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PV Industry Background

- Solar power the fastest growing renewable energy source

- U.S. solar power capacity has experienced an average annual
growth rate of 33% in the last decade [1]

- Global market of S160 billion in 2021 [2]

FIGURE 7: EVOLUTION OF RENEWABLE ENERGY ANNUAL INSTALLATIONS GWp
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PV System Modeling

1. Irradiance and Weather - Available sunlight,
temperature, and wind speed all affect PV

performance. Data sources include typical years
(TMY), satellite and ground measurements.

i

2. Incidence Irradiance - Translation of irradiance to
the plane of array. Includes effects of orientation and 10. System
tracking, beam and diffuse irradiance, and ground Performance Over Time - _
surface reflections. Monitoring of plant ™
output can help to
identify system
3. Shading and ?a:?g:smje(egélation)
Soiling - e !
Accounts for
:::Tlct ;‘ons e | 9. ACLosses - For large plants, there
ght e
reaching may be significant losses between the

AC side of the inverter and the point of

the PV cell ; i
interconnection (e.g., transformer).

8. DCto AC Conversion -
The conversion
efficiency of the
inverter can vary
with power level
and environmental
conditions.

L I
4. Cell Temperature — Cell temperature
is influenced by module materials, array
mounting, incident irradiance, ambient
air temperature, and wind speed and
direction.

7. DCto DC Max Power Point Tracking -
A portion of the available DC power
from the array is lost due to inexact
tracking of the maximum power point.

5. Module Output - Module output is
described by the IV curve, which varies

as a function of irradiance, temperature,
and cell material.

6. DC and Mismatch Losses — DC string and array
IV curves are affected by wiring losses and mismatch
between series connected modules and
parallel strings.

From Hansen and Martin. SAND2015-6700 Technical Report



Why Consider PV Temperatures?

» Solar cell efficiency typically
decreases with increasing
temperature

- Performance is often rated at 25 °C,

while cells in operation reach
significantly higher temperatures

- Therefore, cell T is needed for
accurate energy production
prediction
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Limitations of Empirical Cell
Temperature Models

- Many PV simulation libraries/software
include empirical models for cell
temperature

Empirical Model Comparison with Default Parameters
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Advantages of Heat-Transfer Solver
for PV Modeling

- Improved accuracy of temperature predictions for solar modules,
especially if that are integrated into structures (e.g., vehicles and
buildings)

- Analysis of the impact of PVs on the structures’ temperatures

- E.g.: How could cabin T and occupant comfort change it PV films
are integrated into building windows or vehicle sunroof?

» Design of PV cooling techniques



PV Modeling with TAITherm
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Coupled Thermal-Electrical

Model

- PV electrical equations solved at
end of each thermal simulation
time-step

- Model inputs use information
available from manufacturer

datasheets
Rs
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[ Retrieve PV module temperature

Estimate Power from

Calculate Power with
Nominal Efficiency

Equivalent Circuit Model

A2 . OR
Recompute equivalent circuit
parameters
A y
Calculate T-corrected efficiency and
Generate current vs. voltage curve
power
A

i:ind power at Maximum Power Poinf

(Pmp)
S
| l
Correct power and efficiency for angular
losses and any soiling losses
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g )
Apply a negative imposed heat rate equal to
the Py to the module

Y

Write electrical results to output file
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TAITherm Transparent Materials
Modeling

Sun

ra
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o
Glass /
Encapsulant Air
Solar Cells
Encapsulant Glass
Backsheet X
EVA
Junction Box I I
PV cell

- Specify transmittance and reflectance or each layer as band-averaged
values or spectral curves in TAITherm

- Curves will be band-averaged based on the solar spectrum
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PV Modeling Extension Prototype

Demo

Photovoltaics Modeling Extension
Main Options | Electrical Params | Optical Params | System Losses |
PV Model Name
Jeep_w_solar_roof_hood
PV Part Names (comma seperated)
Roof Hood
I~ Perform Element Level Calculation

™ Write All Element Results

2 Pnotovoltaics Modeling Extension -
File Help

Photovoltaics Modeling Extension
Main Options | Electrical Params | Optical Params | System Losses |
Approach [Equivalent Circut |

Equivalent Circuit

Derve Parameters E

a, 0.000789 A'C

aef) 29703606 v i
IL (ref) [1.839585 A 2
ls(ref) 39159574613 A

R.(ref) [5.8283625 Ohms

Ra(ref) (54161916 Ohms

Adjust  |-14.33575 %

Method [Lambet W o

Calculate IV Curves |

 _ Scale Electrical Values to
TAITherm Part/Element Areas

Module Area m

Cancel| Saveand Exit| Save and Run|

2 Photovoltaics Modeling Extension =
File Help

Photovoltaics Modeling Extension
Mlnouxms} EhcmedPamms] Optical Params Syshmlossu1

