
vEnergy demand fluctuations can be met by large-scale 
underground energy storage and through maximizing the 
possibilities of integrated electricity generation system 
from intermittent wind power [1][2]. 

vThis project analyzes the economic feasibility of power-
to-gas using electrolysis technologies in a 1-GW 
nameplate capacity wind project (500 2-MW wind 
turbines) and the economic benefits of utilizing salt 
caverns as underground energy (hydrogen) storage for 
controlled dispatch.

vWe develop a stochastic model using GAMS to calculate 
different financial parameters (NPV, IRR, B/C ratio) for 
economic feasibility analysis of 1056 scenarios with ten 
variables including: cavern installation costs, cost of 
electrolysis, hydrogen distribution costs, transmission 
costs, production tax credit, and efficiency (with 
sensitivity analysis).

vWe find that the median increased capacity factor for 
this 1-GW hypothetical wind project with the installation 
of salt caverns as hydrogen storage is approximately 
0.243.

ABSTRACT

vTo develop a stochastic model that analyzes multiple 
scenarios with different financial variables to study the 
economic feasibility of coupling salt cavern hydrogen 
storage with a hypothetical 1-GW windfarm.

vTo propose the most economically reasonable solution to 
the existing problem of excess renewable energy 
curtailment.

vTo promote the benefits of utilizing green hydrogen gas 
as a response to energy market demand fluctuations.

OBJECTIVES

Stochastic model: Stochastic model is an approach used for estimating probability distributions of potential outcomes which 
are characterized by a randomizing one or more variables/inputs over time. 
GAMS (General Algebraic Modeling System): GAMS is an advanced modeling system for mathematical programming and 
optimization problems. GAMS modeling language allows the integration of real-world optimization problems into computer 
code for concise and instantaneous formulation. 
Capacity factor:

Equations and financial inputs:

MATERIALS AND METHOD

RESULTS ANALYSIS

CONCLUSION
v Utilizing salt caverns hydrogen storage increases the 

Capacity Factor of the 1-GW hypothetical wind project 
without reducing the power output of the system.

v Since wind pattern can sometimes be unpredictable 
(there is more wind at non-peak hours), being able to 
utilize this cheap energy that remains unused for 
electrolysis processes (to produce Hydrogen for future 
dispatch) can provide a huge boost in the project 
revenue [5].

v On the other hand, areas where demand exceeds supply 
can be managed by conventional power plants such as 
coal, natural gas, nuclear [5].

v Nevertheless, if the costs of producing Hydrogen gas 
using renewable energy resources (fixed O&M, 
production variable, production and CSD costs) can be 
improved in the nearest future, the benefits of storing 
Hydrogen for future dispatch will be improved 
tremendously [4]. 

v Due to the intermittent nature of wind power and 
renewable resources in general, the ability to couple 
large-scale energy storages efficiently with wind 
turbines will be an excellent feature to help leveling 
renewable energy with most conventional power plants 
[5].

REFERENCES
[1] A. Ozarslan, “Large-scale hydrogen energy storage in 
salt caverns,” Int. J. Hydrogen Energy, vol. 37, no. 19, pp. 
14265–14277, 2012, doi:  
https://doi.org/10.1016/j.ijhydene.2012.07.111.
[2] Energy Office of Energy Efficiency & Renewable, 
“Hydrogen Storage,” Hydrogen. Fuel Cell Technol.
[3] N. C. of S. L. Matthew H. Brown and T. R. A. P. Richard 
P. Sedano, “Electricity Transmission A Primer,” pp. 12–90, 
2004.
[4] Energy Office of Energy Efficiency & Renewable, “DOE 
Technical Targets for Hydrogen Production from 
Electrolysis,” Hydrogen. Fuel Cell Technol.
[5] J. Jorgenson, T. Mai, and G. Brinkman, “Reducing Wind 
Curtailment through Transmission Expansion in a Wind 
Vision Future,” Tech. Rep., vol. 1, no. 1, pp. 1–38, 2017.
[6] J. Apt, A. Newcomer, L. Lave, S. Douglas, and L. Dunn, 
“An Engineering-Economic Analysis of Syngas Storage,” 
2021.
[7] F.-B. Wu, B. Yang, and J. L. Ye, “Chapter 2 -
Technologies of energy storage systems,” in Grid-scale 
Energy Storage Systems and Applications, Academic Press, 
2019, pp. 17–56.

