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Abstract 

Renewable hydrogen is becoming an increasingly popular topic in the United States, particularly after the 

passage of the Inflation Reduction Act. This report seeks to identify the key factors that will allow 

hydrogen electrolyzer projects, powered exclusively by renewables (“renewable hydrogen”), to become 

profitable and to estimate the timeline for which these projects may be deployed on a commercial scale. A 

financial model is built to test various project factors and timelines. Many scenarios are analyzed to 

understand how renewable hydrogen projects can become profitable within the next five years or less. 

The most important factor to ensure profitability is obtaining high value offtake agreements. This allows 

renewable hydrogen projects to have reliable revenue, making projects more appealing to investors. The 

next three most important factors include securing low-priced renewable energy, using a high efficiency 

electrolyzer, and receiving the full value of the production tax credit from the IRA. Other factors 

considered include: degradation of the electrolyzer, electrolyzer lifetime and replacement costs, CAPEX 

cost curves, O&M price, capacity factor of electricity inputs, investment year, LCFS prices, REC prices, 

and ITC values. 
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Introduction 

There is currently growing interest in the hydrogen market, and while there are many ways to produce 

hydrogen, this report focuses on “renewable hydrogen”, which is hydrogen produced via electrolysis, 

using only renewable power as its power input (colloquially referred to as “green hydrogen”). Renewable 

hydrogen could serve many potential uses – it could act as an excellent clean replacement for natural gas, 

it could revolutionize  heavy-duty transport and aviation, and will likely be a critical fixture in the long-

term energy storage space. However, without consistent investor support, the number of projects needed 

to reach the U.S.’s ambitious hydrogen goals will not be funded or constructed. This report seeks to 

determine the most critical technical, economic, and policy factors driving large scale investment in 

renewable hydrogen projects in the United States. It will also seek to determine the most likely timeframe.  

Hypothesis: The timeframe in which a 50 MW renewable hydrogen project is profitable is likely to be in 

the year 2030. This timeline will be influenced by many factors including government incentives, 

decreasing capital costs over time with greater production (“cost curves”), costs and capacity factors of 

renewable electricity, and which industries and/or regions seek to adopt renewable hydrogen. It is 

predicted that government incentives and cost curves will have the greatest impact on cost effectiveness 

and timeline. 

Literature Review 

Summary 

There is a great deal of literature analyzing how to make electrolysis technology more affordable. Much 

of the focus is on lowering the capital costs of electrolysis (mostly by reducing rare metal usage) and the 

operating costs (which are linked to higher efficiencies and utilizing lower power prices). However, 

renewable hydrogen projects need more than a lowered cost per kilogram in order to be attractive to 
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investors. They also need to be de-risked by having firm offtake agreements and with operating data 

demonstrating that similar projects have turned a profit. This report will add to existing literature by 

outlining which factors are most critical to achieving investment, and timeline of when those factors are 

most likely to result in consistently profitable renewable hydrogen projects. Additionally, based on the 

timing of this report, it is one of the first to consider the impacts of the Inflation Reduction Act  on 

renewable hydrogen. 

Investor Needs 

While there is currently a great deal of excitement in the renewable hydrogen space, very few large scale 

renewable hydrogen projects have been constructed, and most (if not all), have been financed by private 

companies and governments rather than traditional investors. For investors to be willing to finance 

renewable hydrogen projects, the projects must be profitable, have secure offtake agreements, and have 

mitigated uncertainty. 

In order to be considered economically viable, a project should have a pre-tax Internal Rate of Return 

(“IRR”) of at least 7% (depending on the project and investment institution), though this will likely need 

to be higher in early years before the technology is commercially proven on a large scale. Therefore, 

renewable hydrogen must be cost competitive with the base fuel it seeks to replace, e.g., gasoline, diesel, 

or jet fuel for transportation, natural gas for electricity and heating, Methane Steam Reforming (“MSR”) 

for refining and ammonia production, or lithium-ion batteries for storage (McKinsey, 2021). In order for 

this to happen, the capital and operating costs will likely need to be reduced or subsidized.  

Next, to reduce revenue uncertainty, there is a need for secure offtake arrangements. Currently, there is 

not a well-established merchant market for hydrogen, so any proposed project would require a contracted 

offtake of the product. This can bring challenges because many of the markets demanding renewable 

hydrogen are also newer technologies, meaning investors would need security that both parties would 
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uphold their responsibilities of the contract (Crouch, 2021). This is fairly common in energy markets 

when new technology is introduced, but nevertheless requires that counterparties are creditworthy entities, 

which can be more difficult to demonstrate when a supplier is newer and/or not well capitalized 

(Luminate, 2022). 

And finally, investors seek to mitigate risk and uncertainty.  To date, very few large-scale renewable 

hydrogen projects have been built. This increases risk because of the high number of unknowns in the 

long-term costs and profitability of these projects, as well as unknowns in procurement of raw materials, 

transportation of end products, and product safety. Therefore, loans are typically more expensive in order 

to de-risk the project for investors (Crouch, 2021). This can be addressed by large corporations or 

governments investing in early projects (with higher expected returns) to help mature the technology and 

de-risk the industry for more traditional investors. This is already starting to happen, as discussed in the 

sections Recent U.S. Hydrogen Legislation and Hydrogen Demand and Existing Electrolysis Plants.  

Recent U.S. Hydrogen Legislation 

In 2021 and 2022, the Biden Administration passed several initiatives aimed to increase renewable and 

other types of hydrogen production. The Administration believes hydrogen will be a key aspect to 

addressing the energy transition by providing more clean, affordable, and reliable energy and “good 

paying jobs” (DOE, 2021). 

The first of these initiatives is the “Hydrogen Shot” which was launched in June 2021 and aims to reduce 

the cost of renewable and low carbon hydrogen to $1 per kilogram (an approximately 80% reduction in 

cost) by 2030 (DOE, 2021). The Department of Energy (“DOE”) issued a request for information on 

viable hydrogen demonstrations and projections with a budget of $400M in 2022 (DOE, 2021).  

Another promising initiative was passed as part of the Infrastructure Law in November 2021 which is an 

$8B program to launch “Hydrogen Hubs” across the U.S. The DOE plans to create 6 to10 hubs across the 
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country which will each receive between $400M and $1.25B to put toward hydrogen production in the 

next 8 to 12 years. Each selected region is expected to contribute at least 50% of the cost of the hydrogen 

hub. In selecting regions, the DOE is prioritizing diversity in feedstocks, end-uses, and geography 

(Gimont, 2022).  

While these two initiatives will help provide upfront funding for many projects across the U.S., the 

Inflation Reduction Act (“IRA”), passed in August 2022, will provide economic support to nearly every 

new hydrogen project in the country. It provides both capital and operating expenditure support for many 

types of hydrogen production, including renewable hydrogen. See Methods subsection on Inflation 

Reduction Act for more information. 

Hydrogen Demand and Existing Electrolysis Plants 

The current hydrogen demand in the U.S. is approximately 10 million metric tons (“MMT”) per year, 

which is produced almost exclusively via Methane Steam Reforming (“MSR”) and is used in refining, 

ammonia production, and the production of synthetic fuels. However, there is potential to expand this 

number up to 106 MMT per year by incorporating industries like transportation, long-term energy 

storage, natural gas supplementation, metals refining, and biofuels (Ruth et al., 2020). Globally, demand 

for hydrogen is increasing rapidly and there have been over 200 clean hydrogen projects announced to be 

implemented by 2030 representing 6.7 MMT per year. Approximately two thirds of those projects are to 

be electrolysis based, with the rest being MSR with Carbon Capture and Sequestration (“CCS”) 

(McKinsey, 2021).  

Announced projects help build momentum and show that the industry is beginning to gain traction, but 

for renewable hydrogen projects in the short term, interested investors need to see similar projects that 

have successfully turned a profit or, at minimum, not gone bankrupt. This is currently a challenge, since 
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none of the financings for recent projects are publicly available. Table 1 shows some of the larger 

electrolysis plants that are operational, their size, company, technology, and if available, cost. 

Table 1: 
Largest Online Electrolysis Plants  

Date Online  Size Location  Technology  Company Cost Information Source 

2022 24MW Leuna, 
Germany 

PEM Linde Not Available (Radowitz, 2021) 

2022 20MW Zhangjiakou, 
China 

Not 
Available 

Shell Not Available (Frangoul, 2022) 

2021 10MW Rhineland, 
Germany 

PEM Shell €20M CAPEX (FHC, 2020) 

2020 10MW Fukushima, 
Japan 

Not 
Available 

Toshiba Not Available (FuelCellWorks, 
2020) 

2021 20MW Quebec, 
Canada 

PEM Air Liquide Not Available (Gas Processing, 
2021) 

2022 20MW  Puertollano, 
Spain 

PEM Iberdrola €150M (including 
PV& BESS) 

(Iberdrola, 2022) 

2022/ 2025 / 
2030 

20MW/ 
300MW
/ 1GW 

Frederica, 
Denmark 

Not 
Available 

HySynergy  Not Available (Vandel Jensen, 
2021) 
 

 

In addition to private company investment, the U.S. government has also invested in a major hydrogen 

project in Utah called the Advanced Clean Energy Storage (“ACES”) Project. It is planned to be a 220 

MW Alkaline Electrolyzer  coupled with underground salt cavern storage (Loan Programs Office, 2022). 

