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Abstract 

Reducing the Production Cost of Hydrogen from Polymer Electrolyte Membrane Electrolyzers 

through Dynamic Current Density Operation 

Michael Ginsberg 

 

A worldwide shift from fossil fuels to zero carbon energy sources is imperative to limit 

global warming to 1.5°C. While integrating high penetrations of VRE into the grid may 

introduce the need for upgrading an aging electrical system, renewable energy represents a new 

opportunity to decarbonize multiple sectors. Otherwise curtailed solar and wind energy can 

accelerate deep decarbonization in hard-to-reach sectors - transportation, industrial, residential, 

and commercial buildings, all of which must be decarbonized to limit global warming. With 

renewable energy as its input, electrolytic H2 represents a solution to the supply-demand 

mismatch created by the proliferation of VREs on a grid designed for on-demand power. 

Electrolytic H2 can stabilize the grid since the H2 created can be stored and transferred. Thus, 

Chapter 1 introduces the opportunity of green H2 in the context of low-cost VREs as a means of 

deep decarbonization through sector coupling, and an overview of the techno-economics, key 

technologies, and life cycle assessment versus the incumbent steam methane reformation.  

The growing imbalances between electricity demand and supply from VREs create 

increasingly large swings in electricity prices. Capable of operating with variable input power 

and high current densities without prohibitively large ohmic losses, polymer electrolyte 

membrane (PEM) electrolyzers are well suited to VREs.  In Chapter 2, polymer electrolyte 

membrane (PEM) electrolyzers are shown to help buffer against these supply demand 

imbalances, while simultaneously minimizing the levelized cost of hydrogen (LCOH) by 



 

 

ramping up production of H2 through high-current-density operation when low-cost electricity is 

abundant, and ramping down current density to operate efficiently when electricity prices are 

high. A techno-economic model is introduced that optimizes current density profiles for 

dynamically operated electrolyzers, while accounting for the potential of increased degradation 

rates, to minimize LCOH for any given time-of-use (TOU) electricity pricing. This model is used 

to predict LCOH from different methods of operating a PEM electrolyzer for historical and 

projected electricity prices in California and Texas, which were chosen due to their high 

penetration of VREs. Results reveal that dynamic operation could enable reductions in LCOH 

ranging from 2% to 63% for historical 2020 pricing and 1% to 53% for projected 2030 pricing. 

Moreover, high-current-density operation above 2.5 A cmī2 is shown to be increasingly justified 

at electricity prices below $0.03 kWhī1. These findings suggest an actionable means of lowering 

LCOH and guide PEM electrolyzer development toward devices that can operate efficiently at a 

range of current densities. 

Chapter 3 uses techno-economic modeling to analyze the benefits of producing green 

(zero carbon) hydrogen through dynamically operated PEM electrolyzers connected to off-grid 

VREs. Dynamic electrolyzer operation is considered for current densities between 0 to 6 A cm-2 

and compared to operating a PEM electrolyzer at a constant current density of 2 A cm-2. The 

analysis was carried out for different combinations of VRE to electrolysis (VRE:E) capacity 

ratios and compositions of wind and solar electricity in 4 locations ï Ludlow, California, 

Dalhart, Texas, Calvin, North Dakota, and Maple Falls, Washington. For optimal VRE:E and 

wind:PV capacity ratios, dynamic operation of the PEM electrolyzer was found to reduce the 

LCOH by 5% to 9%, while increasing H2 production by 134% to 173%, and decreasing excess 

(i.e. curtailed) electrical power by 82% to 95% compared to constant current density operation. 



 

 

Under dynamic electrolyzer operation, the minimum LCOH is achieved at higher VRE:E 

capacity ratios than constant current density operation and a VRE mix that was more skewed to 

whichever VRE source with the higher capacity factor at a given location. In addition, 

dynamically operated electrolyzers are found to achieve LCOH values within 10% of the 

minimum LCOH over a significantly wider range of VRE:E capacity ratios and VRE mixes than 

constant electrolyzers. As demonstrated, the techno-economic framework described herein may 

be used to determine the optimal VRE:E capacity and VRE mix for dynamically-operated green 

hydrogen systems that minimize cost and maximize the amount of H2 produced.   

Chapter 4 focuses on the production of high-purity water and H2 from seawater. Current 

electrolyzers require deionized water so they need to be coupled with desalination units. This 

study shows that such coupling is cost-effective in H2 generation, and offers benefits to thermal 

desalination, which can utilize waste heat from electrolysis. Furthermore, it is shown that such 

coupling can be optimized when electrolyzers operate at high current density, using low-cost 

solar and/or wind electricity, as such operation increases both H2 production and heat generation. 

Results of techno-economic modeling of PEM electrolyzers define thresholds of electricity 

pricing, current density, and operating temperature that make clean electrolytic hydrogen cost-

competitive with H2 from steam methane reforming.  By using 2020 hourly electricity pricing in 

California and Texas, H2 is shown to be produced from seawater in coupled desalination-

electrolyzer systems at prices near $2, reaching cost parity with SMR-produced H2. Chapter 5 

concludes the dissertation with an overview of the challenges and research needs for PEM 

electrolyzers at scale, including projected iridium needs, iridium thrifting, recycling methods, 

key degradation mechanisms, a failure modes and effects analysis, and LCOH projections. 
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Chapter 1: Background and Introduction 

1.1 The Shift to Renewable Energy 

A global shift to zero-carbon energy, primarily wind and solar, is needed to limit global warming 

to 1.5°C and prevent the worst impacts of climate change. Fortunately, from $76 per watt in the 

1970s to less than $1 per watt today for large-scale systems, solar has achieved grid parity.1 This 

has led to the rapid proliferation of wind and solar energy system installed capacity in the U.S. 

and globally.  

