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• How	can	the	
interactions	between	
these	scales	be	
coordinated	to	
improve	overall	
energy	
performance?

• Where	should	energy	
be	produced/stored	
and	in	what	
quantities?	

• How	should	
transactions	be	
coordinated?
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Inputs Outputs

Energy	hub
Conversion

Storage
+

Constraints	
(physical,	
legal,…	)

• Wide	applicability	
concept

• Systems	including	
energy	or	material	
resources

• Usually	simplified	
models	for	
optimizartion
(↓computational	
burden)

• Certain	variables	can	
be	controlled,	and	
others	cannot

𝑶 𝑘 = 𝑪 𝑘 · 𝑰 𝑘 − 𝑸𝒄 𝑘 + 𝑸𝒅 𝑘

𝑺 𝑘 + 1 = 𝑺 𝑘 + 𝑷𝒄 𝑘 𝑸𝒄 𝑘 − 𝑷𝒅 𝑘 𝑸𝒅 𝑘 − 𝑳 𝑘 𝑺 𝑘

0 ≤ 𝑸𝒄(𝑘) ≤ 𝑸𝒄𝒎𝒂𝒙 (𝑘) 0 ≤ 𝑸𝒅(𝑘) ≤ 𝑸𝒅𝒎𝒂𝒙 (𝑘)

𝑰𝒎í𝒏(𝑘) ≤ 𝑰(𝑘) ≤ 𝑰𝒎á: (𝑘) 0 ≤ 𝑺(𝑘) ≤ 𝑺𝒎𝒂𝒙(𝑘)

−𝑸𝒄 𝑘 + 𝑸𝒅 𝑘
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Energy	
hubs

Optimization

?

𝑚𝑖𝑛> 𝒄 𝑘 𝑰 𝑘
?@A

BCD

𝑠. 𝑡. 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡𝑠
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• Self-sustaining	
test-bed	plant	
consisting	of	four	
sub-systems

• Development	of	
coordination,		
management		
and	control	
strategies

• Available	data	of	
each	facility	
between	2013	
and	2017	on	a	
minute	basis
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2

1
• Photovoltaic	field
• Solar	collectors	field
• Absorption	chiller
• Reversible	heat	pump

• Photovoltaic	field



University of
Almería System Engineering and	Automatic Area

12/43

Energy	Management	Strategies	in	Production	
Environments	with	Support	of	Solar	Energy

3

4

• Desalination	module
• Solar	collectors	field
• Propane	boiler

• Biomass	boiler
• Propane	heater
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Inputs:	𝑖 = 1, … , 8 Outputs:	𝑜 = 1,… , 9 Devices:	 𝑑 = 1,… , 12 Paths:	 𝑝 = 1,… , 30
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Conversion	model

Storage	model

Production	limits:	inputs,	devices	and	sales

Storage	limits Non-simultaneous	processes
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𝜂UV =
𝑄X

𝐺Z𝐴\,Z
=
𝑚̇^
𝑚̇_`

𝐿_`𝛽c
𝐴\,Z

−
ℎUV 𝑇f\,g − 𝑇h

𝐺Z𝐴\,Z
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𝑪 𝑘

𝑰𝒎á𝒙 (𝑘)
PV	facility	
model

Global	performance	of	the	field	(𝜂)

Available	radiation	on	sloped	surface	(𝐺Z · 𝐴)

Total	PV	array	area

1

CIESOL	PV	field

14	series	modules	per	inverter

42	Atersa
A-222P	
modules

3	CICLO-3000
inverters	Measurements:

- Every	minute	from	2013	to	2017

- Radiation	and	temperature - Detailed	inverters	I/O
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Parking	PV	field

2

3	Fronius	IG+	
55v3	inverters

24	Conergy Power
Plus	240M	modules
(12	series,	2	parallel)

24	Conergy PA	240P	
modules
(12	series,	2	parallel)

72 First Solar
FS-380	modules
(8	series,	9	parallel)

Measurements:

- From	04/2013	
to	03/2014

- Monthly	
inverters
production

- Daily	total	
production

21	series	and	23	parallel	modules	per	inverter

10	Fronius	Agilo	
100	inverters	

⁞⁞

4830	
Conergy
PA	240P	
modules
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Solar	and	
facilities	
geometry

PV	module	
production

Power-
conditioning	
equipment

Radiation	on	
horizontal	surface	

(𝐺,	𝐺i,	𝐺j)

Day	and	
time

Incidence	
and	zenith	

angles	(𝜃, 𝜃l)
Radiation	on	

sloped	
surface	(𝐺Z)

Voltage	and	
current	at	MPP	
(𝑉gn,	𝐼gn)

AC	power	
generation	

(𝑃h\) 𝜂 =
𝑃h\
𝐺Z · 𝐴

Ambient	
temperature	

(𝑇h)
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𝐺Z 	+(𝐺i + 𝐺j)𝜌s
1 − 𝑐𝑜𝑠 𝛽