The intention is to use the electrolyzer to capture excess renewable power and store hydrogen 

underground on a seasonal time scale. The hydrogen will then be used to power a gas turbine converted to 

initially run on a mixture of natural gas and hydrogen, and then exclusively with hydrogen by 2045. The 

value of the loan provided by the DOE was $504.4 million (Loan Programs Office, 2022). This project 

will be the first of its kind in the United States, and the Loan Programs Office invested in the ACES 

Project in the hopes that it will spur more development in this area (Shah & Khan, 2022). 
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Electrolysis Technology Summary 

This section details the specifics of how various electrolysis technologies operate, as well as the 

additional processes surrounding them. It also addresses the differences, benefits, and drawbacks of the 

three most prevalent technologies: Proton Exchange Membrane (“PEM”) electrolyzers, Alkaline 

Electrolyzers (“AE”), and Solid Oxide Electrolyzers (“SOE”). 

General Electrolysis Technology 

Electrolyzers essentially work by splitting water into hydrogen and oxygen. They do so by using a 

positively charged cathode and a negatively charged anode separated by an electrolyte and/or a 

membrane. When voltage is applied between the cathode and anode, oxygen is produced at the anode and 

hydrogen is produced at the cathode. The electrolyte is responsible for transporting ions between the 

anode and the cathode, and the membrane keeps the produced gases from mixing. The differences 

between electrolysis cell technologies are variations in types and compositions of membranes and 

electrolytes used, the operating conditions required (such as temperature, pressure, and minimum 

operating load), and the chemistries of the anode and cathode. 

In addition to the electrolyzer itself, more processing is required before and after it to produce hydrogen at 

scale. This includes water purification units, dehydration units, circulation pumps, and additional 

processes depending on the technology. Compression may also be needed depending on the end use of the 

hydrogen. Figure 1 shows the general layout of an electrolysis plant:  
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Figure 1: Process flow diagram for a typical electrolyzer plant (Ivy, 2004) 

PEM Technology  

PEM technology is currently being installed at the fastest rate based on research conducted and discussed 

in this report's Hydrogen Demand and Existing Electrolysis Plants section. PEM electrolyzers are being 

installed because of their many benefits. They have a higher efficiency than AE, and only slightly shorter 

lifetime projections. They also have the ability to operate at very low turn-down ratios, requiring an 

average of only 5% of their nameplate power to operate (Patonia et al, 2022), with the ability to fluctuate 

power inputs within seconds (Ironside, 2022). This makes them ideal to pair with variable renewable 

power sources. PEM’s main drawback is cost. They rely heavily on expensive metals such as platinum, 

iridium, and titanium (IRENA, 2020). While use of these metals can be limited by recycling and using 

very thin layers, they still substantially increase the capital costs and stack replacement costs as compared 

to AE. PEM is also far more susceptible to water impurities compared to AE (Patonia et al, 2022). 

PEM cells utilize an acidic electrolyte (of varying compositions depending on technology) with a Proton 

Exchange Membrane (“PEM”) separating the anode and cathode. This membrane is generally composed 

of perfluorosulfonic acid and is chemically and mechanically stable enough to handle significant pressure 

differentials (IRENA, 2020). The highly acidic environment requires that corrosion and oxidation 

resistant materials are used in the cell, meaning that the cathodes and anodes must be made with platinum, 
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iridium, or gold coated titanium. At the cell level, PEM operates based on the following reactions using 

H+ as its exchange ion (IRENA, 2020):  

Anode: 2H2O ↔ 4H+ + O2 + 4e- 

Cathode: 4H+ + 4e- ↔ 2H2
 

PEM cells operate at high pressure, generally above 70 bar, and at moderate temperatures between 50°C 

and 200°C depending on the technology (IRENA, 2020 & Patonia et al, 2022). Figure 2 shows a diagram 

of a typical PEM cell.  

 

Figure 2: Typical PEM electrolyzer cell (Ironside, 2022) 

PEM technology operates the same as other electrolysis plants. It needs additional standard equipment 

such as a water purification unit, dehydration units, and circulation pumps (IRENA, 2020). Compression 

may be necessary depending on the end use, but since PEM operates at a higher pressure than other 

electrolysis technologies studied, compression is necessary in fewer cases. 
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AE Technology  

AE technology is the most mature of the electrolysis technologies. It has been a technically feasible 

option for producing hydrogen for over 100 years, with the first large scale plant built in 1939 (Patonia et 

al, 2022). In addition to having a proven track record, AE has several other benefits. It is the least 

expensive of the electrolysis technologies due to its ability to use cheaper metals such as nickel and 

manganese, rather than platinum and ruthenium (Patonia et al, 2022). It also has the longest lifetime (and 

therefore lowest maintenance costs) due to its higher tolerance to impurities (Patonia et al, 2022). 

However, this resistance to degradation comes at the cost of having the lowest efficiency and the lowest 

purity of hydrogen of the three technologies studied. The final reason AE is not being deployed at the 

same rates as PEM is its smaller range of turndown ratios. This means that if an AE was connected to a 

renewable resource, it would be unable to operate until the renewable power output reached between 15% 

to 40% of its nameplate output (depending on the electrolyzer) (Patonia et al, 2022). This creates 

challenges for AEs operating at low capacity factors and makes them less effective in load balancing 

variable sources of renewable power. 

AE gets its name (alkaline) from the base it uses as its electrolyte (generally potassium hydroxide). It is 

able to use nickel-coated stainless steel as its anode and cathode material. It uses a thick diaphragm 

generally made of zirconium oxide, which is responsible for its low efficiency and its resistance toward 

degradation in the presence of water impurities (IRENA, 2020). At the cell level, AE operates based on 

the following reactions using OH- as its exchange ion (IRENA, 2020):  

Anode: 4OH- ↔ 2H2O + O2 + 4e- 

Cathode: 4H2O + 4e- ↔ 2H2 + 4OH- 

AE cells generally operate at atmospheric pressure but can operate up to 30 bar depending on the specific 

technology (IRENA, 2020). They also operate at lower temperatures, generally between 50°C and 90°C 

(IRENA, 2020 & Patonia et al, 2022). Figure 3 shows a diagram of a typical AE cell. 
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Figure 3: Typical AE cell (Ironside, 2022) 

AE technology requires additional processing compared to the PEM and SOE, since the hydrogen gas 

exits the electrolyzer mixed with the electrolyte. Therefore, a water gas separator is required in addition to 

the standard equipment. Furthermore, since AE operates at a lower pressure than PEM, it is more likely to 

need compression (depending on end use). This additional processing step can add energy demand to an 

AE system.  

SOE Technology  

SOE technology is the least mature electrolysis system analyzed in this report. While no major plants 

have been built using this technology to date, SOE is widely viewed to be able to compete with PEM and 

AE at scale in the near future (Patonia et al, 2022). In fact, plans to build a 500 MW SOE plant in 

Germany were announced in September 2022 (Collins, 2022). SOE has several advantages, including the 

highest efficiency of any existing electrolysis technology, and a turndown ratio that can compete with 

PEM, and reach values as low as 3% (Patonia et al, 2022). SOE technology also runs at higher 
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temperatures than PEM or AE, which allows it to increase its overall efficiency even further by co-

locating with thermal generation, nuclear, or concentrated solar plants. This partnering allows the SOE 

facility to recycle those power plant’s waste heat and accept their output power simultaneously. However, 

their high temperature also produces the downside of a much slower ramp rate than PEM, meaning they 

are not as able to produce power with variable renewable power as well as PEM. Low capacity factors are 

also very damaging to SOE plants because regular heat cycling damages the equipment. Finally, because 

the technology is less mature, and temperatures are so high, the expected lifetime of SOE is significantly 

lower than that of both AE and PEM. This, coupled with the fact that SOE currently has the highest 

capital costs of the three technologies, gives it a very high projected lifetime system cost. 

SOE is unique in that its electrolyte is a solid, giving it its name Solid Oxide Electrolyzer. This electrolyte 

is generally made up of Yttria-stabilized Zirconia (IRENA, 2020). Since it is a solid, it can keep the 

product gases separated and act as both an electrolyte and a membrane.  Therefore, a distinct membrane 

or diaphragm is not needed. The anode and cathode for this cell are less expensive than PEM, and 

generally use nickel or a perovskite-type material. At the cell level, SOE operates based on the following 

reactions using O2- as its exchange ion (IRENA, 2020):  

Anode: 2O2- ↔ O2 + 4e- 

Cathode: 4H2O + 4e- ↔ 2H2 + 2O2- 

SOE cells generally only operate at atmospheric pressure (IRENA, 2020), but they operate at much higher 

temperature than other electrolyzer technologies, ranging between 700°C and 1000°C (IRENA, 2020 & 

Patonia et al, 2022). Figure 4 shows a diagram of a typical SOE cell. 
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Figure 4: Typical SOE cell (Ironside, 2022) 

SOE plants require the expected additional equipment including a water purification unit, dehydration 

units, and circulation pumps (IRENA, 2020). Compression is almost always necessary with SOE, since it 

outputs hydrogen at atmospheric pressure. Additionally, SOE plants require heating systems to ensure 

reactants enter the electrolyzer at the proper temperature (IRENA, 2020). It is also necessary to include 

heat exchangers if the plant is co-located with a thermal power plant and is recycling waste heat. 

