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But	first,

The	status	and	future	of	renewables	in	the	Southwest



SVERI
Southwest	Variable	Energy	Resource	Initiative

TEP

APS

from	sveri.uaren.org

SRP PNM

IID

EPE



sveri.uaren.org

• Aggregate	gen.	and	load
• 8 utilities	in	the	southwest
• 1.2	GW	of	renewables
• Near	real	time
• Data	downloads
• Map	of	utility	renewables

sveri.uaren.org

Southwest	Variable	Energy	Resource	Initiative	•	University	of	Arizona	Renewable	Energy	Network	•	org



TEP	load

TEP	solar+wind



APS	load

APS	solar+wind



PNM	load

PNM	solar+wind



SVERI	solar	variability



SVERI	solar	variability

1	min	variability	is	similar	for	all	months	and	times	of	day

Less	variability	
in	June

Little	difference	between	1	hr 90th percentile	and	100th percentile

Large	difference	between	1	min	90th percentile	and	100th percentile

Monsoon	season
Less	variability	
in	November



SVERI	wind	variability

???



SVERI	wind	variability

???

Small	diurnal	patterns

Similar	trend	differences	between	90th percentile	and	100th percentile	across	time	scales





VERs	
penetration

Black	=	0%
White	=	25%

APS	occasionally	has	high	
penetration

PNM	penetration	is	huge

EPE	solar	penetration	is	
consistently	large

Penetration	=	renewables	gen.	/	load

SVERI
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TEP
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Renewables	Ramps	vs.	Load

Between	the	red	lines	is	easy	and/or	cheap
Outside	of	the	red	lines	is	hard	and/or	expensive
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Geographic	
diversity

is	beneficial

TEP

APS SRP PNM

IID

EPE

Big	=	lots	of	variability	relative	to	generation

SVERI
APS

SRP

TEP

PNM

EPE

IID

Icon	area	proportional	to	max	power



TEP	2014	Net	Load	Range

Similar	plots	available	for	all	SVERI	utilities

Light	shading:	all	possibilities
Medium	shading:	95%
Dark	shading:	90%



TEP	2017	Net	Load	Range

Similar	plots	available	for	all	SVERI	utilities

Light	shading:	all	possibilities
Medium	shading:	95%
Dark	shading:	90%



TEP	2027	Net	Load	Range

Similar	plots	available	for	all	SVERI	utilities

Light	shading:	all	possibilities
Medium	shading:	95%
Dark	shading:	90%



SVERI	Net	Load

Note	the	changing	y	axis	range The	“duck	curve”



2027	TEP	Variability	Scenarios

Geographic	diversity	is	beneficial



How	can	forecasts	help	utilities	keep	energy	costs	low	and	maintain	
grid	reliability?

• Improve	energy	market	trading	strategies
• Schedule	more	efficient	generators	(e.g.	combined	cycle	vs.	

combustion	turbine)
• Reduce	costs	associated	with	generator	starts
• Defer	maintenance	associated	with	excessive	generator	set	point	

seeking	
• Optimize	the	use	of	battery	storage

UA	is	providing	TEP	and	APS	with	forecasts	as	we	speak

(Part	of)	The	Solution:	
UA	renewable	power	forecasts



Renewable	Power	Forecast	Clients:
TEP,	APS,	PNM

TEP

APS

from	sveri.uaren.org

PNM



UA	Forecasting	Website	for	TEP,	APS,	PNM
APS	version



UA	Forecasting	Website	for	Public
forecasting.uaren.org/public



Different	forecasting	methods	work	
better	at	different	time	scales

Minutes Hours Days Seasons Years

Sensor	Network

Satellite	Imagery

Numerical	Weather	Models

Climate	Models



UA	forecasting	summary

Hybrid

Clear sky

WRF	NWP

Sensor	network



TEP’s	Solar	Power	Variability

???
The	beautiful	
sunny	morning	of	
April	5,	2014.

The	beautiful,	
sunny	afternoon	of	
April	5,	2014?



Days	ahead	(NWP)
It’s	going	to	be	sunny	in	the	morning	and	cloudy	in	
the	afternoon.

Day	ahead (NWP)
It’s	going	to	be	this	cloudy	in	these	hours	with	that	
much	variability.

Hours	ahead	(Satellite)
It’s	going	to	be	roughly	this	cloudy	in	these	30	
minute	chunks.

Minutes	ahead	(network,	persistence)
It’s	going	to	be	exactly	this	cloudy	in	13	minutes.