 

Figure 1.1. Solar photovoltaics are now cost competitive with conventional fuels.2 

 

The declining price of solar energy systems is due primarily to a steep reduction in the 

cost of manufacturing PV modules. Per Swansonôs Law, modules have declined in price by 20% 

for every doubling of production.3 Due to this trend, solar energy is growing at a rapid rate, up 

from 3% of the total U.S. electricity generation in 2020 to 5% in 2022.4 This is only set to 

continue, especially with the passage of the 2022 Inflation Reduction Act, which extended the 



2 

 

30% Investment Tax Credit. Non-hydropower renewables are the fastest-growing power source, 

with wind and solar projects comprising 62% of new power generation investments in 2018.5 

The U.S. Energy Information Agency projects utility-scale solar will grow by 84% by the end of 

2024, and wind by 12 and 14%.6 Projections have shown solar could supply 69% of U.S. 

electricity and 35% of its total energy by 2050,7 and 100% from a combination of wind, water, 

solar and storage.8 Globally, the IEA forecasts that renewables will grow to 49% of the 

electricity mix through 2030.9 

The declining price of solar photovoltaics (PV), however, has led to overproduction 

during periods when demand is low. The ñDuck Curveò, developed by the California 

Independent System Operator (CAISO), demonstrates the challenge of matching demand and 

supply with increased renewable energy penetration. The curve shows that non-solar supply must 

be high in the morning, steeply decline during the ñsolar windowò, the three hours before and 

after 12 PM noon, and surge in the afternoon as the sun begins to set.  

 

Figure 1.2. The Duck Curve during a Typical Spring Day. The duck curve illustrates the net 

electricity load throughout the day, showing a deep trough during midday when solar energy 

generation is high and a steep rise in demand during the evening when solar generation decreases, 

posing challenges for grid operators and highlighting the need for energy storage solutions.10 
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Curtailment is compounded by the fact that declining module costs have led to higher 

inverter loading ratios and more clipping losses, the reduction in energy production when the 

solar system DC output exceeds the inverterôs capacity. Despite the clipping losses of oversizing 

a DC array relative to the AC capacity of the inverter during peak production, the use of more 

modules enables the inverter to operate closer to its peak rating more often, particularly during 

morning and afternoon hours when solar insolation is lowest. The increased revenue generated 

during the morning and afternoon hours has outweighed the clipping losses during the hours of 

greatest insolation, 9 AM to 3 PM, in summer months. This is increasingly valuable as grid 

operators require high ramp rates from other generators during these times.  

A 100% renewable energy grid is limited not only by supply demand mismatch, but by 

the cost of integrating wind and solar, variable renewable energy (VRE). VREs create technical 

and organizational challenges to existing grids designed for centralized AC generation with 

readily-dispatchable generators. As more variable solar and wind energy saturates the market, 

system operators must take actions to mitigate increased fluctuations in supply. Increased 

penetration of VRE is forcing utilities to invest in new infrastructure and grid management 

software, which has the effect of reducing the value of that renewable energy.11 While the costs 

of integrating VRE below 30% penetration are marginal, results show that curtailment rates and 

associated costs rise rapidly above 30% due to transmission and operational flexibility 

requirements.12 However, emerging technologies that allow for greater grid flexibility, and hence 

accommodate more variable renewables, have the potential to eliminate, or at the very least, 

increase the ceiling associated with renewable energy generation.  
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1.2 Deep Decarbonization through Sector Coupling 

While integrating high penetrations of VRE into the grid may introduce the need for upgrading 

an aging electrical grid, renewable energy represents a new opportunity to decarbonize multiple 

sectors. Otherwise curtailed solar and wind energy can accelerate deep decarbonization in hard-

to-reach sectors - transportation, industrial, residential and commercial buildings, all of which 

must be decarbonized to limit global warming. As shown in in Figure 1.3, electric power 

comprised only 38% of total U.S. primary energy demand in 2021. As shown in Figure 1.4, 

technologies are needed that facilitate sector coupling and the diffusion of a 100% renewable 

energy grid to other sectors. 

 

 

Figure 1.3. US primary energy consumption by source and sector, 2021.13 
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Figure 1.4. Sector coupling through diffusion of 100% renewable grid.  

 

In the residential and commercial building sector, excess PV can be converted to heat for 

hot water storage and air source heat pumps. Novel PV materials, such as perovskite solar cells, 

can be installed in building facades, and low embodied-carbon materials and envelope 

technologies employed. In addition, fleet microgrids have the potential to reduce reliance on 

fossil fuels. In the transportation sector, electric and fuel cell vehicle charging infrastructure is 

needed, along with biofuel / feedstock supply. Challenges for electric vehicles include low 

energy density, life and material resource scarcity. Fuel cell vehicles are limited by the high costs 

of H2 storage and transport. Synthetic fuels from renewable hydrogen methanation can fuel 

heavy duty vehicles, ocean shipping, and aviation. A life cycle assessment by Argonne National 

Laboratory found that pure biodiesel (B100) use reduces CO2 emissions by 74% compared to 

petroleum.14 However, biofuels can lead to ecosystem degradation and reduce resources and land 

for food production. Biodieselôs high pour point also means it gels at higher temperatures, 

resulting in poor flow properties.  
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Decarbonization of the industrial sector includes the use of solar and wind electrolysis for 

power to gas (P2G) including H2, ammonia, and bulk and specialty chemicals. Decarbonization 

of this sector may also include carbon capture, which is dominated by amine scrubbing. Amine 

scrubbing has high energy requirements, amine absorbent degradation, and requires the 

transportation and storage of CO2 before its conversion to a useful product. Alternatives to amine 

scrubbing include a dual function material that captures and converts CO2 from power plant flue 

gas into synthetic methane with renewably produced hydrogen.15  

 

1.3 The Green Hydrogen Opportunity 

1.3.1 Rationale 

Electrolytic H2 represents a solution to the supply demand mismatch created by the proliferation 

of VREs on a grid designed for on-demand power. Electrolytic H2 can stabilize the grid since the 

H2 created can be stored, transferred and used to decarbonize hard-to-reach sectors.16 Heavy 

industrial facilities, for instance, are especially difficult to decarbonize since high heating 

demand cannot be easily electrified. Compared to the faster kinetics of the H2 evolution reaction, 

N2 reduction has poor faradaic efficiency and CO2 reduction is highly energy intensive. CO2 

reduction has thus focused on stepwise transformation with attention on the highest gross margin 

intermediate products, such as methanol, CO, ethylene, and aldehydes that can be further 

upgraded via the Fischer-Tropsch or Methanol to Olefin process to replace gas, diesel, or jet 

fuels.17 As such, water electrolysis has become a major focus in recent years for use in industrial 

processes either as heat or as an input to subsequent chemical processes, such as ammonia 

synthesis.   
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1.3.2 Techno-economics of Green Hydrogen 

H2 from steam methane reforming, which ranges from $1-$2 kg-1 is currently more economical 

than H2 from grid electrolysis ($5.50 kg-1) and solar PV ($4 to $15 kg-1).18 In a recent analysis, 

blue H2 (H2 from natural gas and decarbonized with carbon capture and storage (CCUS)) was 

found to have the best cost profile for various industrial processes.19 In cement production, the 

report points out that since clinker is cheap to produce, renewable H2 significantly increases the 

cost of clinker per ton. This holds true for steel, glass and ceramics, ammonia, and methanol. 