ACKNOWLEDGEMENTS
I would like to express my gratitude to my project 
supervisor Dr. Brandon Schwartz and to the faculty 

members of the John and Willie Leone Family Department 
of Energy and Mineral Engineering who participated. 

Finally, I would like to thank Dr. Sanjay Srinivasan for this 
tremendous learning opportunity and the valuable research 

experience that came with it.

EME Summer Research Internship Program 2021
Duc Nguyen, Brandon Schwartz

Stochastic model and techno-economic analysis of integrating large-scale wind power 
generation with underground hydrogen storage

0

0.5

1

1.5

2

2.5

0 50 100 150

Ho
ur

ly
 p

ow
er

 g
en

er
at

io
n/

de
m

an
d 

(G
W

)

Hours (1 week)

PJM market region supply and demand curve

2013 Demand Jan 2021 Sup Feb 2021 Sup March 2021 Sup

0.249

0.219

0.238

0.244
0.249

0.244

0.225

0.215

0.257

0.247

0.236
0.241

0.19

0.2

0.21

0.22

0.23

0.24

0.25

0.26

0.27

Jan-21 Feb-21 Mar-21 Jan-20 Feb-20 Mar-20 Jan-19 Feb-19 Mar-19 Jan-18 Feb-18 Mar-18

Increased Capacity Factor 

-1.5

-1

-0.5

0

0.5

1

1.5

0 20 40 60 80 100 120 140 160

Da
ily

 e
ne

rg
y 

pr
od

uc
tio

n 
(G

W
)

Weekly excess energy (GW)

2021 Supply - Demand

Jan-21 Feb-21 Mar-21 2 per. Mov. Avg. (Jan-21)

PJM metered load data  Increased capacity factor 4-years period sample (3 months /year)

-4000 -2000 0 2000 4000 6000

PTC

TAX

VC (S)

PVI*100

ROR (%) *10

Income

Elec Sales

CC (S)

H2 Production/10

NPV

Results comparison of extreme NPV values

S1038

S25

0.00%

2.00%

4.00%

6.00%

8.00%

10.00%

12.00%

14.00%

16.00%

18.00%

20.00%

7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

M
or

e%
 O

U
R 

O
F 

TO
TA

L 
N

U
M

BE
R 

O
F 

SC
EN

AR
IO

S

INTERNAL RATE OF RETURN % RANGE

Histogram distribution by scenarios  

No Storage (32 scenarios) With Storage (1024 scenarios)

-1000

0

1000

2000

3000

4000

5000

6000

0 2 4 6 8 10 12

PR
O

JE
CT

 N
ET

 P
RE

SE
N

T 
VA

LU
E 

/ 
$M

M

PROJECT BREAKEVEN PERIOD / YEAR

NPV vs breakeven point scatter plot by 
scenario

With Storage No Storage

0

10

20

30

40

50

7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39
More

INTERNAL RATE OF RETURN RANGE / %

Histogram distribution based on H2 
Distribution Costs No storage

$ 4.3 / kg H2 (0.5 CF)

$ 5.9 / kg H2 (0.5 CF)

$ 4.3 / kg H2 (0.74 CF)

$ 5.9 / kg H2 (0.74 CF)

0

5

10

15

20

25

30

35

40

45

-1000 0 1000 2000 3000 4000 5000 6000

IN
TE

RN
AL

 R
AT

E 
O

F 
RE

TU
RN

  /
 %

PROJECT NET PRESENT VALUE / $MM

ROR vs NPV by scenarios (filtered by 
capacity factor)

0.26 Capacity Factor 0.50 Capacity Factor 0.74 Capacity Factor

5

10

15

20

25

30

35

40

45

0 2 4 6 8 10 12 14

IN
TE

RN
AL

 R
AT

E 
O

F 
RE

TU
RN

 /
 %

 

PROJECT BREAKEVEN PERIOD / YEAR

ROR vs breakeven point scatter plot by scenario

With storage
No storage

𝐶𝐶 𝑆 = 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 +𝑊𝑖𝑛𝑑 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 + 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑧𝑒𝑟 + 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 + 1.1 ∗ 𝐻2𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑆 ∗ 𝑆𝑡𝑜𝑟𝑎𝑔𝑒
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Without storage, wind energy creates 
natural supply/demand mismatches

Hydrogen storage allows for large-scale wind deployment, as 
power excess can be stored and dispatched to match demand 

Added power output can be measured as increased capacity 
factor, which historically required decreased power output.