TEP’s	Solar	Power	Variability



Numerical	Weather	Prediction	at	UA

• UA	WRF	Model	highlights
– 5.4	km	outer	domain,	1.8	km	inner	domain
– Initialized	on	the	0Z,	6Z,	and	12Z	GFS	and	NAM
– Many	days	include	13Z	RAP	initialization	(esp.	in	summer)

• Local	challenges	include:
– Mountains	+	moisture	+	heating	=	monsoon	storms
– Unreliable	initialization	data	from	Mexico
– Extreme	planetary	boundary	layer	heights
– Rapidly	changing	land/surface	characteristics

• 1.8	km	resolution,	3	minute	outputs	of:
– GHI,	DNI,	10	m	wind,	80	m	wind,	temp

Christopher	Marks,	Creative	Commons

WRF	configuration	details:
• RRTMG
• Morrison	2	mom.	or	SBUYLIN
• Bougeault-Lacarre or	ACM2
• Noah	LSM

Weather	Research	and	
Forecasting	(WRF)	
community	model	
developed	at	NCAR,	
NCEP,	ESRL,	universities,	
and	more



Raw	UA	WRF	forecasts	available	at
atmo.arizona.edu



A	small	selection	of	WRF	details

Skamarock et.	al.	“A	description	of	the	Advanced	Research	WRF	Version	3”	(2008)



A	small	selection	of	WRF	details

Skamarock et.	al.	“A	description	of	the	Advanced	Research	WRF	Version	3”	(2008)



A	small	selection	of	WRF	details

Skamarock et.	al.	“A	description	of	
the	Advanced	Research	WRF	
Version	3”	(2008)



WRF	details

A	complicated	model	with	a	lot	of	options.	With	effort	and	expertise,	you	
can	tune	it	to	perform	better	in	your	environment.	We’ve	tuned	it	to	
perform	better	in	Arizona.



Phoenix

Tucson

Phoenix

Tucson

Blue:	low	elevation
Red:		high	elevation

Animation	available	at:
http://forecasting.uaren.org

Flagstaff



NCEP	GFS	
500	mb height	
and	vorticity



UA	WRF-GFS	
5.4	km	domain
500	mb temp	
and	wind



UA	WRF-GFS	
5.4	km	domain
10	m	wind



UA	WRF-GFS	
1.8	km	domain	
10	m	wind

Stronger	mountain	winds

Stronger	winds	along	Mogollon	rim

Much	more	wind
at	lower	elevations

Difference	between	5.4	km	and	1.8	km	domains	
increases	as	weather	becomes	more	severe



UA-WRF	Wind	Power	Curve
Hourly	average	wind	power	vs.	hourly	average	forecast	wind	speed

Minimize	RMSE?
Minimize	MAE?
Make	it	look	good?
How	to	quantify	
uncertainty?



Forecast	wind	speed

Wind	power



Wind	forecasting:	UA	vs.	TEP	vendor



UA	WRF-GFS	
5.4	km	domain
GHI



UA	WRF-GFS	
1.8	km	domain	
GHI

Differences	in	optical	depth

Finer	structure

Difference	between	5.4	km	and	1.8	km	domains	
increases	as	weather	becomes	more	severe



PVLIB	Python
Tool	for	modeling	solar	
power	systems	in	a	Matlab-
like	environment

Open	source

Descendant	of	Sandia’s	PVLIB	
MATLAB

Basis	for	some	of	the	UA	
modeling

Solar	power	forecast	module

github.com/pvlib



UA-WRF	Solar	Power	Forecast

+	Clear	morning
+	Variable	mid-day
- Clear	afternoon



UA-WRF	Solar	Power	Forecast



UA-WRF	vs.	NCEP	HRRR	Tucson	GHI



UA-WRF	vs.	NCEP	HRRR	Tucson	GHI



UA-WRF	vs.	NCEP	HRRR	Tucson	GHI

HRRR UA	day	1 UA	day	2 UA	day	3

Not	a	fair	comparison	because	NCEP	HRRR	does	not	use	the	correct	eqn.	of	time
So,	we	subtracted	15	minutes	from	HRRR	time	for	approximate	correction	for	these	months
First	HRRR	point	also	discarded

Oct-Dec	average	of	the	daily	average	of	15	minute	or	1	hour	MAEs

Clear	sky



UA-WRF	vs.	NCEP	HRRR	Tucson	GHI

Limit	analysis	to	large	(MAE	>	60)	errors.	
Eliminates	clear	days.
Helps	HRRR,	relatively,	since	it	is	much	worse	than	UA	on	clear	days.
UA	day	3	still	outperforming	NCEP	HRRR

HRRR UA	day	1 UA	day	2 UA	day	3 Clear	sky



WRF	Microphysics
The	model	microphysics	scheme	governs	
how	water	changes	from	gas	to	liquid	and	
different	solids,	so	it	is	essential	to	cloud	
and	irradiance	forecasts.

Most	microphysics	research	focuses	on	the	
impacts	for	e.g.	severe	storm	or	snow	
forecasts,	not	much	concern	for	
irradiance.	Best	parameterization	may	also	
depend	on	regional	climate.

New	UA	study:

Reevaluate	the	microphysics	
parameterizations	for	solar	irradiance	
forecasting	in	AZ.

Use	UA	and	APS	AZ	Sun	irradiance	sensors.



WRF	Microphysics
None	of	the	models	
look	exactly	like	
reality,	but	the	range	
in	models	can	be	
useful.