 

Figure 1.5. Cost increase over coal as heat source per ton of clinker.19 

 

The feedstock, PV-derived electricity for electrolysis, is the greatest cost component to 

the LCOH, followed by capital and fixed operations and maintenace costs. In a report by Shaner 

et al, H2 from PV electrolysis was found to be as high as $15 kg-1 based on the plant efficiency 

and PV module and electrolyzer capital expense.20 For ammonia synthesis using electrolytic H2, 

studies suggest PV electricity must be below $30 MWh-1 to produce cost competitive production 

of ammonia below $400 per metric ton using H2 below $2 kg-1.21 
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As shown by Esposito, 2017, the operating expenditure (OPEX) of H2 electrolysis is 

mostly sensitive to the price of electricity. In Espositoôs techno-economic analysis, only marginal 

cost reductions are achieved at greater electrolyzer efficiencies, and electrolyzer efficiency had a 

greater impact on OPEX at higher electricity prices (e.g. above $0.05 kWh-1), pointing to the 

increasing importance of electrolyzer efficiency at higher electricity prices (Figure 1.6A).22 As 

shown in Figure 1.6B, capital expenditure (CAPEX) was found to vary greatly with capacity 

factor, reinforcing the importance of reductions in electrolyzer capital costs in a future dominated 

by wind and solar, which have capacity factors of approximately 30% and 20% respectively.  

 

Figure 1.6. Economics of water electrolysis. (A) Electricity operating costs (opex) as a 

function of electrolyzer efficiency and the price of electricity. (B) Capital expenditures (capex) of an 

electrolyzer system normalized to the total amount of H2 generated over a 10 year lifetime while 

operating at 1.5 A cmī2 and an electrolysis efficiency of 78%. The horizontal dashed lines in both 

plots correspond to the levelized cost of producing H2 by SMR, based on a study by the US 

Department of Energy and the average 2016 industrial price of natural gas in the US. Electrolyzer 

efficiency is based on the higher heating value (HHV) of H2. Baseline electrolyzer CAPEX is 

assumed to be 1,000ï1,500 $ kWī1 and OPEX is assumed to be 5% of CAPEX per year.22 
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1.3.3 Life Cycle Assessment 

LCA of H2 production via SMR is used as a baseline for comparison with renewable electrolysis 

or direct photoelectrolysis via photoelectrochemical cells. SMR follows three general steps: 1) 

Sulfur removal in a hydrogenation vessel to convert sulfur compounds to H2S and removal of 

H2S in a ZnO bed, 2) Syngas production by feeding natural gas and 2.6 MPa steam to steam 

reformer, and 3) H2 purification by feeding syngas to high temperature water gas shift and low 

temperature water gas shift reactors where 92% of CO is converted into H2 and H2 is purified via 

a pressure swing adsorption unit (Figures 1.7 and 1.8). PSA off-gas is comprised of CO2 (55 

mol%), H2 (27 mol%), CH4 (14 mol%), CO (3 mol%), N2 (0.4 mol%), and water vapor. SMR 

produces 4.8 MPa (700 psi) steam, which is assumed to be exported for use by some other 

process or facility. In a cradle to grave LCA, a H2 plant with a capacity of 1.5 million Nm3/day 

(57 million scfd), typical of that found in a major oil refinery, was examined. Primary sources of 

operational CO2e emissions, 11,888 g CO2e/kg of H2 produced, were found to come from the H2 

plant operation (75%) and natural gas production and transport (25%).23, 24 

 

Figure 1.7. SMR H2 Plant Block Flow Diagram.23 
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Figure 1.8. Commercial scale industrial H2 generation via SMR.24 

 

In contrast, the lifecycle carbon of wind electrolysis was estimated to be 970 g CO2e per 

kg of H2 production, of which 78% is contributed by the wind turbine and life-cycle, followed by 

H2 compression and storage (17.6%), and electrolysis production and operation (4.4%).25 A LCA 

of PV electrolysis found global warming potential to be higher than wind (2,412 g CO2e/kg of 

H2), with the largest contribution from the materials and manufacturing of c-Si PV modules 

(63%).26 It is noted that these 2011 PV life-cycle estimates have been recently updated and that 

PV emissions have been drastically reduced since then.27,28,29 Notably, in order to qualify for the 

$3 kg-1 production tax credit under the IRA, H2 must have operational emissions of 0.45 kg CO2e 

kg-1 H2 or less.30  
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Figure 1.9. CO2e emissions associated with PV electrolysis.26  

 

1.4 Electrolyzer Technology Comparison 

The overall water electrolysis reaction and two half reactions hydrogen evolution reaction (HER) 

and oxygen evolution reaction (OER) in an acidic electrolyte are shown in Equations 1.1-1.3. 