Methods 

Financial Model Summary 

In order to conduct the analysis for this report, a financial model was developed to run the economics of 

various scenarios for many potential renewable hydrogen projects. In order to test the maximum impact 

each variable could have on the economics of such projects, the maximum reasonable range for each 

variable were determined. The following section outlines each of the key inputs, why those inputs are 
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important, and how their ranges are estimated. Table 2 shows an overview of those inputs and their 

sources.  

Table 2:  
Inputs and Sources for Financial Model  

 

Variable Base Case Conservative Case Optimum Case 

Years of Operation 20 years (standard selection for all cases) 

Inflation Rate (% per year) 2% (Industry Standard) 

Electrolyzer Plant Size 50 MW (standard selection for all cases) 

CAPEX Cost Curve ($/kW) See CAPEX Cost Curve Section below 

Investment Year 2025 2022 2030 

Solar PV Power Input 

    PPA Price ($/MWh) 
$30 (Feldman et al., 

2021) 
$40 (Silvia, 2021) 

$20 (Feldman et al., 

2021) 

    Capacity Factor  

    (% yearly operating hours) 

25% (Electric Power 

Monthly, 2022) 

20% (Feldman et al., 

2021) 
35% (Yates et al., 2020) 

Wind Power Input 

    PPA Price ($/MWh) $30 (Wiser et al., 2021) $40 (Wiser et al., 2021) $20 (Wiser et al., 2021) 

    Capacity Factor  

    (% yearly operating hours) 
40% (Wiser et al., 2021) 

34% (Electric Power 

Monthly, 2022) 
45% (Wiser et al., 2021) 

Renewables & REC (“R&R”) Power Input 

    PPA Price ($/MWh) $40 (estimate) $50 (estimate) $30 (estimate) 

    Capacity Factor  

    (% yearly operating hours) 
95% (estimate) 90% (estimate) 99% (estimate) 

O&M Price Components 

    Utilities for other equipment 

   (% of electrolyzer electricity) 
35% (estimate) 40% (operational data) 25% (HyLYZER®, 2021) 

    Labor costs ($/year) 

$600,000 (“Occupational 

Employment and Wage 

Statistics”, 2021) 

$960,000 (“Occupational 

Employment and Wage 

Statistics”, 2021) 

$320,000 (“Occupational 

Employment and Wage 

Statistics”, 2021) 

    Water costs ($/kg H2) 
$0.01 (Bunch et al., 2017 

& Yates et al., 2020) 

$0.03 (Bunch et al., 2017 

& Yates et al., 2020) 

$0.003 (Bunch et al., 

2017 & Yates et al., 

2020) 
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    Land costs ($/kW) 
$0.45 (operational data & 

IRENA, 2020)  

$1.00 (operational data & 

IRENA, 2020) 

$0.10 (operational data & 

IRENA, 2020) 

PEM 

    Electrolyzer Efficiency (kWh/kg H2) 48 (HyLYZER®, 2021) 58 (Yates et al., 2020) 40 (HyLYZER®, 2021) 

    Yearly Degradation (% per year) 
1% (HyLYZER®, 2021 

& Lim et al., 2021) 
2.5% (Lim et al., 2021) 0.5% (Lim et al., 2021) 

    Stack Lifetime (operating hours) 
70,000 (Lim et al., 2021 

& Patonia et al., 2022) 

50,000 (Lim et al., 2021 

& Lincher, 2020) 

100,000 (Lim et al., 2021 

& Patonia et al., 2022) 

    Stack Replacement Cost (% CAPEX) 
71% (Patonia et al., 

2022) 

82% (Patonia et al., 

2022) 

60% (IRENA, 2020 & 

Lincher, 2020) 

AE 

    Electrolyzer Efficiency (kWh/kg H2) 55 (HyProvide®, 2022) 61 (Lim et al., 2021) 41 (Hodges et al., 2022) 

    Yearly Degradation (% per year) 0.50% (Lim et al., 2021) 1.50% (Lim et al., 2021) 0.25% (Lim et al., 2021) 

    Stack Lifetime (operating hours) 
80,000 (Lim et al., 2021 

& Patonia et al., 2022) 

60,000 (Lim et al., 2021 

& Patonia et al., 2022) 

100,000 (Lim et al., 2021 

& Patonia et al., 2022) 

    Stack Replacement Cost (% CAPEX) 
60% (Patonia et al., 

2022) 

72% (Patonia et al., 

2022) 
45% (IRENA, 2020) 

SOE 

    Electrolyzer Efficiency (kWh/kg H2) 43 (Lim et al., 2021) 
46 (Bloom Electrolyzer, 

2022) 

39 (Hodges et al., 2022 

& Bloom Electrolyzer, 

2022) 

    Yearly Degradation (% per year) 7.5% (Lim et al., 2021) 25% (Lim et al., 2021) 3% (Lim et al., 2021) 

    Stack Lifetime (operating hours) 30,000 (Lim et al., 2021) 
20,000 (Patonia et al., 

2022) 

90,000 (Patonia et al., 

2022) 

    Stack Replacement Cost (% CAPEX) 
40% (Patonia et al., 

2022) 

50% (Patonia et al., 

2022) 

30% (Patonia et al., 

2022) 

Offtake Price ($/kg H2) 
$2.50 (Caspersen, 2022 

& McKinsey, 2021) 

$1.50 (Caspersen, 2022 

& McKinsey, 2021) 

$4.00 (Caspersen, 2022 

& McKinsey, 2021) 

IRA PTC ($/kg H2) 
$0.60 (Cooper et al., 

2022) 
$0 (Cooper et al., 2022) 

$3.00 (Cooper et al., 

2022) 

IRA ITC (% CAPEX) 6% (Cooper et al., 2022) 0% (Cooper et al., 2022) 
30% (Cooper et al., 

2022) 

REC Price ($/MWh) 
$0 (only available for 

specific use cases) 

$0 (only available for 

specific use cases) 
$7.00 (Ram, 2021) 

LCFS Price ($/ton CO2) 
$0 (only available for 

specific use cases) 

$0 (only available for 

specific use cases) 

Year specific, see LCFS 

section below. 
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Model Constants 

For ease of modeling, a few values were selected to remain constant throughout the analysis. These 

include project operational length, inflation rate, and electrolyzer plant size.  For project operational 

length, 20 years is selected because even though most major capital projects operate more than 20 years, 

important financial aspects such as warranties and offtake agreements generally do not. Therefore, from 

an investing standpoint, the first 20 years are the most important. Similarly, while inflation rates have 

been much higher than 2% in 2022, it is still considered industry standard to assume 2% inflation in 

future years. Finally, a 50 MW electrolyzer is selected  in every case because it is in the middle of the 

range of project sizes currently being announced (see section on Hydrogen Demand and Existing 

Electrolysis Plants for more details). Additionally, many variables such as CAPEX and operating cost are 

proportionally dependent on the size of the plant. Therefore, the number of CAPEX curves could be 

limited by selecting a single representative plant size. 

CAPEX Cost Curves 

In the long term, as more projects come online and competition increases, the capital costs will naturally 

begin to decrease. This is a well observed phenomenon. With each new renewable energy technology on 

the market, there has been a “cost curve” demonstrating this principle. For example, as more and more 

solar PV projects were developed over the last 10 years, they got cheaper and cheaper. This is due to a 

combination of factors including: i) larger scale manufacturing is cheaper than small scale, ii) more 

engineering, construction, and procurement expertise is available to perform the work more quickly and 

cheaply, and iii) increased ability to build larger projects (either through financing or technology), which 

are cheaper per kW. Between 2010 and 2020, Battery Energy Storage Systems “BESS” had learning rates 

of 39%, solar PV rates were 35%, and wind were 19% (McKinsey, 2021 & Bolinger, 2022). There is 

much debate around what learning rates of electrolysis will be over the next 10 years, and numbers range 

from 12% (McKinsey, 2021), to 15% (Bӧhm et al., 2020), to 18% (Badgett et al, 2021). 



16 
 

Furthermore, since each of the electrolysis technologies presented in this report are in various stages of 

research and development, they are expected to have different learning rates and different CAPEX costs 

(see Electrolysis Technology Summary section for more details). Figure 5 shows the selected optimum, 

conservative, and base case curves for each technology – PEM, AE, and SOE.  

 

Figure 5: Projected price curves for each technology and case (sources included) 

Beyond the curves analyzed, a wide sample of current prices and one actual installation cost were taken. 

The curves shown above reflect a wide range seen between many sources. 

Investment Year 

The investment year is a critical input because it determines the CAPEX of the electrolyzer based on 

Figure 5. It also dictates the replacement cost of the electrolyzer (also based on Figure 5). In theory, 

things like efficiency, degradation, and stack lifetime could also be tied to investment year since these are 

generally assumed to improve with time. However, these variables are treated as independent from 
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investment year since the correlation between these factors is not well known. Therefore, the investment 

year only impacts the initial cost of electrolyzer CAPEX and its subsequent replacements. 

Power Input 

Three options are studied for power input options. These include a PPA agreement with a single solar PV 

plant, a single wind plant, or a combination of solar PV, wind, batteries, and Renewable Energy Credits 

(Renewable & REC – “R&R”). In each case, a PPA is assumed to provide power at a flat rate (increasing 

with inflation), with the assumed capacity factor of the associated technology. 

