
Power Management Strategy for the effective sizing of 
a PV Hybrid Renewable Energy System with 

battery and H2 storage.



Block diagram of the PV Hybrid Renewable Energy System.



Annual load profile



Dependence of the electrolyzer’s efficiency and H2 generation on power consumption.

ELeff = 66.8 × Pel
-0,05

GMH2 = 0.0153 × Pel
0.95



Power consumption for H2 compression

PWcomp = (976.62 × Pcyl
0,27) × GMH2



FCeff = 59.0 – 2.23*PFC CΜH2 = 2.78* PFC
2 + 33.17*PFC + 4.24 

Dependence of the fuel cell’s efficiency and H2 consumption on power generation



Alkaline Electrolyzer PEM Fuel Cell 
Power, kW 0.90 – 6.18 Power, kW 0.44 – 6.15 
Voltage, V 50 – 56  Voltage, V 67 – 88  
Current, A 18 – 111  Current, A 5 – 92  
Efficiency, % 60 – 68  Efficiency, % 44 – 59  
H2 generation, gr/hr 13.9 – 86.2  H2 consumption, gr/hr 17.3 – 318.1  
Hydrogen Compression  Hydrogen Storage 
Pmax, bar 100 Pmax, bar 100 
Power, kW <0,29 Maximum storage capacity, kgH2  30.5 – 53.3 
Compression rate, lt(STP)/hr <1,256 Number of 50 lt cylinders  80 – 140 

 

Design characteristics of the hydrogen system elements



Flowchart of the Energy Management Strategy



Case A1: Solar Energy Surplus – Partially Charged Battery

ES/D,t > 0 and SOE < 95%



Case A2: Solar Energy Surplus – Highly Charged Battery

ES/D,t > 0 and SOE > 95%



Case A2: Solar Energy Surplus – Highly Charged Battery

𝐓𝐚𝐯𝐄𝐋,𝐭−𝟏 =
𝐌𝐇𝟐,𝐦𝐚𝐱 − 𝐌𝐇𝟐,𝐭−𝟏

𝐆𝐌𝐇𝟐,𝐦𝐚𝐱

𝜧𝑯𝟐,𝒎𝒂𝒙 is the maximum mass of H2 that can be stored in kg,

𝜧𝑯𝟐,𝒕−𝟏 is the mass of stored hydrogen, at time “t-1”, in kg, and

𝑮𝑴𝑯𝟐,𝒎𝒂𝒙 is the maximum H2 production rate, in kg/hr. GMH2 = 0.0153 × Pel
0.95

H2 storage availability variable:



Case A2: Solar Energy Surplus – Highly Charged Battery

Case A2.1.1.2 Eel,min/ncon,EL + Ecomp,min,t/ninv < ES/D,t < Eel,max/ncon,EL + Ecomp,max,t/ninv

𝑬𝐞𝐥,𝒕 , 𝑮𝑴𝐇𝟐,𝒕 , 𝑬𝐜𝐨𝐦𝐩,𝐭

𝑬𝒆𝒍,𝒕= 𝑬𝑺/𝑫,𝒕 −
𝑬𝒄𝒐𝒎𝒑,𝒕

𝒏𝒊𝒏𝒗
× 𝒏𝒄𝒐𝒏,𝑬𝑳

𝑮𝑴𝑯𝟐,𝒕 = 𝟎. 𝟎𝟏𝟓𝟑 × 𝑬𝒆𝒍,𝒕
𝟎.𝟗𝟓

𝑬𝒄𝒐𝒎𝒑,𝒕 = 𝟗𝟕𝟔. 𝟔𝟐 × 𝑷𝒄𝒚𝒍,𝒕−𝟏
𝟎.𝟐𝟕 × 𝑮𝑴𝑯𝟐,𝒕

Case A2.1.1.1 ES/D,t ≥ Eel,max/ncon,EL + Ecomp,max,t/ninv

Produced H2 (in kg) gmH2,t = GMH2,tΔt

Total mass of stored H2 (in kg) MH2,t = MH2,t-1 + gmH2,t

Residual energy Eres,t = Epv,tncon,pv – (Eload,t + Ecomp,t)/ninv – Eel,max /ncon,EL

If Eres  Bnec – Ebat,t-1  then Echarge,t = Eres,t

If Eres > Bnec – Ebat,t-1 then Echarge,t = Bnec – Ebat,t-1 

and Ewaste,t = Eres,t – (Bnec – Ebat,t-1)

Case A2.1.2 ES/D,t < Eel,min/ncon,EL + Ecomp,min,t/ninv

𝑬𝒅𝒊𝒔𝒄𝒉,𝒕 =
𝑬𝒆𝒍,𝒎𝒊𝒏

𝒏𝒄𝒐𝒏,𝑬𝑳 
+

𝑬𝒄𝒐𝒎𝒑,𝒎𝒊𝒏,𝒕

𝒏𝒊𝒏𝒗
−  𝑬 Τ𝑺 𝑫,𝒕



Case B1: Solar energy deficit and partially discharged batteries.