Overall  Ὄ2ὕ źὕ2+Ὄ2    ȹὉÁ=ī1.23 ὠ   1.1 

HER   2Ὄ++2ὩīźὌ2   ȹὉ°=0.0 ὠ ὺί ὔὌὉ  1.2 

OER   2H2O Ÿ O2 + 4H+ + 4e- ȹὉ°=1.23 ὠ ὺί ὔὌὉ  1.3 

where ȹE is the thermodynamic minimum voltage. There are several types of electrolyzers, and 

each operates differently. Here are the differences between five common types of electrolyzers: 

PEM, alkaline, AEM, SOEC, and membraneless.31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Electrolyzer Technologies.31 
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PEM (Polymer Electrolyte Membrane) electrolyzers: In PEM electrolyzers, a proton exchange 

membrane separates the anode and cathode compartments. The cells have a ñzero-gapò - a thin 

(100-200 µm) solid-electrolyte membrane between the O2-evolving anode and H2-evolving 

cathode. The MEA together with current collectors and separator plates make up the cell which, 

on average, is only 5­9 mm thick. This structural compactness and the high current density result 

in a much smaller footprint compared to alkaline technology. The membrane allows the H+ ions 

to pass through to the cathode, while serving as a physical barrier that suppresses crossover and 

mixing of H2 and O2. PEM electrolyzers are compact, efficient, and produce high purity H2 gas. 

They require high purity water and are generally more expensive than other types of 

electrolyzers. The operating current density of PEM electrolyzers is typically 1-2 A cm-2. Unlike 

alkaline, this means PEM electrolyzers can ramp up H2 production through increased current 

density. The electrolyte in PEM is a solid polymer capable of conducting Ὄ+, which results in an 

acidic environment. Catalysts capable of operating under these conditions are precious metals 

such as platinum and iridium, and the acidic nature results in short lifetimes compared to 

alkaline. PEM catalysts are typically iridium oxide. As a scarce resource, the reduction or 

replacement of Ir is a crucial area of research. Loading today is 2-3 g/cm2, but it is possible to 

reduce to 1 g/cm2.31 On the anode, well-dispersed catalysts are key for performance at low 

loading as increased current density increases the dissolution rate, requiring high loading. 

 

Alkaline electrolyzers: Alkaline electrolyzers use a solution of potassium or sodium hydroxide as 

the electrolyte, and separate the anode and cathode compartments with a porous separator. 

Alkaline electrolyzers tend to be less expensive than PEM electrolyzers and are efficient in 

producing large volumes of hydrogen gas. Alkaline requires water with a maximum conductivity 
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of 0.5 micro siemens (ɛS). Since KOH and water permeate through the diaphragm to support the 

reaction, the H2 and O2 that are dissolved in the electrolyte may intermix, which limits current 

densities and pressure levels.31 Alkaline electrolyzers operate in the range of 0.5 to 0.8 A cm-2.  

 

AEM (Anion Exchange Membrane) electrolyzers: AEM electrolyzers, which are under 

development, use a semipermeable anion exchange membrane that conducts hydroxide ions (OH-

). The membrane has higher resistance than PEM so the process does not operate at as high of 

current densities. For instance, in a recent study, an AEM electrolyzer operating without PGMs 

operated stably at 0.5 A cm-2 for more than 1,000 hours at 60 °C.32 They operate in an alkaline 

environment, which allows for the use of non PGM-based catalysts.33 The AEM membrane, 

however, suffers from stability problems primarily due to the attack of the OH- on the polymer 

backbone, which collapses the membrane and leads to catalyst layer dissolution within 72 

hours.31  

 

SOEC (Solid Oxide Electrolysis Cell) electrolyzers: SOEC electrolyzers use a solid oxide 

ceramic electrolyte and operate at high temperatures, typically between 700°C - 850°C, which 

permits the use of less expensive nickel electrodes. The higher temperature affords less internal 

resistance losses and improved reaction kinetics, resulting in about 30% lower power 

consumption or three to four times more H2 production (45 ï 50 kWh kg-1).34 The SOEC has the 

potential for reversibility, and co-electrolysis of CO2 and water for syngas. Challenges, however, 

include that shutdown and ramping results in gas degradation due to thermo-chemical cycling, 

sealing at high differential pressures, and electrode contamination by sealants such as silica.31 

Commercial SOEC electrolyzers are, however, emerging, such as Bloomôs reversible fuel cell 
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electrolyzer product, which claims to be equipped to handle the intermittency of renewable 

energy.35,36,37    

 

Membraneless electrolyzers: Membraneless electrolyzers, which are under development, operate 

without a membrane or separator, and instead rely on the electrode geometry to separate the 

anode and cathode compartments. Membraneless electrolyzers offer a simple design and lower 

manufacturing cost as they avoid the use of expensive membranes, which are susceptible to 

degradation. They can also tolerate impurities in the water, potentially use seawater, and operate 

at low pressures. Membraneless electrolyzers, however, have lower efficiency compared to other 

types of electrolyzers due to higher solution IR losses, and the H2 gas produced is of lower purity 

(99.4% for Type I and 99.8% for Type II).22  

In order of maturity, electrolyzer types vary from alkaline to polymer electrolyte 

membrane (PEM) to solid oxide electrolysis cell (SOEC) and membraneless. Figure 1.11 and 

Table 1.7 show the key performance indicators, characteristics, and future targets by technology 

type.  



15 

 

 



16 

 

 

Figure 1.11. State-of-the-art and future KPIs by electrolyzer type.31 
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Table 1.1. Electrolyzer types and key characteristics  

Electrolyzer Key Characteristics 

Alkaline Pros 

¶ Non-precious metal catalysts 

(Ni, Fe) 

¶ 80 C 

¶ > 99% H2 purity 

Cons 

¶ H2 outlet pressure < 30 bar 

¶ 60-80% voltage efficiency 

¶ Electrolyte/bubble resistance 

¶ Complex balance of plant 

 

 

PEM Pros 

¶ H2 outlet pressure 10-150 bar 

(may eliminate need for 

compressor) 

¶ 65-80% voltage efficiency 

¶ 80 C 

¶ > 99.9% H2 purity 

 

Cons 

¶ Relies on precious metal 

catalysts 

¶ Requires ultrapure deionized 

water 

¶ Membrane durability issues 

SOEC Pros 

¶ 85-90% voltage efficiency 

¶ Can use non-precious metal 

catalyst (Ni) 

Cons 

¶ H2 outlet pressure 1-20 atm 

¶ 600 ï 900 C 

¶ Ramp-up time 20-30 minutes 

¶ 97-98% H2 purity 

 

