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� Existing electricity market structures set hydrogen price floor.

� Underground hydrogen storage makes grid support attractive.

� Markets and technology affect profitability.

� Hydrogen and wind power can be synergistic.
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If an affordable infrastructure for low-carbon-intensity hydrogen can be developed, then

hydrogen is expected to become a key factor in decarbonizing the atmosphere. This

research focuses on factors an existing wind farm operator would consider when weighing

participating in the electricity market, the hydrogen market, or both.

The solutions depend on the state of technology, which is changing rapidly, the local

market structures, the local natural resources, and the local pre-existing infrastructure.

Consequently, this investigation used an assessment approach that examined the varia-

tion of net present value. The investigation identified profitability conditions under three

different scenarios: 1) Make and sell what makes economic sense at the time of production,

2) Use electrolyzer and fuel cell to consume power from the grid at times of low net de-

mand and to produce electricity at times of high net demand, 3) Same as #2 but also market

hydrogen directly when profitable.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Hydrogen production and sale is a global industry largely

supporting fertilizermanufacturing and industrial processing.

Industry and governments have recognized that hydrogen can

help decarbonize transportation, the grid, and industrial

processes [1]. Previous research [2] noted that hydrogen is

attractive for decarbonization because it can enhance energy
u (X. Feng), mclewis@ce
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security, is synergistic with existing industries, has viable in-

cremental transition pathways, and is well matched to

renewable energy sources.

Hydrogen supplements renewable energy because it

promises heretofore unavailable long-term large-scale storage

[3,4] and hydrogen can be produced with low carbon intensity

using renewable sources [5]. This promise for hydrogen has

prompted research into producing hydrogen from wind

power, including exploiting excess wind power [6], windfarms
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dedicated to hydrogen production in regions with large wind

sources [7,8] and the combination of wind and hydrogen to

power a building reliably and continuously [9].

Previous research confirmed the technical feasibility of

combining wind power and hydrogen production. This

investigation explores factors thatwould influence an existing

wind facility that produces electricity to shift to hydrogen

production or to a hybrid approach that could provide elec-

tricity or hydrogen, whichever is the greater need.

Solutions tend to be local because the best answers involve

exploiting existing infrastructure and natural resources. A

previous research focus has been on choosing profitable

operational scenarios in wind farms with hydrogen storage.

Approaches have included Markov decision process theory

[10], a scenario-based stochastic method to achieve optimal

performance [11], Monte-Carlo analysis combined with real

options analysis to predict potential hour-by-hour profit-

ability [12], and use of receding-horizon analysis [13]. More-

over, operational optimization approaches have been

developed [14] In addition, a game-theory approach has been

developed to establish appropriate profitability among the

various participants in a wind-hydrogen-electricity market

[15]. It has also been demonstrated that not all potential wind-

hydrogen plants are economically feasible by studying a spe-

cific operation in France [16]. This investigation adds the

perspective of Capex and OpEx to provide guidance as to the

anticipated set of circumstances a wind farm operator my

benefit by expanding into hydrogen production.

The approach taken here is generic, but the specific data

are representative of the western part of Texas, a state in the

United States. Consequently, the specific results are relevant

for that location, but can be expected to differ for other regions

with different characteristics. Western Texas is an area that

has abundant commercial wind and solar electricity produc-

tion, is a historicmajor production location for gas and oil, has

appropriate geology for underground hydrogen storage, and is

served by established pipelines and high voltage trans-

missions lines to carry the energy produced to population

centers. Consequently, it is expected to be a better-than-

average location for wind-produced hydrogen.
Analysis approach

The architecture of the notional system, Fig. 1, consists of four

key components: wind turbines, an electrolyzer to produce

hydrogen, long-term large-scale hydrogen storage, and a fuel

cell to convert hydrogen to electricity. As the technology ad-

vances, consideration will also likely be given to replacing the

fuel cell with a turbine generator or a bidirectional fuel cell.

Utility scale systems using 30% hydrogen as fuel are marketed

now and most major utility turbine manufacturers expect to

support 100% [17]. As that supply chain matures, it has the

potential to compete with fuel cells in this application.

The notional 80 MW wind farm is presumed to be in the

Southwest Power Pool to provide representative electricity

market data. In the analysis, one-year data for this market

(i.e., Oct. 1, 2019eSept. 30, 2020), including day-ahead and

real-time electricity prices, committed day-ahead wind gen-

eration, and real-time wind generation, support the economic
benefit calculation. The data resolution for real-time elec-

tricity price and the real-time wind farm generation is 5 min.