Solar PV and wind PPA prices have remained similar to each other over the last several years (Wiser et 

al., 2021 & Feldman et al., 2021), so the same optimum, conservative, and base PPA prices were selected 

for each.  However, wind tends to have a higher capacity factor than solar PV. All data on capacity factor 

is sourced from recent operating data from solar PV and wind plants. The variation in price and capacity 

factor are both due to assumed locationality within the United States and specific types of technology 

(i.e., bifacial or tracking solar panels versus traditional fixed tilt). 

The R&R scenario assumes a high capacity factor (90%+) renewable PPA.  This is not considered 

“typical”; however, the concept is becoming more common in industry. The costs and capacity factors for 

this scenario are roughly estimated based on a REC price of approximately $7 per MWh (Ram, 2021), 

increased power prices when peak times are included, and the higher cost of PPAs including BESS. 

Between all of these factors, a $10 per MWh premium was added to the wind and solar PV PPA prices. 

Operations and Maintenance Costs  

The largest operating expenditure for renewable hydrogen is electricity required to operate the 

electrolyzer. This accounts for between 59% - 68% of the total operating costs (Guerra et al., 2019). The 

current base case for the financial model has 67% of the operating costs as electrolyzer electricity for the 

solar PV case, 69% for the wind case, and 72% for the R&R case. Each of these are constant across 
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electrolyzer technologies. The remainder of the operating and maintenance (“O&M”) costs can be split 

into four other categories: utilities for additional equipment, labor, water, and land.  

Utilities for additional equipment includes power and heat required to operate all other equipment 

including water purification units, dehydration units, circulation pumps, and any technology or use case 

specific compressors or separators. This equipment is assumed to only operate when the electrolyzer 

operates, so these utilities have the same capacity factor as the PPA. Thus, it is expressed as a percentage 

of electrolyzer electricity. The values for this are estimated using electrolyzer specification sheets and 

operating data. It is worth noting that this value will vary between specific technologies because they 

have different needs for additional equipment as described in the Electrolysis Technology Summary 

section. This number can also vary based on end use because various industries need different levels of 

compression. Since these two variables are unrelated, but similarly important the final utilities cost, a 

wide range was given to account for reasonable values of all scenarios, and the variable itself was linked 

to neither technology nor end use. This O&M cost is by far the highest of the four considered, though still 

significantly lower than the electricity used to power the electrolyzer itself. Utilities are assumed to 

escalate with inflation along with PPA prices.   

Labor is the second most important O&M expense. Since very few large scale electrolyzers are in 

operation, trained professionals in this space are rare. Therefore, it is assumed that their labor is more 

expensive than those who work on more well-established technologies. The typical range for electricians 

and operators at typical power plants range from around $25 to $45 per hour according to the US Bureau 

of Labor Statistics (2021). Therefore, it is assumed that a premium of around $15 per hour should be 

added to that range to account for a more unique skillset and inclusion of benefits (and also to potentially 

meet IRA wage requirements, discussed in more detail in the Inflation Reduction Act section of this 

report). With an hourly wage range of $40 to $60 per hour (Bezdek, 2019), the number of full time 

employees needed to operate an electrolyzer was estimated by using typical numbers for thermal 
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generation plants. Thermal generation plants are far more similar to electrolysis than wind or solar PV in 

both size and types of equipment. A typical thermal power plant generally requires between 4 and 8 full 

time employees (Luminate, 2022). The highest wage is paired with the highest number of full time 

employees to generate the conservative case, and the two low values are paired for the optimum case. 

These rates are not assumed to increase with inflation, since as the technology becomes more prevalent, 

the premium on labor in the electrolysis industry will likely decrease. 

Water is a very important political factor for electrolyzers, but not a particularly influential cost factor. 

Many sources do not even include water as a cost, and those that do report it has essentially no impact on 

economics (Yates et al., 2020). This is true even when the highest water prices in the U.S. (Bunch et al., 

2017) are used. 

Land has a similarly low cost impact on a renewable hydrogen project as water. For example, if an 

electrolyzer plant is co-located with a solar PV plant and both have the same capacity, about 0.4% of the 

land used for that project would be for the electrolyzer, the rest would be for solar PV. This is because 

electrolyzers take up between 20 and 40 acres per GW (IRENA, 2020), while solar PV takes up between 

5,000 and 10,000 acres per GW (SEIA, 2022). Land prices per acre for electrolyzers were assumed to be 

similar to that of solar PV and wind.  The prices are taken from operational data and are estimated to be 

between $5,000 and $25,000 per acre per year (Luminate, 2022). 

Electrolyzer Efficiency 

Electrolyzer efficiency, measured in the amount of electricity required to generate a kilogram of hydrogen 

(kWh/kg), is closely tied to both operating costs and specific electrolyzer technologies. Each electrolyzer 

technology has a different efficiency based on its inherent operating properties as discussed in detail in 

the Electrolysis Technology Summary section. However, each technology still has a range of possible 
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efficiencies depending on specific design and operational factors. Decisions on electrolyzer design and 

operating conditions impact nearly every aspect of the electrolyzer as shown in Figure 6 below.  

 

Figure 6: “Trade-offs between efficiency, durability and cost for electrolyzers” (IRENA, 2020) 

Furthermore, new design breakthroughs can improve efficiency. For example, a recent study showed that 

a mechanism to reduce bubbling in AEs via a capillary fed electrolysis cell can increase its efficiency by 

15% (Hodges et al., 2022). 

In order to represent both the current efficiencies of these electrolyzers and their theoretical potential, 

base case scenarios are selected from current specification sheets, and the optimum cases are selected 

from the maximum achieved in academic literature. 
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Yearly Degradation and Stack Lifetime 

The stack degradation and lifetime of PEM and SOE electrolyzers remain highly uncertain, since very 

few have been operating at scale long enough to generate data in these areas. Therefore, most PEM and 

SOE specification sheets do not list either degradation or stack lifetime. Those that do, often come with 

disclaimers that they are subject to change. Therefore, most of the degradation and lifetime data cited in 

this report come from academia rather than current industry operations. It is worth noting that the 

uncertainty in degradation and lifetime are lower for AE because they are a more mature technology with 

more well understood values and less immediate room for improvement (Lim et al., 2021). 

Stack lifetime and degradation are also dependent on how an electrolyzer is used. For example, SOE 

degrades much faster when it is cycled regularly because the equipment must perform an extreme 

temperature cycle with each shutdown. Therefore, its degradation is much lower if it is operated at a 

higher capacity factor. AE has a similar problem because of its high turn down ratio. Research is currently 

underway to address concerns around stack lifetime but does not appear to be fully implemented (Badgett 

et al., 2021).  

Yearly degradation operates in the financial model by decreasing the amount of hydrogen produced from 

the same amount of electricity every year by the given degradation percentage. Stack lifetime operates by 

tracking the number of hours that the electrolyzer has operated, and once it reaches its given stack 

lifetime, it triggers a stack replacement, and the stack lifetime count is started over.  

Stack Replacement Cost 

It is generally assumed that the surrounding equipment in an electrolysis plant will last for the full 

lifetime of the project. This is reasonable since all of this equipment is well understood and generally 

assumed in industry to have a useful life of 20 years or more. The electrolyzer stack, however, will likely 

need to be replaced depending on the capacity factor and degradation rate. 
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The electrolyzer stack cost represents a high percentage of the overall plant cost, though the exact 

percentage varies with technology. For example, PEM has the highest stack replacement cost because of 

the large percentage of rare earth metals used in the stack. The financial model assumes that in the year a 

stack replacement is required (based on stack lifetime assumptions), the given percentage of CAPEX cost 

associated with the stack is applied to the financial model as a cost. The CAPEX cost is selected based on 

the curve used in the relevant scenario and the year of replacement (shown in Figure 5). In this way, 

improvements to the technology are taken into consideration as time progresses. For example, there is 

extensive research in reducing or replacing cobalt, platinum, iridium, and titanium in all types of 

electrolyzers to reduce stack cost (IRENA, 2020).   

It is worth noting that there could be significant salvage value associated with removing a stack from an 

electrolyzer, which would help project economics. However, since the industry is so new, the value has 

not been well established, so it has not been included in this report. 

Offtake Price  

Offtake agreements are a critical component for investors. They provide a guaranteed stream of revenue 

and are particularly important for hydrogen projects since there is not a hydrogen commodity market in 

the same sense that there is an electricity or crude oil market. In other words, a project will have to pre-

arrange for a party to take the hydrogen that it produces in order to demonstrate appealing economics 

(Crouch, 2021). There are many different options for industries that may participate in these offtake 

agreements, and each industry comes with a different price point (heavily dependent on the competing 

energy source). Figure 7 shows which industries renewable and low carbon (MSR with CCS) hydrogen is 

most likely to enter first based on the costs of the competing energy sources. 
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Figure 7: LCOH required to be cost competitive in various industries (McKinsey, 2021) 

While it is clear that transportation may be the easiest sector for electrolyzed hydrogen to break into based 

on the cost comparison to diesel, there are other things to consider besides Levelized Cost of Hydrogen 

“LCOH”. For example, even though transportation may have an economic advantage, it is a much higher 

risk. There are very few hydrogen fueling stations in the country and there are also very few hydrogen 

powered vehicles. In order to sign an offtake agreement, a project would have to partner with another 

company that would likely be just starting its hydrogen powered transportation business. The renewable 

hydrogen project could either supply this company at a single point (which would be very limiting) or 

have to ensure a pipeline/shipping structure to get hydrogen to multiple fueling stations, which is very 

expensive or impossible based on local infrastructure. From an investor’s perspective, this is a significant 

amount of additional risk. The investor would have to take the risk that the newer hydrogen powered 
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transportation company would not go out of business, as well as the renewable hydrogen company they 

are financing (Crouch, 2021). Therefore, even though the margins are tighter with an ammonia, steel, or a 

refining plant, those are more established industries that only operate in one location. This would allow 

their offtake agreements to have simpler logistics and be less financially risky (Crouch, 2021). 