Membraneless Pros 

¶ Lower capital costs due to 

simple designs, less parts 

¶ High stability without 

membrane 

¶ Potential for high current 

density 

¶ Electrolyte agnostic 

Cons 

¶ 60-73% voltage efficiency in 

acid, up to 80% in alkaline 

¶ H2 outlet pressure 1 bar 

¶ Up to 99.8% H2 purity 

¶ Must be carefully designed to 

prevent crossover and mixing of 

product gases 

¶ High solution resistance losses 

 

1.5 Dissertation Overview 

PEM electrolyzers have gained significant attention in recent years due to their ability to 

dynamically operate with VREs, such as wind and solar power. The ability of PEM electrolyzers 

to convert electricity from renewable sources into H2 through water electrolysis makes them a 

key technology for the energy transition. One of the primary benefits of PEM electrolyzers is 
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their ability to operate at different power levels in response to variations in renewable energy 

sources. As renewable energy sources can be highly intermittent, the ability to adjust the power 

output of PEM electrolyzers in real-time can help to smooth grid fluctuations, ensuring a stable 

and reliable supply of electricity. This ability to operate dynamically with renewable energy 

sources is critical to the development of a reliable and cost-effective low carbon H2 economy. 

Furthermore, H2 produced by PEM electrolyzers can be used as a clean fuel in fuel cell vehicles 

or combined with other gases to produce synthetic fuels.  

The dissertation is organized into five chapters, with each chapter focusing on a specific 

aspect of dynamic PEM electrolysis and its integration with renewable energy sources. Chapter 

2 delves into the methods for minimizing the cost of H2 production through dynamic PEM 

electrolysis tied to the electrical grid, showing the importance of optimization strategies for cost-

effective operation with variable electricity prices. Chapter 3 focuses on optimizing the design 

of electrolyzers directly coupled with wind and solar energy systems, examining the challenges 

and opportunities for integrating electrolyzers with renewable energy sources. Chapter 4 focuses 

on the integration of dynamic electrolyzers with solar energy and desalination systems, exploring 

the potential for coupling solar energy systems with PEM electrolysis and desalination 

technologies using the waste heat of PEM electrolyzers to create a sustainable and reliable source 

of energy and water. Finally, Chapter 5 concludes the dissertation with a discussion of the 

materials research needs necessary to enable durable dynamic operation of PEM electrolysis 

systems at scale. 
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Chapter 2: Minimizing the Cost of Hydrogen Production through 

Dynamic Polymer Electrolyte Membrane Electrolyzer Operation 

This chapter was published in Cell Reports.38 

 

2.1 Introduction  

Hydrogen (H2) is a carbon-free energy carrier that is expected to play an important role in global 

decarbonization.39 However, 95% of H2 consumed in the U.S. in 2018 was produced by steam 

methane reforming (SMR), which was responsible for 3.2% of U.S. annual industrial sector 

greenhouse gas (GHG) emissions.40,41
 To decarbonize H2 production, it will be necessary to phase 

out SMR in favor of H2 generation by water electrolysis, which can be powered by renewable 

energy. Although the levelized cost of hydrogen (LCOH) produced by water electrolysis is 

currently greater than that from SMR, the gap is narrowing thanks to drastic cost reductions in 

both solar and wind electricity production and the capital cost (CAPEX) of electrolyzers.42,22 

Traditionally, electricity has been the largest cost contributor to the LCOH from 

electrolyzers, which are typically operated at constant current densities.43,44 The availability of 

abundant low-cost electricity from variable renewable energy (VRE) may justify operating 

electrolyzers at higher current densities, thus increasing H2 production so that the unit CAPEX ($ 

kg-1 H2) is decreased. The current study specifically investigates this scenario for dynamically-

operated polymer electrolyte membrane (PEM) electrolyzers, which are chosen due to their 

potential for operating over a much wider current density range (0.1 - 6 A cm-2) than commercial 

alkaline electrolyzers (typically 0.1 - 0.4 A cm-2).  
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The electricity for electrolytic H2 production can come from a variety of sources, including 

the grid, solar PV and wind energy systems, or a combination. Electrolyzers tied to the grid will 

either receive electricity on the wholesale market or as a retail/industrial customer. Current 

estimates of LCOH from electrolysis using grid electricity range from $2.16 kg-1 to $7.22 kg-1,45,46 

while the LCOH for electrolysis powered exclusively from solar photovoltaics (PV) ranges from 

$6.16 kg-1 to as much as $15 kg-1.20,47 In order to reach cost parity with SMR at all scales, the 

LCOH for electrolytic H2 must be reduced to $1 kg-1 - $2.27 kg-1, 45,42,48 although the break-even 

cost could be as high as $3.53 kg-1 in favorable hydrogen markets like Texas. The U.S. Department 

of Energyôs target for unsubsidized levelized cost of electricity (LCOE) for utility-scale PV is 

$0.03 kWh-1 by 2025 and $0.02 kWh-1 by 203049, approaching the range of $0.01 to $0.015 kWh-

1 that is expected to be necessary for electrolytic H2 production to become cost competitive with 

SMR without carbon capture and sequestration50. Already, some areas in the U.S. with high 

penetration of solar PV and/or wind are experiencing short time periods when electricity supply 

exceeds demand to the point where electricity prices become negative and VRE operators are 

required to curtail the excess energy.51 The peak demand in California served by VRE operators 

in May of 2019 was 41.8%, resulting in curtailment of 223,195 MWh.52 With additional growth in 

market share for VRE generators without concurrent growth in energy storage services, this trend 

is expected to increase in the future.52  

In this study, it was assumed that electrolyzers were powered using grid-supplied electricity 

and that plant operators had access to day-ahead locational marginal prices (LMPs), which are 

only accessible through the wholesale market since dynamic operation depends on access to 

variable prices that are not afforded under existing retail rates. In a 2020 DOE study that compared 

various electricity price participation models, from retail rates to wholesale participation, 
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electrolyzers with wholesale market access were shown to have the lowest OPEX53. The 

greenhouse gas emissions of the electrolytic hydrogen investigated in this analysis are thus tied 

directly to the greenhouse gas intensity of the electrical grid.  