WRF	Microphysics
Conclusions:

Not	much	difference	
between	existing	
schemes.

Clouds	are	hard.

The	new	“WRF-Solar”	
microphysics	scheme	is	
worse	than	most	(in	AZ)!



Forecast	Email	Discussions



Satellite	Imagery
Animation	available	at:
http://forecasting.uaren.org

GOES
1	km	visible



Satellite	Derived	Solar	Irradiance

Blue:	low	solar	power
Red:		high	solar	power

Animation	available	at:
http://forecasting.uaren.org



MODIS	onboard	Aqua UASIBS

DSSR	(GHI)	is	produced	from	Goddard	Space	Flight	Center	Radiative	Transfer	Model	with	
MODIS	L2	data.	

Satellite	Derived	Solar	Irradiance
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Clear	sky	conditions

Cloudy	sky	conditions

Satellite	Derived	Solar	Irradiance

• Forecasts	made	by	advecting clouds	using	wind	speeds	from	WRF	model	(easy,	ok	accuracy)
• Image	to	image	changes	can	also	been	used	(hard	to	do	well,	potentially	more	accurate)



Sensor	network	forecast

Utility	scale	PV
DG	PV
Irradiance	sensor

Partnered	with	local	PV	installer	Technicians	for	
Sustainability	to	obtain	access	to	real-time	(5	min	
latency)	data	feeds	from	residential	PV	systems.

Prototype:	Homebuilt	irradiance	sensors	will	cell	
modems	(see	A.	Lorenzo,	AMS	2015).	

Next	step:	obtain	real-time	data	from	TEP	and	APS	
owned	distributed	generation.

Network	of	rooftop	solar	data	and	irradiance	
sensors	provides	most	accurate	30	minute	
forecasts.



Sensor	network	forecast



Sensor	network	interpolation

longitude
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Wind	vector

Greater	Tucson	Area



Sensor	network	forecast

Animation	available	at:
http://forecasting.uaren.org



Sensor	network	error	statistics



UA	forecasting	summary

Hybrid

Clear sky

WRF

Sensor	network



What	about	combining	
some	or	all	of	this	data?



Short	term	forecast	blending

Blending	persistence	and	WRF	
forecast	products	into	a	single	
forecast



Model	selection?

Average	washes	out	variability



Model	selection?

Average	good	here

Big	ramp	washed	
out	in	average

One	model	got	this	dropout



Ground	irradiance	data	to	improve	
satellite	irradiance	estimates

Satellite	irradiance	estimates	rely	on	
algorithms	that	convert	the	observation	
(light	reflected	by	cloud	tops)	into	
transmitted	irradiance.

Can	we	use	real	time	ground	data	to	
improve	the	estimate?

Yes,	UA	demonstrated	that	optimal	
interpolation	can	improve	the	
accuracy.

Lorenzo,	Holmgren,	Morzfeld,	Cronin,	IEEE	
PVSC	2016	Proceedings



Ground	irradiance	data	to	improve	
satellite	irradiance	estimates



What	about	combining	
some	or	all	of	this	data?

• Shove	the	data	into	WRF?
• Probably	need	a	combination	of	complex	and	simple	WRF	
configurations

• Create	a	separate	blending	platform?
• Throw	it	all	into	a	black	box	machine	learning	algorithm	and	
hope	for	the	best?

• What	is	the	effort	to	reward	ratio	for	different	approaches?



Thanks	to	our	funding	agencies

Additional	support	from

U	of	A

Major	support	from

DOE	EERE	
Postdoctoral	
Fellowship

The	SVERI	utilities

Arizona	Department	of	
Environmental	Quality



Sensor	network	error	statistics
How	much	of	the	improvement	over	persistence	is	due	to	our	fancy	algorithm	and	
how	much	is	due	to	simple	aspects	such	as	averaging	over	space	and/or	time?

Depends	on	the	day	and	the	forecast	horizon,	but	most	of	the	improvement	can	
usually	be	achieved	by	just	averaging	irradiance	over	space	and/or	time.



Forecast	wind	speed

Wind	power



April	2014	UA-WRF	GHI
6Z	model	runs 12Z	model	runs
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July	2014	UA-WRF	GHI
6Z	model	runs 12Z	model	runs
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October	2014	UA-WRF	GHI
6Z	model	runs 12Z	model	runs
WRF-GFS
WRF-NAM
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Wind	Errors	6Z	UA-WRF

April	2014 July	2014 October2014

WRF-GFS
WRF-NAM

Average	errors	for	all	AZ	METARs	stations



Temp	Errors	6Z	UA-WRF

April	2014 July	2014 October2014

WRF-GFS
WRF-NAM



SVERI	renewables

Renewables/Load



SVERI	Internal	Website



Ramps	vs.	Load



5.4	vs.	1.8	km	wind	forecasts
m/s



5.4	vs.	1.8	km	wind	forecasts
m/s


