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The trouble with solar
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Need for storage
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Mechanical: Pumped Hydro
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Ludington Pump Hydro

1000 acres, Lake Michigan

Since 1973

𝑊 = 𝑚𝑔ℎ

𝜂 = 80 − 90%
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Mechanical: Pumped Air Storage
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𝑊 ∝ (𝑃2 − 𝑃1) 𝑉
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Kinetic Energy Storage
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Electro-chemical Storage
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EC Batteries Flow batteries

ZnBr, VRB, PSB

(Long life, rapid response)

Pb-acid, Li-ion, Ni-Cd

(cost, capacity, reliability)



Electrochemical battery
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A Simple model for battery
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Cathode

𝐸0 Δ𝐸0 𝑖0 𝐶𝑏

𝑅𝑏 Anode

Δ𝐸0 =
𝑘𝐵𝑇

𝜂𝑐
ln

𝑐

𝑐0

𝐼𝐵𝑉 = 𝐼0,𝐵𝑉 [𝑒
𝛼𝐹𝑣 − 𝑒−𝛼𝑅𝑣] 𝑣 ≡ m (𝑞𝑉 − 𝐸0(𝑡))/(𝑘𝐵𝑇)

m … electrons reaction

𝐸0 …Reaction potential 

𝛼𝐹 + 𝛼𝑅 = 1



A Simple model for battery
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A Simple model for battery

Δ𝐸0 =
𝑘𝐵𝑇

𝜂𝑐
ln

𝑐

𝑐0
=
𝑘𝐵𝑇

𝜂𝑐
ln

𝐼 × 𝑡

𝑐0

𝐸
0
Δ
𝐸
0

𝑅
𝑏

Gassing, parallel reaction (must be optimized) 

Depth of charge

𝑖0 = 10−13 𝐴. 𝑐𝑚−2

𝑖0 = 10−5 𝐴𝑐𝑚−2)
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A power-plant!
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Electrolyzing water and H2 storage

20

𝐸0 Δ𝐸0 𝑖0

𝑅𝑏

𝐻2𝑂 = 𝐻2 + 𝑂2
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How to think about nonlinear loads 

I

V
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Efficiency vs. Number of Cells
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HW: Analytical Results for N<2
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𝐼𝐵𝑉 = 𝐼0,𝐵𝑉 [𝑒
𝛼𝐹𝑣 − 𝑒−𝛼𝑅𝑣]

𝑃𝑜𝑢𝑡 = 𝐼𝑝ℎ 𝑉𝑜𝑝 = 𝑁𝑉𝑚𝑝,1𝐼 0,𝐵𝑉 𝑒
𝛼𝐹 𝑁𝑉𝑚𝑝,1−𝐸0 𝛽

N*exp(N)

𝑉𝑜𝑝 = 𝑉𝑚𝑝 𝑁 ~𝑁 𝑉𝑚𝑝,1

𝐼𝐵𝑉 ≅ 𝐼0,𝐵𝑉 [𝑒𝛼𝐹𝑣𝑚𝑝]

𝑣𝑚𝑝 ≡ m (𝑁𝑉𝑚𝑝,1 − 𝐸0)/(𝑘𝐵𝑇)<1
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HW: Analytical results for N>2
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𝐼 = 𝐼𝑝ℎ – 𝐼0 𝑁, 𝑅 𝑒𝛽𝑉 – 1 = 𝐼𝐵𝑉

𝐼𝑝ℎ = 𝐼𝑚𝑝,1/(𝑁 + 1) ∼ 𝐼𝐵𝑉 = 𝐼0,𝐵𝑉𝑒
𝛼𝐹𝑣

𝐼𝐵𝑉 = 𝐼0,𝐵𝑉 [𝑒
𝛼𝐹𝑣 − 𝑒−𝛼𝑅𝑣]

𝑉𝑜𝑝 = 𝐸0 +
1

𝑚𝛽
𝑙𝑛
𝐼𝑚𝑝,1/(𝑁 + 1)

𝐼0,𝐵𝑉

𝑃𝑜𝑢𝑡 = 𝐼𝑝ℎ 𝑉𝑜𝑝 =
𝐼𝑚𝑝,1

𝑁 + 1
× 𝑉𝑜𝑝~

1

𝑁 + 1
ln

1

1 + 𝑁
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Numerical Analysis Confirms trends

A. T. Bell, PNAS, 2016
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Tandem Farms and Tandem EC Cells
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𝑀/𝐾 ~ 1.67 = 8/5, 𝜂max= 26.46%

T. Patel, JPV, 8(4), 1082, 2018. 
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Tandem Farms and Tandem EC Cells
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T. Patel, JPV, 8(4), 1082, 2018. 



Three ways to create hydrogen
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Multi-junction PV for water splitting
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Sunlight PV EC Cells CH3COOH
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Energy storage Options
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Cost of Energy storage
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Batteries

Flywheel

Hydro
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Conclusions
Energy storage is a fundamental challenge for 

solar cells.  Both the price of PV and battery must 

drop to make PV economical. 

There are a number of strategies for electro-

mechanical storage. 

It is easy to understand the essential features of 

battery charge storage and the principles of fuel 

cells as electro-chemical storage mechanisms. 
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