The analysis presented here uses LMPs from the California and Texas Independent System 

Operators (ISOs), which account for congestion and marginal loss, electrical losses during 

transmission, and the system marginal price.54 The congestion component accounts for constraints 

on the electrical system, and the shadow price, which is the marginal cost savings from increasing 

the capacity of the transmission system. Thus, this study assumes that the electrolysis plant has 

access to the electrical grid without additional interconnection and transmission costs. 

Accordingly, we developed a model that minimizes LCOH by determining current density profiles 

based on variable electricity prices. 

 

2.2 Model Rationale 

As VRE penetration on the electrical grid increases, electricity supply may exceed demand, 

resulting in very low electricity prices. VREs are ideal sources of electricity for water electrolysis 

using PEM electrolyzers due to their low carbon footprint and the ability of PEM electrolyzers to 

operate at high current densities when electricity prices are low. As shown in Figure 2.1a, PEM 

electrolysis cells have a ñzero-gapò configuration consisting of a thin (50-200 µm) solid-electrolyte 

membrane that is sandwiched between the O2-evolving anode and H2-evolving cathode. The small 

gap between the electrodes in a PEM electrolysis cell is key to enabling current densities > 1 A 

cm-2 without incurring prohibitively large Ohmic losses. The operating current density of PEM 

electrolyzers is typically 1-2 A cm-2, although stable operation at current densities much higher 
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than this is expected to be possible based on cost-effective modifications to the electrolyzer, such 

as those described in Methods. 

While the higher H2 production rates enabled by high current density operation of a PEM 

electrolyzer are attractive, such production gain comes at the expense of decreased energy 

efficiency. As seen for typical current-voltage (IV) and efficiency curves for a commercial PEM 

electrolyzer (Figure 2.1b), higher current density operation necessitates higher operating voltages, 

resulting in an inverse relationship between operating current density (Jop) and energy efficiency 

(Figure 2.1c). This relationship leads to a trade-off between the CAPEX and OPEX contributions 

to LCOH, where lower unit CAPEX is achieved at higher Jop and lower unit OPEX at higher 

efficiency. As VRE penetration on the electrical grid increases, electricity supply may exceed 

demand during periods of peak solar and wind energy production, resulting in very low electricity 

prices, as shown in Figure 2.1d. In Figure 2.1d, it should be noted that the electricity price tends 

to be strongly correlated with the net electricity demand, which largely determines the wholesale 

electricity price. Dynamically-operated electrolyzers could take advantage of TOU electricity 

prices by increasing production during periods of abundant low-cost electricity and decreasing 

production during periods of high electricity prices (Figure 2.1e). Note that in Figure 2.1e H2 

output is directly proportional to current density per Faradayôs law of electrolysis. In doing so, the 

PEM electrolyzer would operate at reduced energy efficiencies (Figure 2.1f) in order to increase 

H2 output during periods of low electricity prices. Energy efficiencies (ɖ) in this paper were 

reported using the high heating value and an enthalpic voltage of 1.48 V at standard temperature 

and pressure conditions per ʂ
Ȣ

. See Figure 2.10 for the baseline, low and high efficiency IV 

curves.               
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Figure 2.1. Hydrogen production can take advantage of the duck curve. a,b,c,d,e,f (a) 

Schematic side-view of a single PEM electrolyzer cell. (b) Current-voltage (IV) and corresponding 

efficiency curves based on experimental IV curves reported by Nel Hydrogen for PEM electrolyzers 

containing 60 µm thick Nafion membranes. Complete details found in Methods. The dashed 

vertical line in (b) marks a typical current density of 1.7 A cm-2, which corresponds to an operating 

voltage (Vop) of 1.75 V and electrolysis energy efficiency of 84% with respect to the higher heating 

value (HHV) of H2. (c) Qualitative illustration of the tradeoff between electrolyzer current density 

and efficiency. This paper explores the hypothesis that daily fluctuations in electricity price and net 

demand (d) can be harnessed by a dynamic electrolyzer that varies H2 output (e) and energy 

efficiency (f) to minimize the LCOH. 

 

To determine the optimal Jop, a technoeconomic analysis (TEA) model, described in 

Methods, was developed to evaluate the impact of varying electrolyzer current density on LCOH 

under TOU electricity pricing, compared to operating the same electrolyzer at a typical constant 

current density of 1.7 A cm-2.55 We aimed to address whether dynamic operation that varies with 

TOU pricing could result in lower LCOH over constant, ñstatus quoò operation, and if so, by how 

much. We also examined how the average and maximum operating current densities predicted by 

our model differ from typical operating current densities in use today. 



24 

 

Five electrolyzer operational modes were considered to capture the differences of dynamic 

versus constant operation; Figure 2.2 shows representative current density profiles for each of 

these modes. The basic steps for calculating LCOH under each operating mode are illustrated 

schematically in Figure 2.3 and explained in Methods.  In all modes, an hourly LCOH was 

calculated as a function of current density (ñmarginal LCOHò) within the range of allowable 

current densities. Note that the current densities selected in Modes 1B, 3, and the high current 

density in 2B are only illustrative as they are determined based on the hourly current density that 

results in the minimum LCOH. 

 

Figure 2.2. Depiction of representative current density profiles for different electrolyzer 

operational modes. a,b,c,d In Mode 1A (a), the electrolyzer runs at constant current density of 1.7 A 

cm-2 for its entire lifetime. In Mode 1B (a), the electrolyzer runs at a constant current density 

between 0.1 and 6.0 A cm-2, and Jop,high is selected to minimize LCOH. In Mode 2A (b), ñbinaryò 

operation, the electrolyzer runs at a "low" state of 0.1 A cm-2 and an "on" state at the rated current 

density of 1.7 A cm-2. In Mode 2B (c), the second binary option, the electrolyzer runs at a "low" 

state of 0.1 A cm-2 and an "on" state, Jop,high. of any one current density between 0.1 and 6.0 A cm-2 
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that minimizes LCOH. In Mode 3 (d), the electrolyzer Jop can, at any hour, operate at any current 

density between 0.1 and 6 A cm-2 that results in the lowest marginal LCOH. 