Furthermore, industrial customers would likely have a larger demand than transportation customers, 

which would result in larger electrolyzers with a lower unit capital cost (IRENA, 2020).  

The above graph was used to determine a reasonable range for offtake prices of renewable hydrogen. The 

offtake prices are assumed to adjust yearly with inflation. 

Inflation Reduction Act 

The IRA which was passed into law on August 22, 2022, includes two main provisions important to 

renewable hydrogen production, the Investment Tax Credit (“ITC”), and the Production Tax Credit 

(“PTC”). Both depend on the carbon intensity of the hydrogen produced and meeting the prevailing wage 

requirements (Cooper et al., 2022). It is assumed for the purposes of this report that electrolyzed hydrogen 

powered with 100% clean electricity (renewable hydrogen) will be considered to produce zero kilograms 

of carbon dioxide per kilogram of hydrogen. Furthermore, since the federal government has not yet 

released specifics on the definition of “prevailing wage requirements”, the base case for both the ITC and 

PTC will assume the project does not receive that benefit, but the optimum case assumes that benefit is 

received. 

The ITC is a program that was already available to the solar PV industry, but the IRA has extended it to 

include hydrogen (and other types of renewable projects). It gives a tax benefit to cover a certain 

percentage of the CAPEX cost of a project. For projects that produce zero carbon hydrogen, the base 

value is 6% (Cooper et al., 2022). However, if the project follows the prevailing wage requirement, the 

value jumps to 30%, and if the project meets the requirements for the domestic content bonus, an 
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additional 10% may be added (Cooper et al., 2022).  Definitions for domestic content requirements are 

still being debated, so have not been included in this report. 

The PTC is a program that was already available to the wind industry that the IRA has now extended to 

include hydrogen (and other types of renewable projects). It gives a tax benefit for every unit of 

production, and in the case of hydrogen, that is dollars per kilogram of hydrogen produced. For projects 

that produce zero carbon hydrogen, the base value is $0.60 per kilogram (Cooper et al., 2022). However, 

if the project follows the prevailing wage requirement, the value jumps to $3 per kilogram (Cooper et al., 

2022).  The PTC lasts for the first 10 years of operation as long as the project begins operation before 

2033 (Cooper et al., 2022).  It is assumed that these values will not be adjusted for inflation, since no 

reference is made to this in the legislation. 

Renewable Energy Credits 

RECs may be available to renewable hydrogen projects if they are used to generate clean electricity. It is 

unclear how RECs will interact with the IRA and if there could be any potential double counting of 

credits. If this is not allowed, RECs will likely never be used for hydrogen generation since the IRA 

credits are many times more valuable. 

However, if RECs are used for hydrogen-based power production, the value of the REC could range from 

$1 per MWh (Ram, 2021) to $12 per MWh (Kolvea et al., 2021). This can then be converted to dollar per 

kilogram by assuming that 100% clean hydrogen is being burned in a gas turbine which generally have an 

efficiency of around 35%. With this information and the fact that hydrogen has an energy density of 

around 120 MJ per kilogram (“Hydrogen Storage”, n.d.), the dollar per kilogram value of a REC can be 

calculated.  

Since RECs are only achievable in such a specific case, they are assumed to add no value to a hydrogen 

project as a base case. Only when RECs are set to “optimum” is there any value added to the financial 
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model. Since only one option in the financial model includes a REC price, a middling value of $7/MWh 

(Ram, 2021) is selected, and it is assumed that it does not adjust for inflation. This correlates to $0.08 per 

kilogram. 

Low Carbon Fuel Standards 

While this report mostly focuses on the U.S. as a whole, it is worth noting that California (and soon to be 

Washington and Oregon) have Low Carbon Fuel Standards (“LCFS”) (Christensen et al., 2021). These 

credits are only available if the hydrogen produced is used in the transportation sector in participating 

states. But, if the project is to qualify, it could earn up to $221 per ton of offset carbon (Seymour, 2022).  

It is still unclear if these credits could be coupled with the IRA ITC and PTC, but if they could be, some 

of the first renewable hydrogen projects would likely take place in these states. 

Broadly speaking, the way LCFS credits work is that every MJ of energy that is used in the transportation 

sector is subject to a cap on its carbon intensity. For example, in 2022 the cap for all diesel fuel burned in 

California was 90.41 gCO2 per MJ (CARB, 2020). So, all diesel producers above that threshold had to 

purchase LCFS credits, and all diesel producers below that threshold could sell LCFS credits. These 

thresholds exist for diesel, gasoline, and jet fuel and are scheduled to decrease every year until 2030, 

lowering emission caps by around 10% in 10 years (CARB, 2020).  In this way, the price of LCFS credits 

fluctuate to meet demand, and the transportation industry is incentivized to reduce its emissions. 

Hydrogen is eligible to receive credits if it replaces one of these fuels and reduces the overall carbon 

intensity of the transportation sector. 

There is no clear estimate for how much an LCFS credit will cost in the future (since they fluctuate with 

the market). Figure 8 shows this price fluctuation over the last 10 years. 
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Figure 8: Historical LCFS prices from 2012 to 2021 (Seymour, 2022) 

Using Figure 8, it is estimated that LCFS prices in recent years have been approximately $180 per ton of 

carbon dioxide. This information, coupled with the fact that there are set decreases in emission caps until 

2030, makes it a reasonable assumption that the value of LCFS credits will remain reasonably stable until 

the emission cap stagnates. Currently, the stance of the California Air Resources Board (“CARB”), the 

governing body that regulates LCFS credits, is that the emissions caps will remain constant after 2030 

(CARB, 2020), though there is significant speculation that the caps will continue to decrease beyond 2030 

(Seymour, 2022).  Suppose the current legislation from CARB holds true. In that case, it is projected that 

prices will start to decline around 2030 since more and more organizations producing fuels will be able to 

meet a constant yearly target (rather than one that decreases every year). Therefore, the dollar per ton of 

carbon dioxide is estimated to decrease by 10% every year after 2030. This is a rough estimate developed 

by this researcher. 



28 
 

The electrolyzed hydrogen is assumed to produce zero grams of carbon per MJ, so it is assumed that 

every MJ produced offsets the amount of carbon given by the yearly target. The diesel targets were 

selected since this is where hydrogen has the highest likelihood of competition in the near future. Table 3 

shows the emission caps for diesel, LCFS yearly value, and corresponding dollar per kilogram credit. 

Table 3:  
Projection of LCFS Prices  

 
Year Diesel Emissions 

Cap (gCO2/MJ)(1) 
LCFS estimated value  

($/ton CO2)(2) 
Value for hydrogen 

production ($/kg H2)(3) 
2022 90.41  $180.00   $      2.15  

2023 89.15  $180.00   $      2.12  

2024 87.89  $180.00   $      2.09  

2025 86.64  $180.00   $      2.06  

2026 85.38  $180.00   $      2.03  

2027 84.13  $180.00   $      2.00  

2028 82.87  $180.00   $      1.97  

2029 81.62  $180.00   $      1.94  

2030 80.36  $180.00   $      1.91  

2031 80.36  $162.00   $      1.72  

2032 80.36  $145.80   $      1.55  

2033 80.36  $131.22   $      1.39  

2034 80.36  $118.10   $      1.26  

2035 80.36  $106.29   $      1.13  

2036 80.36  $95.66   $      1.02  

2037 80.36  $86.09   $      0.92  

2038 80.36  $77.48   $      0.82  

2039 80.36  $69.74   $      0.74  

2040 80.36  $62.76   $      0.67  

2040+ 80.36 Previous year * 0.9 LCFS Price*Diesel 

emissions cap*120 

MJ/kg hydrogen(4) 

1. (CARB, 2020) 

2. Estimate from this researcher based on logic in this section of the report 

3. Prices as included in financial model (assumed to not adjust with inflation) 

4. Conversion from (“Hydrogen Storage”, n.d.) 
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Since LCFS are only achievable in such a specific case, they are assumed to add no value to a renewable 

hydrogen project as a base case. Only when LCFS is set to “optimum” is the above table included in the 

financial analysis.  Additionally, since this is an optimum assumption, it is assumed that the hydrogen 

project would receive 100% of the LCFS credits rather than splitting them or selling them to the offtaker 

as part of the hydrogen offtake agreement. This is not unheard of in similar agreements regarding LCFS 

based on this researcher’s experience. 

This variable contains a very high level of uncertainty, which could have significant impacts on 

economics of related use cases. However, it only impacts a narrow window of use cases – hydrogen used 

for transportation in California (and soon to be Oregon and Washington State), therefore, this level of 

uncertainty is acceptable due to the negligible impact on most cases studied in this report. 