The data resolution for day-ahead electricity price and the

committed day-ahead wind generation is 1 h. Net present

value (NPV) is used to compare different technology solutions

in each scenario. The yearly data are used repeatedly over the

project lifetime.

NPV¼
Xn

t¼0

Rt

ð1þ dÞt (1)

where, Rt is the net cash inflow-outflow during period t, d is

the discount rate or interest rate, t is the time internal index,

and n is the project lifetime. In this analysis, the time interval

is one year.

The capital expenditure (Capex) and operation and main-

tenance (O&M) expenditure are considered over the project

lifetime. As the study focuses on an established wind farm,

the cost of the original wind farm is not considered. Only the

added cost of the hydrogen systems is considered in this

analysis together with the change in net revenues. The CapEx

is calculated:

CapEx¼PFC$CFC þ PElectrolyzer$CElectrolyzer þ Estorage$Cstorage (2)

where, PFC is the fuel cell power capacity (MW), CFC is the cost

of fuel cell per MW (USD/MW), PElectrolyzer is the electrolyzer

power capacity (MW), CElectrolyzer is the cost of electrolyzer per

MW (USD/MW), Estorage is the size of H2 storage (kg), and Cstorage

is cost of H2 storage per kg (USD/kg). The O&M cost is calcu-

lated in annual basis, which is expressed as follows.

OpEx¼PFC$CFC OpEx þ PElectrolyzer$CElectrolyzer OpEx þ Cstorage OpEx (3)

where, CFC OpEx is the fuel cell annual O&M expenditure (USD/

MW-year), CElectrolyzer OpEx is the electrolyzer annual O&M

expenditure (USD/MW-year), and Cstorage OpEx is the H2 storage

annual O&M expenditure (USD/year).

The annual benefit is

Annual Benefit¼New System Revenue

� Original Wind Farm Revenue
(4)

The new system revenue is the overall system revenue

including the additional H2 system and the wind system. For

clarity, the new system and the original wind farm system are

two different standalone hardware systems. The original

wind farm system is the baseline system, and the new system

is the upgraded system with H2 infrastructure.

New System Revenue ¼
XN

i¼1

�
PTCMWh=ð1� rtaxÞ$PTotal

i

þ CDAM
i $PCommitted

i þ CRTM
i $

�
PTotal
i

� PCommitted
i

�
þ
�
CH2$R

H2
i � CWater$R

H2
i

��
$T

(5)

OriginalWind Farm Revenue¼
XN

i¼1

�
PTCMWh=ð1� rtaxÞ$PWind

i þCDAM
i

$PWind Committed
i þCRTM

i $
�
PWind
i �PWind Committed

i

��
$T

(6)



Fig. 1 e Three system architectures considered in this analysis. The green blocks highlight the key capability considered for

addition to the wind farm. The black arrows show electricity flow and the orange arrows, hydrogen flow. In Scenario 1 both

hydrogen and electricity are produced and marketed. In Scenario 2, the hydrogen is not sold but stored and used as needed

to enhance grid performance. Scenario 3 adds hydrogen marketing to Scenario 2.
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where, T is the length of the time interval, i is the time index,N

is the total time intervals in a year, PTCMWh is the production

tax credit (USD/MWh), rtax is the marginal corporate tax rate,

CDAM
i is the day-ahead electricity price (USD/MWh), CRTM

i is the

real-time electricity price (USD/MWh), CH2 is theH2 price (USD/

kg), CWater is the water cost per kg H2 generation (USD/kg H2),

PTotal
i is the real-time power output to the electricity market

from the new system (MW) at the meter or the point of com-

mon coupling, PCommitted
i is the committed power of the new

system (MW), RH2
i is the H2 generation rate (kg/h), PWind

i is the

real-time power generation from the original wind farm (MW),

and PWind Committed
i is the committed power of the original wind

farm (MW).

The governing equations are shown as follows.