 

 

 

Figure 2.3 Methodology flowchart. a,b. In all modes, a unique hourly LCOH was calculated 

per current density (ñmarginal LCOHò) based on the allowable current densities. Modes 1A and 

2A (a) use a fixed CAPEX since the maximum allowable Jop is 1.7 A cm-2. Modes 1B, 2B, and 3 (b) 

have an additional optimization step to find the ideal range of current densities that results in the 

minimum LCOH. Complete details describing how simulations were performed are included in the 

Methods section. 

 

 

2.3 Results and Discussion 

2.3.1 Reducing LCOH by Varying Operating Current Density 

To illustrate the impact of Jop on LCOH and the trade-off between the relative contributions of 

OPEX and CAPEX to LCOH, we first applied our TEA model to a PEM electrolyzer operated 

according to Mode 1B using the 2019 ERCOT hub average locational marginal price (LMP) data. 

The resulting values of LCOH, CAPEX, and OPEX are shown in Figure 2.4 as a function of Jop. 

At low Jop, normalized CAPEX ($ kg-1 H2) is the main contributor to LCOH because less H2 is 

produced over the lifetime of the system and OPEX ($ kg-1 H2) is relatively low due to high 
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electrolyzer efficiency at low Jop. However, increasing Jop results in increases in lifetime H2 

production and concomitant decreases in the CAPEX contribution to LCOH, while the OPEX 

contribution increases due to lower efficiencies at higher Jop. These opposing trends in OPEX and 

CAPEX contributions result in a minimum LCOH of $2.84 kg-1, corresponding to an optimal 

current density of 2.6 A cm-2. At higher electricity prices, the OPEX curve becomes steeper, 

shifting the optimal Jop closer to the 1.7 A cm-2 typically used for commercial PEM electrolyzers.   

 

Fig 2.4. Breakdown of OPEX and CAPEX contributions to LCOH as a function of current 

density for Mode 1B. CAPEX is the primary contributor to LCOH below 0.8 A cm-2. At Jop = 0.8 A 

cm-2 and above unit OPEX is the primary contributor. LMP data for ERCOT hub 2019 with an 

average electricity price of $0.04 kWh-1 was used. 

 

Next, minimum lifetime LCOHs were calculated for each mode described in Figures 2.2 

and 2.3 using the electricity price distribution from the 2019 ERCOT hub average node56, which 

is characterized by an average price of $0.04 kWh-1 and a relatively large number of price outliers 

reaching up to $5 kWh-1 (see Figure 2.11). To capture a future where electricity demand and supply 

curves are similar to what they are today but mean electricity prices may be shifted up or down 
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due to future carbon taxes or higher VRE penetration, we constructed ñmodified LMPsò with 

average prices of 0.00, 0.01, 0.02, 0.03, 0.05, 0.06 and 0.07 $ kWh-1. Maintaining the shape of the 

distribution while varying the mean allowed us to simulate a future where electricity demand and 

supply curves are similar to what they are today (i.e. maintaining the distribution's shape). Together 

with the original LMP data, eight distributions were used in the following optimization analysis.  

Figure 2.5 shows a comparison of the LCOHs calculated by our TEA model for each of 

the five operational modes in Figure 3 for the eight ERCOT modified LMPs. Figure 2.5a shows 

the original ERCOT 2019 distribution as a histogram and box plot. Mode 1A (Figure 2.5b) shows 

a linear increase in LCOH with increasing electricity price. Mode 1B (Figure 2.5c) shows that as 

the hourly average electricity price increases, the optimal constant Jop declines. This means a high 

average Jop is only justified if the electricity price is low enough that the marginal decrease in 

CAPEX resulting from increased H2 output offsets the marginal increase in OPEX resulting from 

lower efficiency. When operated in Mode 2A (Figure 2.5d), the electrolyzer can achieve a lower 

LCOH compared to Mode 1A as OPEX is minimized due to the high efficiency of hydrogen 

production at 0.1 A cm-2t. Selection of the ñlowò Jop state remains constant as the average price of 

electricity increases in Mode 2A (Figure 2.5d). In contrast with Mode 1B, Mode 2B (Figure 2.5e) 

employs higher average current densities at higher average prices because the electrolyzer can drop 

to the ñlowò state at occasionally high prices, whereas Mode 1B must remain at the same ñonò 

state constantly. Finally, Figure 2.5f shows that Mode 3 achieves the lowest LCOH out of all five 

modes while operating at a Jop that is higher than that selected for Mode 1B and similar to that for 

Mode 2B.  
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Figure 2.5. LCOH and average Jop for each electrolyzer operational mode. a,b,c,d,e,f. (a) 

depicts the histogram of electricity prices for 2019 ERCOT hub average and its corresponding box 

and whisker plot as an inset. The box shows the interquartile range (IQR), or the middle 50% of 

values; the median is the line in the box and the black whiskers on either side of the box show  the 

cutoffs after which we consider values to be outliers (in green). The following plots (b), (c), (d), (e) 

and (f) show the LCOH and average Jop by average electricity price.  

 

The differences in LCOH seen in Figure 2.5 can be best understood by comparing the 

optimal average Jop values and frequency of optimal Jop values for each of the different operational 

modes. For Modes 1A and 2A, the Jop never exceeds 1.7 A cm-2, while for Mode 1B, the Jop is 

constrained to be the same current year-round. The relationship between LCOH and electricity 

price is shown in Figures 2.12 and 2.13. Figure 2.6 shows the LCOH and hydrogen production for 

each mode and average electricity price. In all modes, except for Mode 2A, H2 production is higher 

than in Mode 1A (baseline). Mode 2A H2 production is only 0.37% lower than Mode 1A. Mode 3 

H2 production results in a 155% increase over Mode 1A at 5 cents kWh-1and a 333% increase at 2 
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cents kWh-1. This is because H2 production is directly proportional to current density according to 

Faradayôs law of electrolysis. This result shows that the extra H2 produced during periods of low 

electricity price at high current density more than offsets the decreased H2 production due to low 

current density operation during periods of higher electricity prices.   