2

Isotropic	diffuse	
radiation

Ground-reflected	
radiation

𝑅i =
𝑐𝑜𝑠 𝜃 	
𝑐𝑜𝑠 𝜃l

PV	facilities	angles:
- Slope	(𝛽)
- Latitude	(𝜙)
- Azimut (𝛾)
Solar	angles:
- Declination	(𝛿)
- Hour	angle	(𝜔)

= 𝐺i𝑅i +	𝐺j
1 + 𝑐𝑜𝑠 𝛽

2

Ground	reflectance

Day
Time

Solar	and	facilities	geometry
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𝐼 = 𝐼y − 𝐼z 𝑒
|}~��
h − 1 −

𝑉 + 𝐼𝑅f
𝑅f�

Equivalent	circuit	parameters	for	
standard	conditions

PV	module	production For	each	kind	of	module

Manufacturer
specifications

Standard	conditions (𝐺f� =
1000	𝑊/𝑚�, 𝑇\,f� = 25	°𝐶)

Normal	conditions (𝐺?�VZ =
800	𝑊/𝑚�, 𝑇h,?�VZ = 20	°𝐶)

𝑉z\,	𝐼f\,	𝑉gn,	𝐼gn,	𝜇|,z\,	𝜇~,f\

𝑇\,?�VZ
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𝑆Z
𝑆Z,f�

= 𝑀h
𝐺i
𝐺f�

𝑅i𝐾��,i +
𝐺j
𝐺f�

𝐾��,j
1 + cos𝛽

2
+
𝐺i + 𝐺j
𝐺f�

𝜌s𝐾��,s
1 − 𝑐𝑜𝑠𝛽

2

PV	module	production

Equivalent	circuit	parameters	
for	standard	conditions	

(𝑎f� ,	𝐼y,f� ,	𝐼z,f� ,	𝑅f�,f� ,	𝑅f,f�)

𝐺,	𝐺i,𝐺j,
𝜃, 𝜃l

𝑇h, 𝐺Z,	𝜂n�

Absorbed	radiation	
ratio	(𝑆Z 𝑆Z,f�⁄ )

Module	operation	
temperature	(𝑇\)

𝑎
𝑎f�

=
𝑇\
𝑇\,f�

𝐼y =
𝑆Z
𝑆Z,f�

𝐼y,f� + 𝜇~,f\ 𝑇\ − 𝑇\,f�

𝐼z
𝐼z,f�

=
𝑇\
𝑇\,f�

�

𝑒
��,��
BZ�,��

	@	
��
BZ�

𝐸s
𝐸s,f�

= 1 − 𝐶 𝑇\ − 𝑇\,f�
𝑅f�
𝑅f�,f�

=
𝑆Z,f�
𝑆Z

𝑅f = 𝑅f,f�

Equivalent	circuit	parameters	
for	any	conditions
(𝑎,	𝐼y, 𝐼z, 𝑅f�, 𝑅f)

𝑇\ = 𝑇h + 𝑇\,?�VZ − 𝑇h,?�VZ
𝐺Z

𝐺?�VZ
1 −

𝜂n�
0,9

Beam Isotropic	diffuse Ground-reflected

Air	mass	modifier
“atmosphere	effect”

Incidence	angle	modifiers
“glass	cover	effect”

Manufacturer
specifications

Normal	conditions (𝐺?�VZ =
800	𝑊/𝑚�, 𝑇h,?�VZ = 20	°𝐶)

𝑇\,?�VZ

𝑎
𝑎f�

=
𝑇\
𝑇\,f�

𝐼y =
𝑆Z
𝑆Z,f�

𝐼y,f� + 𝜇~,f\ 𝑇\ − 𝑇\,f�

𝐼z
𝐼z,f�

=
𝑇\
𝑇\,f�

�

𝑒
��,��
BZ�,��

	@	
��
BZ�

𝐸s
𝐸s,f�

= 1 − 𝐶 𝑇\ − 𝑇\,f�
𝑅f�
𝑅f�,f�

=
𝑆Z,f�
𝑆Z

𝑅f = 𝑅f,f�
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𝑇\ = 𝑇h + 𝑇\,?�VZ − 𝑇h,?�VZ
𝐺Z

𝐺?�VZ
1 −

𝜂n�
0,9

𝐺,	𝐺i,𝐺j,
𝜃, 𝜃l

Equivalent	circuit	parameters	
for	any	conditions
(𝑎,	𝐼y, 𝐼z, 𝑅f�, 𝑅f)

Equivalent	circuit	parameters	
for	standard	conditions	

(𝑎f� ,	𝐼y,f� ,	𝐼z,f� ,	𝑅f�,f� ,	𝑅f,f�)