Additional Variables 

While this analysis covers the major technical and financial variables that go into renewable hydrogen 

projects, many additional factors will add costs to real projects. These added costs include taxes, 

insurance, environmental compliance, minor maintenance, financing, and interconnection costs. Many of 

these variables are extremely location specific and are therefore not accounted for in this report. 

Additionally, more technologies and power sources could be added such as alkaline membrane 

technology or hydro, nuclear, or CSP powered projects. 
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Results 

Variables with Highest Impact 

The first test with the financial model is to determine which variables have the largest impact on the 

economics of a renewable hydrogen project. This is done by producing various tornado charts 

demonstrating how each variable impacts the economics compared to the base case. Figure 9 below 

shows a sample base case which uses a PEM electrolyzer and solar PV as the input power source. 

Additional scenarios (one for each combination of electrolysis technology and power input source) can be 

found in Appendix A, and base case values for IRR, NPV, and LCOH for each case can be found in 

Appendix D. 

Figure 9: Variance of IRR and NPV from the base case of PEM technology and PV power input based on each 

tested variable's optimum and conservative cases. 

The tornado charts in Figure 9 and in Appendix A show how the NPV and IRR of a project vary based on 

the optimum and conservative cases for each individual variable as compared to the scenario’s base case. 

The optimum, base case, and conservative assumptions are all listed in Table 2 of the Methods section of 

this report. The x and y axes of the tornado charts intersect at the project’s base case economics. There is 
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a dashed line marking profitability, which is assumed to be 7% for IRR and $0 (at a 7% rate of return) for 

NPV.  In cases where none of the project years yield net revenue, the IRR is incalculable, and the project 

is not viable without additional economic incentives.  This occurs in every tornado chart’s conservative 

offtake assumption, and in several other variables depending on the case. 

Figure 9 is a good representative case, showing that Offtake price, the PTC, electricity price, and 

efficiency have the highest impact on project economics. Other types of projects can have different 

outcomes. For example, AE and PEM both have much longer lifetimes than SOE. Therefore, their stack 

lifetime and stack replacement cost variations do not impact project economics. However, these are far 

more important factors (along with yearly degradation) for SOE projects since the ranges are much wider 

and the values less favorable. Additionally, the AE powered by R&R base case IRR was incalculable (due 

to a high power price coupled with a low efficiency), meaning that this is not an economically viable 

pairing of technology and power source without adjustments to any number of variables in the base case.  

Timelines of Profitability for Various Cases 

In this section, specific and slightly more optimum cases are shown to demonstrate how renewable 

hydrogen projects could become more or less economically viable over time. The base case can be found 

in Appendix B along with additional scenarios. For reference, the base case graph shows no economically 

viable projects (with IRR’s above 7%) however, PEM coupled with wind is capable of producing an IRR 

of above 6%, and this is only if the project is funded in 2031. The following cases show what would be 

necessary to expand the window of profitability to additional technologies, power sources, and timelines. 

Each of the graphs in this section show nine lines, one for each combination of electrolysis technology 

and power input source. The graphs show the progression of the same project’s IRR depending on the 

year that the project was fully funded, and construction was started. All variables are assumed to be the 

base case laid out in Table 2 of the Methods section of this report unless explicitly stated otherwise. 
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Full IRA 

For the base case assumption in this report, it is assumed that the prevailing wage standards are not met 

for the IRA. This was done in an attempt to be conservative, since clear guidelines for meeting these 

requirements have not been published at the time this report is being developed. However, if a researcher 

assumes that a project could receive the full 30% ITC and $3 per kilogram PTC, potential economics 

change substantially as shown below in Figure 10. 

 

Figure 10: IRR of each scenario by year if the full IRA is applied 

Figure 10 shows that if a renewable hydrogen project meets the criteria to receive the full benefits of the 

PTC and the ITC available as part of the IRA, that PEM and AE projects powered by wind, solar PV, or 

R&R would all be immediately profitable. Each of these cases shows an IRR above 7%, and in many 

cases, much higher as long as the project completes financing and construction before 2033. Projects that 

become operational after 2033 no longer receive the benefits of the IRA, and therefore, profitability is 
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negatively impacted. Figure 10 shows that no projects are profitable after the end of the IRA, however, it 

is likely that the technology will have improved by that point, which could improve economics, as shown 

in the next section and in Figure 11. 

While SOE technology is not shown as profitable today, given the full benefits of the IRA, it could 

achieve an IRR of over 7% as early as 2023 with an R&R power source. Wind powered SOE projects 

could also achieve profitability as early as 2029 in this same scenario. However, just as PEM and AE, 

these profit margins decrease significantly at the end of the IRA period.  

Optimum Technology  

The base case assumptions of this report use the average efficiency and degradation rates for each 

technology that is available on the market today. However, as has been seen with many new technologies, 

they will likely become more efficient and more resistant to degradation over time. The optimum cases 

used for these variables are not theoretical maximums, they are current maximums that each technology 

has already achieved (mostly on a lab scale), which could be theoretically achievable for large scale 

projects. As time progresses, more and more electrolyzers will likely be able to reach these efficiency and 

degradation targets. Figure 11 shows how the economics change over time assuming the optimum case of 

electrolyzer efficiency and degradation (values shown in Table 2 of the Methods section of this report). 

All other variables are assumed to be base case. 
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Figure 11: IRR of each scenario by year if optimal efficiency and degradation are applied 

Figure 11 shows that optimum efficiency and degradation are able to produce profitable AE and PEM 

projects powered by R&R and wind every year after the IRA takes effect. They become less profitable 

after the end of the IRA but would still be viable projects even without this incentive structure.  AE 

coupled with solar PV becomes profitable around 2024, and PEM coupled with solar PV becomes 

profitable around 2028. Both are able to stay profitable after the end of the IRA. There are no years 

present in this “optimum technology” scenario where an SOE project produces an IRR over 7%. 

Texas Low Power Prices 

The base case of this report assumes an average PPA price of $30 per MWh for both wind and solar PV 

power inputs, and a PPA price of $40 per MWh for the R&R case. While these values are representative 

of the entire U.S., different regions can experience very different power prices. For example, Texas has 
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some of the cheapest power in the U.S. with very high renewable penetration. Therefore, it could be an 

excellent location to start a project with an optimum PPA price of $20 per MWh for wind and solar PV 

and $30 per MWh for R&R. In this low price environment, electrolysis projects are more likely to be 

profitable as compared to base case. This is shown in Figure 12. All other variables apart from PPA price 

are assumed to be base case. 

 

Figure 12: IRR of each scenario by year if optimal PPA prices are applied 

Figure 12 shows that optimum power prices can produce profitable AE and PEM projects powered by 

R&R and wind every year where the IRA is in effect. Each of these projects become less profitable after 

the end of the IRA but would still be viable projects even without this incentive structure (with the 

exception of AE powered by R&R). AE coupled with solar PV becomes profitable around 2027, and 

PEM coupled with solar PV becomes profitable around 2028. Both are able to stay profitable after the end 
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of the IRA. There are no years present in this “optimum power price” scenario where SOE produces a 

project with an IRR over 7%. 

California LCFS Market 

While each of the previous sections have shown how much value can be added to a project by the IRA 

(both at its full value as shown in Figure 10, but also at more conservative values as shown in Figures 11 

and 12), other incentive programs in the United States can have similar benefits. The LCFS program in 

California (and soon to be Oregon and Washington state) could apply to hydrogen projects if the 

produced hydrogen is used for transportation in those states. It is unclear if LCFS credits can be paired 

with the IRA incentives, so to be conservative, IRA incentives are excluded from this example. Therefore, 

Figure 13 represents a case that is eligible for LCFS, but not the IRA and all other variables remain at 

base case. 

 

Figure 13: IRR of each scenario by year if the project is eligible for LCFS credits 
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Figure 13 shows that AE and PEM coupled with wind or R&R can be profitable starting in 2022, 

however, AE powered with R&R has a narrow window of profitability, ending after 2027. PEM powered 

with R&R is no longer profitable after 2031. AE powered with wind is no longer profitable after 2035. 

And SOE and solar PV powered projects are not profitable under LCFS without additional incentives, 

higher efficiencies, or lower PPA prices. 

LCOH by Year 

Up until this point, most of the results of this report have focused on NPV and IRR, since these are better 

indicators of if a project is profitable (and therefore are more likely to receive funding and investment). 