PTotal
i ¼PWind

i þ PFC
i � PElectrolyzer

i (7)

PCommitted
i ¼max

�
PWindCommitted
i �PElectrolyzer;0

�
(8)

SOCH2
iþ1 ¼SOCH2

i þ
PElectrolyzer
i $EFFElectrolyzer � PFC

i

.
EFFFC

LHVH2$WH2
(9)

where, PFC
i is the power output of the fuel cell (MW), PElectrolyzer

i is

the power input to the electrolyzer (MW), EFFElectrolyzer is the

electrolyzer efficiency, EFFFC is the fuel cell efficiency, LHVH2 is
the lower heating value of H2 (MW/kg), and the WH2 is the H2

storage size (kg). In this analysis, the power converter effi-

ciency is combined with fuel cell and electrolyzer. The major

constraints are

SOCH2
min �SOCH2

i � SOCH2
max i ¼ 1…Nþ 1 (10)

0� PFC
i � PFC

max i ¼ 1…N (11)

0� PElectrolyzer
i � PElectrolyzer

max i ¼ 1…N (12)

PElectrolyzer
i �PWind

i i ¼ 1…N (13)

where, SOCH2
min and SOCH2

max are the minimum and maximum

allowed state-of-charge of H2 storage, PFC
max is the maximum

allowed fuel cell power, and PElectrolyzer
max is the maximum allowed

electrolyzer power. The electrolyzer power needs to be always

less than the wind power generation. In other words, no

power is bought from grid to charge the H2 storage. It should

be noted this is a generic formulation to estimate the NPV for

the wind and hydrogen integration. A tool has been developed

in Matlab to perform the study. Once the market data and

infrastructure cost data are available for a certain study re-

gion, the newdata can be used by this tool to generate analysis

results.

The values for key parameters are summarized in Table I.



Table 1e Summary of the key parameters in the analysis.

Variable definition Value

Time interval, T 5 min

Wind system production

tax credit, PTCMWh

$25/MWh

Water cost per kg H2

generation, CWater

$0.05/kg H2

Capital cost of fuel cell, CFC $0.6 M/MW [18]

Capital cost of electrolyzer, CElectrolyzer $1.4 M/MW [19]

Capital cost of H2 storage, Cstorage $50/kg H2 storage [20]

(underground salt cavern)

Fuel cell annual O&M cost, CFC OpEx $13.4 k/MW-year [21]

Electrolyzer annual O&M cost,

CElectrolyzer OpEx

$14.5 k/MW-year [21]

H2 storage annual O&M

cost, Cstorage OpEx

2.5% of H2 storage

CapEx [21]

Discount rate or interest rate, d 5%

Electrolyzer efficiency, EFFElectrolyzer 67% [22]

Fuel cell efficiency, EFFFC 50% [23]

Lower heating value of H2, LHVH2 33.6 kWh/kg

H2 storage size, WH2 30,000 kg

Minimum allowed SOC

of H2 storage, SOC
H2
min

5%

Maximum allowed SOC

of H2 storage, SOC
H2
max

95%
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Case study results

Scenario 1 e sell either hydrogen or electricity whichever
provides the better return

In this scenario, electricity is sold when the day-aheadmarket

(DAM) electricity price produces more revenue than the

hydrogen market. Since storage is finite, but potentially very

large compared to other grid-level storage technologies, the

generated H2 is sold to the market at the market price before

the storage is fully filled. When the day-ahead electricity price

is lower than a pre-selected value, the electrolyzer generates

H2. If the wind power generation is higher than the electro-

lyzer capacity, the electrolyzer will operate at its maximum

capacity with the balance sold to the electricity market;

otherwise, the electrolyzer will use all the available wind

power to generate H2. In this way, the wind farm avoids

reverse power flow.

This scenario is one wind farm operators may seriously

consider. Typically wind farms are remote from load centers.

In many cases, the transport of the wind farm energy via

hydrogen pipelines may be significantly less costly than

transmission via high voltage power lines. These differences

will affect the electricity and hydrogen purchase prices. The

energy transmission price differential is a factor each wind

farm operator will consider as the cost differential is generally

affected by local infrastructure [23,24].

The electrolyzer installation capacity and DAM price for

electrolyzer activation are two variables in the sensitivity

analysis. The electrolyzer capacity is varied from 2 MW to

20 MW (up to 25% of the 80 MW wind farm capacity). The

DAM price for electrolyzer activation is varied from $2/MWh

to $40/MWh. It is assumed that the project lifetime is 15

years and the H2 net sale price is $4/kg. Under these
assumptions, the optimal size of electrolyzer is calculated to

be 12 MW and the calculated optimal DAM price for elec-

trolyzer activation is $36/MWh. Net Present Value as a

function of electrolyzer size and price to start is shown a

chart in Appendix A. For the best case, the NPV of the sys-

tem is $16 M USD. For this case, the electrolyzer utilization

percentage is around 80%. Fig. 2 shows a sample of reduced

electricity for sale in the electricity market when electricity

is used to produce hydrogen.