Absorbed	radiation	
ratio	(𝑆Z 𝑆Z,f�⁄ )

Module	operation	
temperature	(𝑇\)

𝑎
𝑎f�

=
𝑇\
𝑇\,f�

𝐼y =
𝑆Z
𝑆Z,f�

𝐼y,f� + 𝜇~,f\ 𝑇\ − 𝑇\,f�

𝐼z
𝐼z,f�

=
𝑇\
𝑇\,f�

�

𝑒
��,��
BZ�,��

	@	
��
BZ�

𝐸s
𝐸s,f�

= 1 − 𝐶 𝑇\ − 𝑇\,f�
𝑅f�
𝑅f�,f�

=
𝑆Z,f�
𝑆Z

𝑅f = 𝑅f,f�

𝐼 = 𝐼y − 𝐼z 𝑒
|}~��
h − 1 −

𝑉 + 𝐼𝑅f
𝑅f�	

	
	Voltage	and	current	at	

maximum	power	point	(MPP)
(𝑉gn, 𝐼gn)

𝜂n� =
𝑉gn𝐼gn

𝐺Z𝐴\PV	module	
performance	

(𝜂n�)
𝐺Z

Initial	guess	
𝜂n� = 0,12

𝜕𝐼
𝜕𝑉

= 0

𝑇h, 𝐺Z,	𝜂n�
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Power-conditioning	equipment

1

CIESOL	PV	field
- Fitting	for	𝜂��� − 𝑃j\

- Results	vary	between
inverters	

- 𝑅� values	close	to	1

- Dependency	with	other
variables?
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Power-conditioning	equipment

Power (𝑃h\) Fronius Agilo 100
460 V / 820 V

Fronius IG+ 55v3
230 V / 370 V / 500 V

5 % of 𝑃h\,c 90.5 / 84.8 % 90.5 / 91.6 / 89.9 %
10 % of 𝑃h\,c 94.6 / 91.5 % 91.5 / 92.2 / 90.8 %
20 % of 𝑃h\,c 96.6 / 94.7 % 93.4 / 93.6 / 93.3 %
25 % of 𝑃h\,c 96.9 / 95.4 % 94.1 / 94.2 / 93.3 %
30 % of 𝑃h\,c 97.0 / 95.7 % 94.4 / 94.5 / 93.8 %
50 % of 𝑃h\,c 97.2 / 96.3 % 94.7 / 95.4 / 94.7 %
75 % of 𝑃h\,c 96.9 / 96.1 % 95.2 / 95.7 / 95.0 % 
100 % of 𝑃h\,c 96.5 / 95.7 % 95.3 / 95.9 / 95.2 %
Power Fronius Agilo 100 Fronius IG+ 55v3
DC (𝑃j\,c) 104,4 kW 5,25 kW
AC (𝑃h\,c) 100 kW 5 kW

Parking	PV	field

2

- Linear	interpolations	to	get	𝜂��� for	inverters	

- Constant	coefficient	𝜂h\ for	losses	between	
these	and	the	electric	meter
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1

CIESOL	PV	field

Indicator Max. Min. Mean
EM	[W] 387 -499 -57

NRMSE	[%] 17,2 1,5 4,5

- Daily	mean error	
(black)	and	root	mean	
square	error (blue)

Quantitative validation:

- Gaps	correspond to
missing data

- Days with high
NRMSE	(up)	and	low
NRMSE	(down)	with
different weather
conditions

Qualitative validation:
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Parking	PV	field

2 Quantitative validation:

- Same indicators but for the
entire period

- Production underestimated

Qualitative validation:

- Production fluctuates with
radiation during the year

- Peaks correspond to
cloudiness
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MPC	based	on	economic	criteria:	deterministic	approach	based	on	real	data

?

• From 0 h to 18 h (UTC+1/UTC+2) H is 
shorted in order to make it equal to the 
difference between the current time and 
midnight, the period when the electricity price
is known.

• From 18 h to 24 h (UTC+1/UTC+2) 
electricity price is published for the whole 
following day, so H takes a value of 24 h.
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MPC	based	on	economic	criteria:	deterministic	approach	based	on	real	data

?

Economic	MPC
“Deterministic”

Energy	
Hub

𝑷 𝑘 	,𝑴 𝑘 ,	
𝑸𝒄𝒉 𝑘 , 𝑸𝒅𝒊𝒔 𝑘

𝑺 𝑘 + 1 	

Real	data

𝑺𝒕𝒐𝒓𝒂𝒈𝒆	𝑺𝒚𝒕𝒆𝒎𝒔 = "𝑺𝒕𝒂𝒕𝒆𝒔"
𝑻 = 𝟏	𝒉
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• Multi-objective optimization
• Stochastic and	robust optimization for
uncertainty

• Improving computational efficiency
formulations
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