ES/D,t < 0 and SOE > 20%

𝜠𝒅𝒊𝒔𝒄𝒉,𝒕 =
𝑬𝒍𝒐𝒂𝒅,𝒕

𝒏𝒊𝒏𝒗
− 𝑬𝑷𝑽,𝒕𝒏𝒄𝒐𝒏,𝒑𝒗

𝑬𝒃𝒂𝒕,𝒕 = 𝑬𝒃𝒂𝒕,𝒕−𝟏 − 𝜠𝒅𝒊𝒔𝒄𝒉,𝒕



Case B2: Solar energy deficit and deeply discharged batteries.

ES/D,t < 0 and SOE < 20%



Case B2: Solar energy deficit and deeply discharged batteries.

Required time of FC to operate at its maximum power output

𝑻𝒂𝒗𝑭𝑪,𝒕−𝟏 =
𝑴𝑯𝟐,𝒕−𝟏 − 𝑴𝑯𝟐,𝒎𝒊𝒏

𝑪𝑴𝑯𝟐,𝒎𝒂𝒙

MH2,t-1 and MH2,min are the stored H2 mass (kg) at “t-1” and the defined 
minimum stored H2 mass (kg), respectively.

CMH2,max the maximum H2 consumption, kg/hr CΜH2 = 2.78* PFC
2 + 33.17*PFC + 4.24 



Case B2: Solar energy deficit and deeply discharged batteries.

Case B2.1: Fuel Cell operation (PV energy shortage, SOE  20 % BNEC, H2 availability)

𝑬𝒇𝒄,𝒕 =
−𝑬𝑺/𝑫,𝒕

𝒏𝒄𝒐𝒏,𝒇𝒄
=

𝑬𝒍𝒐𝒂𝒅,𝒕

𝒏𝒊𝒏𝒗
− 𝑬𝑷𝑽,𝒕 ∙ 𝒏𝒄𝒐𝒏,𝒑𝒗 /𝒏𝒄𝒐𝒏,𝒇𝒄

Case Β2.1.1: For Efc,t > Efc,max Edisch,t = Efc,t – Efc,max

Case Β2.1.2: For Efc,t ≤ Efc,max

Case B2.1.2.1, for Efc,t ≥ Efc,min

Case Β2.1.2.2, for Efc,t < Efc,min Echarge,t = Efc,min – Efc,t



Case B2.2, Operation of the Diesel Generator.



440 examined combinations of nominal PV power, battery’s storage capacities and H2 cylinders volumes 
(cylinder volumes 4 – 7 m3 , corresponding to 80 – 140 cylinders).



The batteries’ bank state of energy (SOE) annual variation, 
for selected NPV/NBAT/VCYL combinations. 



The hydrogen system and the diesel generator annual operation, for 5 m3 H2 storage volume.



The hydrogen system and the diesel generator annual operation, for 7 m3 H2 storage volume.



DG generation for BNEC: 60 – 140 kWh, and the total examined number of PV modules and H2

storage cylinders.



 NPV – number of PV-modules in the PV-array 
(kW of the PV-array nominal power output) 

N B
AT

 –
 n

um
be

r o
f b

at
te

ry
 e

le
m

en
ts

 in
 th

e 
ba

tte
ry

 b
an

k 
(k

W
h 

of
 th

e 
ba

tte
ry

 b
an

k c
ap

ac
ity

) 

 31 
(9.61) 

32 
(9.92) 

33 
10.23) 

34 
(10.54) 

35 
(10.85) 

36 
(11.16) 

37 
(11.47) 

38 
(11.78) 

39 
(12.09) 

40 
(12.40) 

10 
(50) 

   7 4-7 4-7 4-7 4-7 4-7 4-7 

12 
(60) 

   6-7 4-7 4-7 4-7 4-7 4-7 4-7 

14 
(70) 

  7 5-7 4-7 4-7 4-7 4-7 4-7 4-7 

16 
(80) 

  5-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 

18 
(90) 

 6-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 

20 
(100

) 
6-7 5-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 

22 
(110

) 
6-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 

24 
(120

) 
5-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 

26 
(130

) 
5-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 

28 
(140

) 
4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 

30 
(150

) 
4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 4-7 

 

Required H2 storage volumes (VCYL, m3) for zero DG generation, 
for the examined number of installed PV modules (NPV) and batteries elements (NBAT).



Wasted PV generation for BNEC: 60 – 140 kWh, and
the total examined number of PV modules and H2 storage cylinders



 NPV – number of PV-modules in the PV-array 
(kW of the PV-array nominal power output) 
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Hydrogen excesses or shortages, for BNEC: 60 – 140kWh, 
and the total examined number of PV modules and H2 storage cylinders



 NPV – number of PV-modules in the PV-array 
(kW of the PV-array nominal power output) 
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Required H2 storage volumes (VCYL, m3) for the annual H2 excesses/shortages 
within ± 20 % of initially stored H2, for the examined NPV and NBAT.

NPV – number of PV-modules in the PV-array
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Required H2 storage volumes (VCYL,
m3) for:
(i) zero DG generation,
(ii) zero waste and
(iii) annual H2 excesses/shortages in

the range of ± 20 % of initially
stored H2,

for the examined number of installed
PV modules (NPV) and batteries
elements (NBAT).
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