The breakeven H2 price will vary based on the equipment

costs, electricitymarkets, and production tax credits. . For this

configuration, the H2 price to make the solution profitable is

about $3.4/kg. The price point being about $3.40 is consistent

with earlier investigations [25,26]. This conclusion includes a

$25/MWh electricity production tax credit (PTC) over the

project lifetime. If a 25% marginal corporate tax rate is

considered in the analysis, the breakeven H2 production cost

is about $3.75/kg. The H2 breakeven cost increases with

increasing value of PTC. However, the wind farm PTC de-

creases depending on the construction year [27]. If the PTC

were zero, the breakevenH2 production cost would be reduced

to $2.1/kg.

The result also highlights an important market concern.

The production of lower cost hydrogen with low carbon in-

tensity is viewed as important for decarbonization of trans-

portation and industrial processes. Thewind powermarket, at

least until it is saturated, provides a higher margin with to-

day's market structure. Governments continue to modify

electricity and/or hydrogen market structures to keep market

incentives aligned with public policy objectives.

Scenario 2 - use electrolyzer to make hydrogen when
electricity price is low, store the hydrogen and make and sell
electricity from the hydrogen when electricity prices are high

H2 is generated when DAM electricity price is low. The pro-

duced H2 is assumed to be stored in a 30,000-kg (approxi-

mately 1 GWh energy equivalent) salt cavern storage system.

This is a relatively small storage system compared to what is

in commercial operation in recognition that not all wind

farms are located near ideal geological storage. The fuel cell is

used to generate electricity using the stored H2 when needed.

All the H2 is consumed locally and no H2 is transported.

With H2 production cost becoming cost effective around

$3.4/kg the fuel cell cannot profitably generate electricity in

the DAM except under unusual conditions of very high DAM

prices. Since fuel cell and electrolyzer ramp their power

output in tens of seconds, however, they are qualified to

participate in regulation-up and regulation-down services for

bulk power system.

In this case, the wind farm generates H2 rather than elec-

tricity when the DAM electricity price is lower than $16/MWh.

The fuel cell sells electricity when the real-time electricity

price is higher than $120/MWh.

Thus, this mode of operation provides ample time and

opportunity for the fuel cell to participate in regulation-up

service when the regulation price is high and electrolyzer to

participate in regulation-down service when the regulation-

down price is high. Based on the SPP regulation market data

in 2019e2020 [28,29] the service times for regulation-up and



Fig. 2 e One-week data for electric power output from baseline system and baseline plus H2 system.
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regulation-down are selected as 1955 h and 1300 h with

averaged prices of $34.3/MW-h and $22.6/MW-h. In this

analysis, the fuel cell will provide regulation-up service only

when the regulation price is high enough to offset the rela-

tively high H2 generation cost. It is also assumed that the

energy consumption for regulation-up service is 8% of the

total committed power in the analysis. This would make the

regulation service profitable even with a relatively high H2

price.

The electrolyzer installation capacity and the fuel cell

installation capacity are two variables in the sensitivity

analysis. The capacities are varied from 2 MW to 30 MW. It is

assumed that the project lifetime is 30 years (mainly due to

lower utilization factor of H2 facility) and the H2 price is $4/kg.

The project NPV is compared to determine the best opera-

tional case based. For these conditions, the optimal size of

electrolyzer is 6 MW and the optimal fuel cell capacity is

30 MW with a NPV of 5 MUSD. A chart giving the variation of

the net present value for various fuel cell capacities and

electrolyzer capacities is in Appendix A.

Under the optimal conditions, the electrolyzer utilization

percentage is around 43% and the fuel cell utilization per-

centage is less than 10%. Fig. 3 shows the detailed analytical
Fig. 3 e One-year data for fuel cell power, electro
data over one year. Again, this analysis is based on $25/

MWh PTC for wind farm. If PTC is 0, balancing market profit

could double for the best case (30-MW FC and 6-MW elec-

trolyzer). One year data is important as it shows that the

storage chamber is filled in spring when the electricity de-

mand in this area is relatively low, and the storage is drawn

down over the summer when the demand is relatively high.

This is the equivalent of storage of wind power for several

months.