Approach M Polynomial |

1AM Polynomial

Specify coefficients of a
5th order polynomial curve-fit

a 531571710
b |6.266005¢-8

Martin and Ruiz IAM Model
Angular Losses Coefficient

0.16 Plof

¢  |32583%e6 I™ Use Angular Losses Cunve

d  14.90089¢-5 Angular Losses Coefficients
Curve Filename

e 0.0001102294

f 109965551 C:/Usersig/Documents/  Bro

Plot IAM

Soiling Losses
I~ Consider Soiling Losses

Soiling Losses Curve

C/UsershgDocuments/  Browse |

Plot Losses

Cancel| Save andExit| Save and Run

Cancel| Save and Exit| Save and Run

2 Photovoltaics Modeling Extension -
File Help

Photovoltaics Modeling Extension
Mmopm} EI.cmelPamm] Opiclle] System Losses ‘

Mismatch 0.0 %
Wiring 0.0 %
Connections 0.0 %
Light-Induced Degradation 0.0 %
Nameplate Rating 0.0 %
Age 0.0 %
Availability 0.0 %

Cancel | Save and Exit| Save and Run

2 EqC Parameter Derivation -

Cell Type CdTe -

Voltage at Pmax (Vmpp) 7.8
Current at Pmax (Impp) 1.62
Open Circuit Voltage (Voc) 86.4
Short Circuit Current (Isc)  [1.82
Temperature Coeff of Isc 0.000789
Temperature Coeff of Voc -0.24192

Temperature Coeff of Pmax |-0.28
Cells in Series 216.0
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Example Application: Residential
Rooftop PVs



Example Residential Rooftop PV

Model

Model Size (mm):
X =37982
¥ = 37982
Z =B056.2

Vigible Size {mm):
X =137982
Y = 37982
Z=8056.2

Visible Counts:
Parts = 26
Elements = 3300
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Residential Rooftop PV Model.
Considering Soiling Losses

- Soiling loss can be split into a transmission and angular l0ss
contribution

i dirt soilin
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Residential Rooftop PV Model.
Considering Soiling Losses

DC Power (kW)

—— With Soiling 1000 -

0 T T T T T
Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov
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Example Application: Evaluating
the Energy Production of Vehicle-
Integrated Photovoltaics (VIPVS)



- Extend the range of electric vehicles

- Power an auxiliary battery for secondary
electronics systems in both internal
combustion engine and electric vehicles

Sono Motors. Up to 34 km/day. Expected 2022. €25,500

2020 Hyundai Sonata Hybrid

18
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Vehicle-Integrated Solar Panels

Model Size (mm):
H=49442
Y = 202292
Z=1831.87

Visible Size {mm}):
K=4944 21
Y = 202292
Z=1831.87

Visible Counts:
Parts = 32
Elements = 5572

Aluninum
Fiberglass, Wool (Temp Dep k) M
Glassz, Comventional Automotive [
Glass/PW Cells 5i BPESOU Pansl [

Hylon, Bonded

Polyethylene

Palyurethane
Polyvingl Chloride | ]
Rubber, Hard
Steel (nild) B

Jur

* Predicted 3.8 kWh of energy production per 8 hours in the sun
in Phoenix, AZ in July
* 3% angular losses and 13% thermal losses
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Wavelength-Selective Transparent PVs

- Absorb UV/IR wavelengths, while transmitting visible light

3 100 b)
-« Transmittance 1.01
---- Reflectance
— 80 ] [ | -
3 Absorptance 20.8
s ©
g g
o o 0.6
[} [a)}
@] o
a <
§ c 0.4
=1 °
S =
0.29 _= Conventional
Substrate . —*~ Optimized
400 600 800 1000 1200 1400 1600 0° 15° 30° 45° 60° 75° 90°
‘ ' Wavelength (nm) Incident Angle
Data from A. Antil et al. Appl. Energy, 2020 Data from Y. Ding et al. Sol. Energy Mater. Sol. Cells, 2015

Fig. from Traverse et al. Nature Energy, 2017
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Potential of Vehicle-Integrated
Transparent PVs

- Comparison of energy production for different levels of PV
coverage on vehicle and different locations

- Realistic weather and irradiance for each location was taken

from TMY data fromm NSRDB
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VIPV Feasibility for HVAC

» Cooling energy needs of an HVAC system during moderate
length trips could be entirely supplied by VIPV system