However, many other studies throughout the industry use a different metric: Levelized Cost of Hydrogen 

(“LCOH”). This essentially takes all the costs over the entire project (CAPEX, O&M, electricity, stack 

replacement, etc.) and divides it by the total kilograms of hydrogen produced. While this is an excellent 

metric for comparing renewable hydrogen with more traditional methods of hydrogen production, it 

cannot demonstrate whether a project will generate revenue or not. For example, the IRA allows projects 

at much higher LCOH’s to be profitable and competitive, even though those revenues are not included in 

the LCOH calculations. Figure 14 below shows the base case LCOH for each year and will be used to 

compare to other studies in the Discussion section. More LCOH graphs for the cases examined in the 

section above can be found in Appendix C. 
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Figure 14: LCOH depending on year of final investment 

Discussion 

Discussion of Hypothesis  

The hypothesis developed at the beginning of this report is as follows: The timeframe in which a 50 MW 

renewable hydrogen project is profitable is likely to be in the year 2030. This timeline will be influenced 

by many factors including government incentives, decreasing capital costs over time with greater 

production (“cost curves”), costs and capacity factors of renewable electricity, and which industries 

and/or regions seek to adopt renewable hydrogen. It is predicted that government incentives and cost 

curves will have the greatest impact on cost effectiveness and timeline. 
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This hypothesis is not supported in its predictions of the most impactful variables regarding renewable 

hydrogen profitability. While the tornado charts in the Results and Appendix A sections of this report give 

a broad idea of which are most important, a direct comparison that includes each of the nine combinations 

of electrolyzer technologies and power options is necessary to get a full picture. Table 4 shows the 

variance between the base case of each scenario (values shown in Appendix D) and the total variance of 

its optimum and conservative cases (with values for each case shown in Table 2). Table 4 places the 

variables in order of IRR (though these closely follow the order for NPV and the variables that play into 

calculating LCOH). It is worth noting that discrepancies in ordering between NPV and IRR have to do 

with the way that revenues are distributed in the project based on each scenario.  

Table 4:  
Average Difference Between Optimum and Conservative Case for each variable 

 
Variable IRR NPV LCOH 

Offtake Price ($/kg H2) Incalculable 358% 0% 

PPA Price ($/MWh) 1815.0% 207% 44% 

IRA PTC ($/kg H2) 820.3% 223% 0% 

Electrolyzer Efficiency (kWh/kg H2) 539.0% 149% 30% 

LCFS Price ($/ton CO2) 384.1% 157% 0% 

Yearly Degradation (% per year) 282.9% 59% 37% 

Stack Lifetime (operating hours) 248.3% 64% 14% 

O&M Price 160.5% 84% 13% 

Cost Curve ($/kW by year) 121.2% 7% 9% 

Capacity Factor (% yearly operating hours) 108.6% 18% 12% 

Investment Year 102.4% 154% 5% 

IRA ITC (% CAPEX) 68.1% 37% 0% 

REC Price ($/MWh) 32.8% 9% 0% 

Stack Replacement Cost (% CAPEX) 6.5% 8% 3% 
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As can be seen in Table 4, the two most important factors that impact the economics of a renewable 

hydrogen project are the offtake price and the power purchase price. This was not what was predicted in 

the hypothesis. The factors predicted were government incentives (which, PTC is the third most important 

factor), and the cost curves associated with CAPEX prices (which was only ranked ninth on this metric). 

As part of this analysis, it became clear that the factors with the most influence on the economics of a 

renewable hydrogen project are those that significantly impacted the yearly costs and revenues. While 

CAPEX, ITC, stack replacement cost, and stack lifetime, are all major expenses (or benefits in the case of 

ITC), they only occur once (or a few times in the case of replacements) over the course of the project. The 

yearly operational expenses and revenues have a much larger impact overall. Furthermore, it is worth 

noting that while offtake and PPA price were consistently two of the most important factors, degradation 

and stack lifetime are heavily influenced by SOE technology. These are some of the most factors 

important for the SOE, which moved them up on Table 4 despite being far less important for AE and 

PEM. 

The second aspect of the hypothesis is the timeline at which electrolysis technology becomes profitable. 

The conclusion is: it depends. If the base case used in this report continues, renewable hydrogen projects 

will not be profitable by 2050. However, the base case continuing past 2025 is a very unlikely scenario, as 

it was designed with projects between 2022 and 2025 in mind. With the implementation of the IRA, at 

least some projects will be eligible for full benefits. As seen in Figure 10, such projects could be 

profitable as early as 2023 when the policy takes effect. Furthermore, as we have seen with wind, solar 

PV, and battery storage, technology is likely to improve, which could also help projects to become 

profitable earlier. Figure 11 shows that with optimum efficiency and degradation assumptions, some 

projects can reach profitability thresholds as early as next year and remain profitable as long as those 

assumptions are in place, even after the IRA term ends. Projects sited in locations with low power prices 

also have potential for profitability starting next year according to Figure 12. And finally, even without 

the IRA, projects  servicing California’s transportation industry and receiving LCFS credits could be 
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profitable in 2023  if they could find a transportation offtaker. To conclude, there are many realistic 

scenarios where renewable hydrogen projects funded in 2023 could be profitable depending on 

technology, location, and eligibility for various government incentives. 

Discussion of Similar Studies in Academia 

While this report varies significantly from previous studies in that it was able to take the IRA into 

account, comparison to other studies can help validate results not relating to the IRA such as LCOH.   

One study by Guerra et al. analyzes the potential range of hydrogen production cost depending on the 

location in the US, and their respective power prices and capacity factors. The Guerra study differs from 

this report in that it does not assume 100% renewable power is used, which could lower the cost and 

increase the capacity factor of hydrogen production in many regions of the United States. Additionally, a 

much smaller electrolyzer is assumed (1 MW rather than 50 MW), but capital costs, O&M costs, and 

efficiencies are all given within the ranges supplied in this report. Guerra asserts that depending on 

locationality, hydrogen production costs can range from as low as $2.6 per kilogram, all the way up to 

$12.3 per kilogram today (Guerra et al., 2019). The study claims that anything less than $4.0 per kilogram 

is low enough to compete with gasoline powered vehicles (Guerra et al., 2019). The Guerra study yields a 

much wider range of LCOH than this report, likely due to the fact that it assumes grid powered 

electrolysis, which causes much wider variation in power prices. The base case LCOH for this report 

ranges from approximately $3.8 to $7.2 per kilogram (see Figure 14) and can reach as low as $2.8 per 

kilogram in the high efficiency/low degradation and low power price scenarios, as seen in Appendix C.  

This report’s conclusions appear to be in line with Guerra’s, given that worst case scenarios (which would 

have yielded LCOH’s significantly worse than $7.2 per kilogram) are not analyzed in depth as part of this 

report. 
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The Koleva et al. study, shows similar ranges to the Guerra study. Very similar efficiency and cost inputs 

are used, but only markets in California are studied. The Koleva study focuses on power markets and 

solar PV plants in the state of California, and assumes that several combinations of LCFS, REC’s and ITC 

are available to the project (though the IRA had not been passed at the time of publication). The Koleva 

study concludes that hydrogen produced with a combination of solar PV and grid power has an LCOH of 

around $6 per kilogram, and electrolyzers powered exclusively from the grid’s wholesale markets could 

achieve an LCOH of around $3 per kilogram (Koleva et. al, 2021). Again, these fall within the ranges 

given for this report (though in different scenarios). 

The Mallapragana et al. study is able to demonstrate that fully renewable hydrogen generated with a co-

located solar PV plant could achieve an LCOH $2.5 per kilogram by 2030 (Mallapragana et al., 2020). 

This is an earlier estimation than was given as part of this report (except in the extreme case of Figure17), 

however, it should be noted that the CAPEX and O&M assumptions in the Mallapragana study are more 

optimistic than even the optimistic case given in this report.  

Most of the studies analyzed as part of this report were conducted in the United States, however, one 

study by Vartiainen et al. is focused on solar PV coupled electrolysis plants in Europe (Vartiainen et al., 

2021).  The Vartiainen study projects that LCOH will decrease from current values of €1.0 to €2.7 per 

kilogram to €0.7 to €1.8 per kilogram by 2030, and €0.3 to €0.9 per kilogram by 2050. Since the 

Vartiainen study was published in January of 2021, the average conversion rate in 2020 of $1.14 per € is 

assumed. With this conversion, the dollar values for this report are $1.1 to $3.1 per kilogram to $0.8 to 

$2.1 per kilogram by 2030, and $0.3 to $1.0 per kilogram by 2050. The Vartiainen study is the most 

optimistic study reviewed, and only its most conservative LCOH values are seen as possible outcomes as 

part of this report. There are a few potential reasons for this. The first is that other studies show that in 

some cases (before the IRA), European LCOH’s were expected to be lower than in the US (Christensen, 

2020). Another reason is that the Vartiainen study uses the lowest CAPEX prices of any study reviewed.  



43 
 

The most conservative CAPEX from the Vartiainen study is used as the optimum case for AE technology 

for this report (See Figure 5). Finally, O&M prices in the Vartiainen study are only estimated to be 1% of 

CAPEX, while this report assumes values that vary based on scenario, but average between 5% to 10% of 

CAPEX. One thing that the Vartiainen study yields similar results on, is the relative importance of 

variables. The Vartiainen study includes a tornado chart for LCOH (therefore excluding variables like 

government incentives and offtake price), which shows power price and capacity factor as being the most 

influential variables. The variable order after that is CAPEX costs, O&M costs, electrolyzer efficiency, 

electrolyzer lifetime, and stack replacement costs. While this order is not exactly the same as seen in this 

report, the top two (of variables studied) are the same, and the relative importance of the rest are in 

roughly the same order (likely varying due to differences in inputs). 

The Yates et al. study compares the estimated LCOH of renewable hydrogen produced in multiple global 

locations in 2020. Many of the inputs in the Yates study were used as starting points for the inputs in this 

report, as seen in Table 2. Additionally, the outputs for the Yates study are in range of the results of this 

report (particularly the more optimistic cases seen in Appendix C) with an LCOH in California estimated 

to be between $3.2 and $4.2 per kilogram in 2020. Additionally, Yates shows that globally, the LCOH 

range is estimated to be $3.0 and $5.3 per kilogram in 2020 (Yates et al., 2020). 