Scenario 3: use the stored hydrogen to provide ancillary
electrical services and market hydrogen

H2 is generated usingwind farm electricity and stored. Storage

is assumed to be a 30,000-kg storage system (underground salt

cavern). A fuel cell generates electricity using the stored H2. It

is assumed that H2 is sold from storage when the H2 price is

$4/kg if there is sufficient hydrogen in storage. The electro-

lyzer generates H2 when the DAM price is lower than $36/

MWh. The fuel cell generates electricity when the real-time

electricity price is above $200/MWh. For this analysis it is

assumed, as in Scenario 2, that smaller amounts of hydrogen

will be used to participate in the regulation-up service when
lyzer power, and H2 storage state of charge.
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the regulation price is higher than $34.3/MW-h and hydrogen

is produced as part of participation in the regulation down

market the regulation price is higher than $22.6/MW-h.

The electrolyzer installation capacity and the fuel cell

installation capacity are two variables in the sensitivity

analysis. The capacities are varied from 2 MW to 30 MW. It is

assumed that the project lifetime is 40 years and the H2 price

is $4/kg. To achieve the 40-year operation, it assumed that the

electrolyzer system is replaced at year 14 and year 28.

Under these conditions, the highest net present value of

$36 M USD is found to occur with a 26 MW electrolyzer and a

fuel cell capacity of 30 MW, which is the maximum consid-

ered. So, a local optimum was not determined. The optimal

fuel cell size depends on both the H2 consumed to provide

regulation-up service and the H2 price. The fuel consumption

for regulation-up service varies year-by-year and by power

market regions.

If the H2 price is lower than $2.8/kg and the wind farm has

PTC at $25/MWh, this solution may not be profitable for most

cases except for a larger size fuel cell and a smaller size

electrolyzer. If the PTC drops to 0 andmaintaining the H2 price

at $4/kg, the profit can be significantly increased. Charts

highlighting the range of net present value are in Appendix A.

If PTC is 0, the breakeven H2 production cost for this scenario

would be $1.0e1.5/kg for cases with larger size fuel cell and

smaller size electrolyzer.

While further analyses would be needed to determine an

optimal size for the components, the results will depend not

only on the variations in the electricity market, but also in the

hydrogenmarket and those variationswill be local not generic.

So, this approach can support individual assessments.
Assessment of scenario results

For a simple comparison of selling electricity or hydrogen

from a wind farm, selling electricity is more profitable until

the cost of hydrogen exceeds about $3.40/kg. The legacy

electricity market provided an electricity production credit of

$25/MWh. Without that production tax credit, the transition

point is $2.1/MWh. A production tax credit for hydrogen is an

approach government are using to make the use of wind

power to produce electricity or hydrogen a more nuanced

decision.

Exploiting storage, the wind farm has another option,

electricity-only option to increase profitability. It can produce

and store hydrogenwhen the price of electricity is low and use

the stored hydrogen to produce needed electricity when the

electricity supply is low, and the demand is high.

The final situation analyzed, and the most profitable,

augments the use of stored hydrogen by not only using it to

improve grid operations but also to provide hydrogen to

hydrogen markets. This focuses on producing as much elec-

tricity as possible whenever the wind is blowing and storing

the excess energy as hydrogen when the electricity demand is

sufficiently low. The stored hydrogen can be sold either as

hydrogen or as electricity in the future depending on the

relative market values.
Conclusions

Adding hydrogen to the energy mix provides an additional

coupling among the electricity, natural gas, and water mar-

kets that is expected to be influenced by demand both for

electricity and for transportation applications. Hydrogen-

augmented electric vehicles offer benefits that will likely

lead to growth in hydrogen demand. Emerging hydrogen

technology makes it likely that the structure and oversight of

these markets will become increasingly interdependent.

Underground long-term hydrogen storage is shown to be

profitable under some circumstances to provide additional

reliability to the electrical grid. The fact that storage can

enhance grid reliability is not surprising as utility-scale bat-

teries have been used successfully for this application.

Hydrogen storage in salt domes has been done commer-

cially for decades when the local demand was sufficient.

Research shows that this storage is long term and individual

locations can store several terawatt hours of energy equiva-

lent [30]. This large storage potential, with smaller scales in

commercial use, provides promise for larger-scale dis-

patchable renewable energy. It also foreshadows future

competition with utility scale batteries.

Decarbonizing and enhancing the reliability of the elec-

tricity grid is one potential hydrogen application. It is also

targeted for transportation and expanded industrial uses.

Large scale storage permits wind energy to be accumulated in

real time and used in the future in coupled markets, poten-

tially far exceeding the minimal desire that wind power be

dispatchable.

Both technology and market structure affect profitability.

This study shows the relative magnitude of some of those

influences on plausible initial steps to meet the anticipated

growth in hydrogen demand.
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