Impact of Desired Vehicle Temperature on
Modeled Energy Production after 8 hours on a

EV Energy Consumption
sunny summer day in Phoenix, AZ

Outside De8|red Energy. Full TPV Coverage 13.8 kWh
Temp Vehicle Temp | Consumption

¥VF|)|;1/dows Only 4.5 kWh
110 °F 70 °F 1.5-2 kW S
110 °F 77 °F 1 kW Si PV Roof 3.8 kwh
110 °F 84 °F 0.5 kW

Data is for an electrically driven heat pump. From
https://avt.inl.gov/sites/default/files/pdf/fsev/auxiliary.pdf



Example Application:

Electric Vehicle Energy
Consumption with On-board PVs



Approach O

Inputs:

+ BEV parameters
+ ‘Weather

verview

Run TAITherm vehicle cabin model for drive cycles in
different seasons

If thermal comfort {or
cabin temperature)
differs from HVAC

setpoint, apply HVAC

heating/cooling

Run thermal model

for 1 timestep

PV Model

Run 0D power consumption model

Paux

S s
—»| Accessories

Ruolling resistance

Puin P out Pwhee
+ +> P — Aerodynamic drag
Motor Py
Battery Generator Transmission Wheels
. 4--1- «3-
P P J (P=F*Vv)
Giout Giin Prs o Climbing / descending*
Heating
—P devic Hegat pump Cooling ’
Heating resistor ) Acceleration / rotational inertia
Heat source . Air conditioner Qdewce [€----
QAmb
h 4

Power consumption
profiles
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Find garage
temperature at start ’
of commute

Assume vehicle starts in Transient restart into 40 min. Transient restart int pransient restart INto 4u
thermal equilibrium with morning commute, adding the raEs:jen res adr ImCO | Qn. afternoon commute,
parked car model. Lar is dding the driver to the

garage. Run SSon vehicle driver to the vehicle. HVAC is » .
in bounding box set to regulated based on driver's vehicle. HVRE: 1 ¥&gulated

garage temperature o set  thermal comfort (PMV). area for Rear Cabin ey < @) QL glFivers. thermal
initial conditions. comfort.

parked in an unshaded

/. Front Cabin Air )

Library Convection-
Time-series of HVAC power use and PV power gene

Flow Speed
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Predicted Mean Vote for HVAC Control

- A comfort metric developed by Fanger (and standardized by

S07730)

- Predicts mean value of votes of large group of persons on a /-
noint thermal sensation scale ranging from -3 (cold) to +3 (hot)

- Considers activity level, clothing resistance, air temperature,
mean radiant temperature, air velocity, and relative humidity

 An output of the TAITherm Human Thermal Model

26



TAITherm Human Thermal Model

« 20 body segments, with layers
representing tissues

» Solves bio-heat transfer equation

* Predicts tissue, blood, and core
temperatures under:

Varying environmental conditions
Varying activity levels
 Adjustable clothing levels

Mechanisms considered by TAITherm
Human Thermal Model

27



Predicted Mean Vote (PMV)

HVACH
o & A o
Q Q Q Q
S S o o]
o =) =) S
Front Cabin Air Temperat (°C)
= = N N
o v o »u o u

Human Comfort for HVAC Power
Consumption

- HVAC control algorithm implemented in a User Routine
* Quvac = f(PMV, d(PMV)/dt), vgir = f(PMV, d(PMV)/dt)

Comfort HVAC Air Temperature

10 20 30 40 0 10 20 30 40 0] 10 20 30
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EV Power Model Inputs

EV parameters

Drive cycle (speed time-series)

Weather

HVAC load and PV power from TAITherm

cabin model

Parameter Value
Curb Weight 3000 kg
Gear Ratio 8.0
Frontal Area 2.88 m?
Drag Coefficient 0.371
Max Power 220 kW (300 hp)
Battery Discharging Efficiency 95%
Battery Charging Efficiency 90%
Transmission Efficiency 95%
HVAC Coefficient of Performance 2
Auxiliary Power 0.3 kW

80
70
60

S50

=40

§ 30
20
10

City Drive Cycle Input

10 15 20 25 30 35 40

Time (min)

Highway Drive Cycle Input

10 15 20 25 30 35 40

Time (min)

29



EV Power Model Outputs

- Total power load time-series
+ Power |loads and losses from individual components of EV

City Drive Cycle Calculated Power Load Highway Drive Cycle Calculated Power Load

_ 150 < 150
2 2
= >
g 100 & 100
Q i
P 5
Q
z o0 2 50
o a
e (%]