Most of the studies analyzed as part of this report are more optimistic than the results listed herein, 

however, the Christensen study is more conservative. It analyzes electrolyzer projects in both the US and 

the European Union powered strictly from renewable sources. The Christensen study was also a critical 

starting point for inputs to this report, and therefore, sees overlap in inputs. The Christensen study 

projects that the LCOH of hydrogen produced with renewables decreases from the average price of $10.6 

per kilogram to $6.0 per kilogram between 2020 and 2050; the minimum price in that same time frame is 

projected to decrease from $4.6 per kilogram to $2.4 per kilogram (Christensen, 2020).  This report yields 

results around the top of the minimum price range for directly connected electrolyzer projects. The grid 
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connected option of the Christensen study (which includes REC’s) has an average price decrease from 

$8.8 to $5.8 per kilogram between 2020 and 2050; the minimum price in that same time period is 

projected to decrease from $6.1 to $4.2 per kilogram (Christensen, 2020). Each of these ranges is higher 

than what is projected in this report. This is likely due to the Christensen study having more detailed 

inputs regarding grid power prices in various regions. Additionally, it assumes a 100% capacity factor, 

and it is generally understood that the last 10% tends to increase costs. Finally, the Christensen study 

takes interconnection, transmission, and distribution costs into account, while this report neglects those 

variables. The Christensen study also notes the differences between the US and Europe. The US is able to 

produce cheaper hydrogen when directly connected to renewable power because the US has greater 

renewable potential than Europe. However, in grid-connected or curtailment scenarios, Europe generally 

achieves lower prices than the US due to lower potential (and sometimes lower average) power prices 

(Christensen, 2020).   

Discussion of Similar Studies in Industry 

While many studies from academia are analyzed for this report, two main sources from industry are used 

as a basis of input and comparison. These are the McKinsey study and the IRENA study. 

The McKinsey study compares the LCOH of renewable hydrogen to low carbon (MSR and CCS) 

hydrogen, and to gray (MSR) hydrogen. As shown in Figure 15, the values for today are in line with the 

base case provided for this report (Figure 14). 
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Figure 15: Projected LCOH of renewable, low carbon, and gray hydrogen (McKinsey, 2021, pg 21) 

However, as time progresses the McKinsey study shows a more optimistic case than the base case, which 

makes sense. It is likely that over time, the efficiency, degradation, O&M costs, and CAPEX costs will 

trend toward the optimum cases given in this report. Therefore, Figure 17 below, which shows the 

optimum cases for all these variables, gives an LCOH very similar to that in 2050 of Figure 15. It is also 

worth noting that while in Figure 15, the LCOH for gray hydrogen remains constant, if a carbon tax or 

cap and trade is to be implemented in the US in the next 30 years, or if the price of natural gas increases 

significantly, the gray section’s LCOH would rise starting in those years. This would result in the LCOH 

of renewable hydrogen not needing to reach as low of values to be competitive. 

The IRENA study is the second main industry study analyzed.  It differs from all other studies in that it 

does not predict LCOH on the basis of time. It predicts LCOH on a basis of technological advancements 

that must happen before LCOH prices can be reduced. It points out that these advancements can come 
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from industry, government, or a combination of the two. Figure 16 shows what these steps are and their 

relevant importance to reaching the $1 per kilogram targets. 

 

Figure 16: Factors contributing to renewable hydrogen LCOH decreases (IRENA, 2020, pg 91) 

The IRENA study shows a LCOH for today in line with what was projected in the base case of this report. 

In order to decrease this value, it employs tactics such as reducing electrolyzer costs by 80% (cost curves 

in this report range from 50% to 80% reductions by 2050). It also shows a dramatic decrease in electricity 

prices from $53 per MWh to $20 per MWh, which was not reflected in this report. In fact, this report 

projects that electricity prices will rise with inflation rather than fall. The IRENA report also shows 

efficiency and lifetime improvements in line with this report, but a narrower range of operating hours. 

Overall, the LCOH’s shown for the base case in Figure 14 are within range of IRENA’s estimates for 

today. Based on this report’s optimum case (shown in Figure 17 below), it is partially in line with 

IRENA’s future case. Deviations are most likely due to the fact that it does not appear IRENA takes 

O&M costs into consideration, and it assumes that electricity prices decrease rather than increase. 
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Discussion of US Hydrogen Targets 

The McKinsey study, the IRENA study, and recent US legislation around the “Hydrogen Shot” and 

“Hydrogen Hubs” are all aiming for a $1 per kilogram target LCOH. This is a necessary value if 

renewable hydrogen is to truly compete with MSR (without the implementation of a carbon tax or cap and 

trade).  However, none of the cases that are considered reasonable that were run for this report is able to 

reach that target. In fact, the test run to produce Figure 17 below, set every variable impacting LCOH to 

the “optimum” setting.  

 

Figure 17: Optimum Cost Curve, Electricity Price, Capacity Factor, O&M, Efficiency, Degradation, Lifetime, 

and Stack Replacement 

Note that even the lowest priced options do not reach values below $1.5 per kilogram. This means that 

either hydrogen inputs will need to be cheaper than are currently possible today (either by reducing 

electricity, CAPEX, or O&M prices), or technology of renewables or electrolysis needs to be improved. 



48 
 

One such way of doing this would be if BESS technology became significantly cheaper, it could improve 

the capacity factor for wind and solar PV without increasing cost (as it currently does). Additionally, if 

the efficiency, degradation, and stack lifetime of electrolysis cells could be improved beyond what is 

currently cited in this report, projected LCOH’s could fall further.  

Conclusions 

To conclude, there are many scenarios where electrolysis projects become profitable within the next five 

years or less. The most important factors to ensure this happens is obtaining high value offtake 

agreements and securing low priced renewable PPAs. Additional factors such as the IRA and improving 

electrolyzer efficiency will also be critically important. While renewable hydrogen projects will likely be 

profitable in the not-so-distant future (in great part due to the IRA), this does not change the fact that the 

US still needs one or more substantial breakthroughs in efficiency, degradation, or low priced renewable 

PPA’s in order to reach its target of $1 per kilogram by 2030. 

The improvements that could be made to further the accuracy of this report and financial model would be 

the inclusion of variables such as taxes, interconnection costs, insurance, environmental compliance, 

minor maintenance, lending costs, and salvage value. More accuracy could also be added surrounding 

details on the IRA and what will truly be necessary to achieve full eligibility. Additionally, as operating 

data for hydrogen projects come available, this data could be extremely influential in shaping future 

financial models to understand which costs and revenues are over and underestimated. Access to 

operating data could also narrow the ranges between “conservative” and “optimum” for some of the 

selected variables. 

Regardless of the results of this report, the IRA has opened up many opportunities in the renewable 

hydrogen space in the US. This legislation has ensured that more renewable hydrogen projects will be 

profitable, which will likely spur more investment, and potentially more technological breakthroughs. 
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This will only speed the expected cost reductions in the electrolysis space and allow renewable hydrogen 

to become an ever more important aspect of the energy transition, be it in high heating, transportation, 

long-term, energy storage, or acting as a low carbon energy carrier. 
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Appendix A – Additional Tornado Charts 

Figure 18: NPV and IRR tornado charts for PEM technology and a solar PV PPA 

 

 

 

Figure 19: NPV and IRR tornado charts for PEM technology and a wind PPA 
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Figure 20: NPV and IRR tornado charts for PEM technology and a R&R PPA 

 

 

Figure 21: NPV and IRR tornado charts for AE technology and a solar PV PPA 
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Figure 22: NPV and IRR tornado charts for AE technology and a wind PPA 

 

 

Figure 23: NPV and IRR tornado charts for AE technology and a R&R PPA 

Figure 24: NPV and IRR tornado charts for SOE technology and a solar PV PPA 

BASE CASE INCALCULABLE for AE 

powered by R&R. This is due to a high power 

price coupled with a low efficiency  
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Figure 25: NPV and IRR tornado charts for SOE technology and a wind PPA  

 

 

Figure 26: NPV and IRR tornado charts for SOE technology and a renewable & REC PPA  
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Appendix B - Additional IRR by Year Charts 

 

Figure 27: IRR of each scenario by year for the base case 
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Appendix C – Additional LCOH by Year Charts  

 

Figure 28: LCOH with optimal efficiency and degradation 
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Figure 29: LCOH with optimal PPA Prices 
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Appendix D – Base Case IRR, NPV, and LCOH Values for all Cases 

Table 5:  
Base Case IRR, NPV, and LCOH for each case 

 
Variable IRR NPV LCOH 

PEM - PV -11.6% ($15.94) $4.15 

SOE - PV -20.8% ($58.95) $7.01 

AE - PV -17.3% ($15.06) $4.27 

PEM - Wind -1.3% ($10.41) $3.83 

SOE - Wind -12.3% ($55.64) $5.31 

AE - Wind -7.7% ($10.51) $3.85 

PEM - R&R -18.4% ($30.18) $4.10 

SOE - R&R -28.5% ($85.88) $4.76 

AE - R&R Incalculable ($43.13) $4.47 
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