Rahaman and T. Igbal, “A Comparison of Solar Photovoltaic and Solar Thermal Collector for Residential Water Heating and Space
Heating System,” European Journal of Engineering Research and Science, vol. 4, no. 12, pp. 41-47, Dec. 2019, doi:
10.24018/ejers.2019.4.12.1640.

2. H. Rahaman, M. T. Igbal, “A Remote Thermostat Control and Temperature Monitoring System of a Single-Family House using openHAB and
MQTT,” in Int’l Journal of Renewable Energy and Research (Under Review)

Refereed Conference Publications

1. H. Rahaman, R. Rasha, and M. T. Igbal, “Design and analysis of a solar water heating system for a detached house in newfoundland,” in 2019
IEEE  Canadian  Conference of  Electrical and  Computer  Engineering (CCECE), May 2019, pp. 14, doi:
10.1109/CCECE43985.2019.8995175.

2. Rabbani Rasha, Habibur Rahaman, Tarig Igbal, Sizing, modeling and analysis of a solar seasonal energy storage for space heating in
Newfoundland, presented at CSME-CFDSC 2019, London, ON, Canada.

Regional Conference Publication

v Habibur Rahaman, M. Tariq Igbal, Load analysis of RUET, ECE building and design of a rooftop PV system to meet all its energy needs,
presented at the 28th Annual IEEE NECEC conference, St. John's, November 19th, 2019.

Research Presentations

v"Md Habibur Rahaman and M. Tariq Igbal, "Design a Low-Cost Remote Monitoring and Control Systems for Thermal Energy Storage
System,” Presented at the 3 MT thesis competition, 2019 held at the Memorial University of Newfoundland, St. john’s, NL, Canada. June 1,
2019 [Awarded 3" Prize].

v Md Habibur Rahaman and M. Tariq Igbal, "Design, Analysis and SCADA Interface for Energy Storage Systems," Presented during the poster
session at the NESTNet 5" and Final Annual Technical Conference, Ryerson University, Toronto, ON, Canada. June 16 - 17, 2020 (Virtual).

Newfoundland and Labrador, Canada Md. Habibur Rahaman WWW.mun.ca




Design, Analysis and Control of Solar Heating System with Seasonal Thermal Energy Storage

o158 [Acknowiedgements|

v’ My thesis supervisor Prof. Dr. M. Tariq Igbal
v Memorial University of Newfoundland for providing sufficient funds and support for this project.

v" NSERC, Canada and NESTNet Project.

v Family members, Research Group Members and Friends

NSERC | nsere
Energy Storage
BRSNG Technology Network

Newfoundland and Labrador, Canada Md. Habibur Rahaman WWW.mun.ca

UNIVERSITY




NSERC
Energy Storage
Technology Network

V| V1 O KR | A
58/58 UNIVERSITY

Newfoundland and Labrador, Canada Md. Habibur Rahaman WWW.mun.ca