=
§ 0 S 0
s C
5 I
= € .50
5 50 g
= <
é -100 © -100
s} s}
2 0 5 10 15 20 25 30 35 20 F 0 2 10 15 20 25 30 35 40

Time (min)

Time (min)
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Case Study

- Modeled EV energy balance over 1 day for 2 drive cycles in each
of 4 seasons in Phoenix, Arizona and Detroit, Michigan

» 40 min morning commute + 8 hours parked outside + 40 min
afternoon commute

City Drive Cycle Highway Drive Cycle

(2]

o
o]
o

W
o
2] ~
o o

Speed (mph)
B
o

w
o
Speed (mph)

g
o

Parked 20 Parked
10 | \

31

10



Results: Phoenix, Arizona

- VIPVs generate 10-23% and 3-8% of consumption (or 4-11 km of
range) of city and highway drive cycles, respectively

a b)
) Lo EV Energy Balance for City Drive Cycle in Phoenix (No VIPVs) Lot EV Energy Balance for Highway Drive Cycle in Phoenix (No VIPVs)

80% M January 20% W January
u April m April
60%  July 60% = luly
40% October 40% October
20% 20%
0% EmB e o [p—— S

© w
=] o
: :
o o 0% S
c c
e e
L [}
o -40% o _a0%
-60% -60%
-80% -80%
-100% -100%
Powertrain HVAC Aux Regen Battery Powertrain HVAC Aux Regen Battery
c) ' . . - d) . : . g
L00% EV Energy Balance for City Drive Cycle in Phoenix (With VIPVs) 100% EV Energy Balance for Highway Drive Cycle in Phoenix (With VIPVs)

80% M January 80% M January
m April m April
60% m July 60% W July
40% October 40% October
20% 20%
0% ... —— — o 0% - ———

© ©

5 °

2 =

e ‘G

- ] = - -mm

g il Il 5
o -20% o -20%
o @

o -40% Q- -40%
-60% -60%
-80% -80%

~100% -100%

Powertrain HVAC Aux Regen PV (driving) PV (parked) Battery Powertrain HVAC Aux Regen PV (driving) PV (parked) Battery



Results: Detroit, Michigan

- VIPVs generate 5-19% and 2-7% of consumption (or 2-9 km of
range) of city and highway drive cycles, respectively

a b) . . . :
)100% EV Energy Balance for City Drive Cycle in Detroit (No VIPVs) -~ EV Energy Balance for Highway Drive Cycle in Detroit (No VIPVs)

80% W January 80% M January
u April u April
60% W July 60% o July
40% October 40% October
20% 20%
% l Hm e [ I

© ®
5 5
[ —
G G
0% ——

g1
=} -20% o -20%
[ ]
o .40% o -40%

-60% -60%

-80% -80%

-100% -100%
Powertrain HVAC Aux Regen Battery Powertrain HVAC Aux Regen Battery
L0 EV Energy Balance for City Drive Cycle in Detroit (With VIPVs) 100 EV Energy Balance for Highway Drive Cycle in Detroit (With VIPVs)
80% M January 20% W January
= April m April
60%  July 60% o July

w 40% October = 40% October
o °
2 20% I L 20%
Y G
S % B=l ___ ——— S o L LT —— ——— —
: " n :
o -20% 3 -20%
9] 9]
o 40% o -40%

-60% -60%

-80% -80%

-100% -100%
Powertrain HVAC Aux Regen PV (driving) PV (parked) Battery Powertrain HVAC Aux

Regen PV (driving) PV (parked) Battery



Results: Impact on HVAC Load

- HVAC load significantly
reduced ln Cooldown N Change in HVACload due to VIPVs
scenarios due to VIPV's °
converting some of solar
radiation to electricity
instead of heat

0% —— BN _. I f— —

-5%

-10%

Percent Change in HVAC load

-15% m Detroit

M Phoenix
-20%

January April July October
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Conclusions

- We demonstrated how TAITherm could be used for EV energy
consumption with consideration of VIPVs and HVAC loads

- For a full size SUV, with non-optimized aerodynamics (0.371 drag coeff.),
amount of range extension expected from integration of conventional
solar cells into the roof and hood is 2-11 km per day

- More aerodynamic or lighter weight vehicles would get more range
from VIPVs

- ~3x more energy could be gained by achieving full vehicle coverage
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1500
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Future Work

-+ PV thermal-electrical model and EV energy model could be coupled with
thermal-electrical battery performance and lifetime models for more
detailed analysis.

Potential Future Modeling Approach

Envi tal Conditi isti
nwronm'en al -ondrtions Power Generation profile Battery stress statistics
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