 

 

Figure 2.6. Hydrogen production for each electrolyzer operational mode. a,b,c,d,e,f. a) 

depicts the histogram of electricity prices for the 2019 ERCOT hub average and its corresponding 

box and whisker plot as an inset. The box shows the interquartile range (IQR), or the middle 50% 

of values; the median is the line in the box and the black whiskers on either side of the box show the 

cutoffs after which we consider values to be outliers (in green). The following plots (b), (c), (d), (e) 

and (f) show the LCOH and hydrogen output by average electricity price. In all modes except for 

Mode 2A, H2 production is higher than in Mode 1A (baseline). Mode 2A H2 production is only 

0.37% lower than Mode 1A. 

 

For the lowest average electricity prices (< $0.02 kWh-1) the optimal Jop exceeds 3 A cm-2, 

approaching 6 A cm-2 as the average price of electricity tends towards $0.0 kWh-1. In Mode 2B, 

the Jop exceeds 3 A cm-2 for average electricity prices < $0.04 kWh-1, and only drops down to the 
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low Jop value of 0.1 A cm-2 during 44 hours of the year at an average price of $0.04 kWh-1 to avoid 

the highest electricity prices. For Mode 3, there is a much wider distribution of optimal Jop values 

that results in minimum LCOH for a given electricity price. At $0.00 kWh-1, the electrolyzer runs 

at 6 A cm-2 for 8,280 hours (95% of the year), and various current densities in the range of 0.3 A 

cm-2 to 5.9 A cm-2 (for a total of 5% of the year). On the other hand, at $0.03 kWh-1, the electrolyzer 

runs at 5 A cm-2 for 6,022 hours, 69% of the year, and a range of other current densities from 0.2 

to 4.9 A cm-2 for 31% of the year. Histograms of optimal current densities for Mode 3 operation 

for ERCOT 2020 and CAISO 2020 are shown in Figure 2.14. 

To better understand the impact of the electricity price distribution on minimum LCOH 

and optimal current density profiles for dynamic operation, simulations were also run based on 

Mode 1A and Mode 3 for the following electricity price data sets for four annual nodal LMPs:  

(i.) 2020 ERCOT hub average (Figure 2.7a)56, (ii.) 2030 high wind penetration in ERCOT (Figure 

2.7b)57, (iii.) 2020 CAISO using the Martinez node (Figure 2.7c)58, and (iv.) 2030 projected high 

solar penetration in CAISO (Figure 2.7d).57 As done with ERCOT 2019, seven average LMP 

distributions with averages from $0.0 kWh-1 to $0.07 kWh-1, were employed in addition to the 

original data. The projected prices assume a 30%+ solar penetration and a carbon tax,57 resulting 

in a higher average electricity price than CAISO 2020; this is shown in Figure 2.7d. The resulting 

minimum LCOH values are shown in Figs. 2.7e-h as a function of the average electricity price for 

each of the 4 electricity price profiles.  
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Fig 2.7. LCOH for modes 1A and 3 by average electricity price and original histograms. 

a,b,c,d,e,f,g,h Mode 1A constant operation LCOH v Mode 3 dynamic operation LCOH by hourly 

average electricity charges for modified LMPs. The gray band shows the ñSMR parityò range 

($1.15 kg-1 to $2.27 kg-1), which is the cost of producing H2 from SMR; $1.15 kg-1 corresponds to the 

DOEôs H2A model for current central natural gas steam methane reforming with carbon capture 

and sequestration (CCUS) and a natural gas price of $4.25 mmBtu-1 and $2.27 kg-1 corresponds to 

$10 MMBtu -1 with CCUS.48 In all figures, Mode 3 operation achieves cost parity between $0.01-

$0.03 kWh-1 while Mode 1A operation achieves cost parity between $0.00 to $0.02 kWh-1 average 

electricity prices. The California 2019 energy mix included 7% wind and 14% solar. California 

2030 Limited Capacity is defined as 10% wind, 30+% solar penetrations and the VRE portfolio was 

assumed to not cause early retirement of non-VRE power plants. The Texas 2020 energy mix 

included 23% wind and 2% solar. Texas 2030 Limited Capacity is defined as 30% wind and 10+% 

solar penetrations. The boxplots in Figure 2.11 show the full range of the distributions and Figure 

2.12 shows the full range of all nodes depicted here. Note that to display the majority of the values 

at greater clarity, the maximum range shown is constrained to $0.15 kWh-1.  

 

When the electrolyzer is operated according to Mode 1A, the resulting LCOH estimates 

are found to be insensitive to the electricity price distribution (Figs. 2.7e-h). In each case, a LCOH 

of $1.02 kg-1 is predicted when the electricity price is set to $0.00 kWh-1, and is shown to increase 

linearly up to a value of $4.50 kg-1 for an hourly mean electricity price of $0.07 kWh-1, 

corresponding to the 2020 average U.S. industrial customer rate50. It is also shown that H2 

production by electrolysis based on Mode 1A does not reach cost parity with SMR until the average 
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electricity price drops below $0.03 kWh-1. When simulations are re-run for dynamic electrolyzer 

operation based on Mode 3, LCOH is found to be lower than that for Mode 1A for electricity prices 

in all electricity data sets. At an average electricity price of $0.0 kWh-1, a LCOH of $0.38 to $0.54 

kg-1 can be achieved (63% - 47% lower than Mode 1A); operation based on the Martinez, CA 2020 

electricity price distribution yields the lowest LCOH due to the relatively high frequency of low 

and negative prices. For an average electricity price of $0.03 kWh-1, Mode 3 LCOH increases to 

$2.23 to $2.34 kg-1, with the CAISO 2020 price distribution again producing the lowest LCOH. A 

LCOH of $4.40 to $4.47 kg-1 was calculated for mean prices of $0.07 kWh-1. The gap between the 

curves for Modes 1A and 3 widens at lower electricity prices because the marginal gain in H2 

output for high current density operation increasingly outweighs the marginal penalty for operating 

at low efficiency. The implications of Mode 3 for electrolyzer operation are shown in Figure 2.14, 

which displays the distribution of current densities selected in Mode 3 for the Texas 2020 and 

California 2020 datasets. The reduction of electrolyzer efficiency at high current densities also 

results in increased heat generation, which can be used to power a coupled water demineralization 

unit59. 

 

2.3.2 Sensitivity Analysis 

A sensitivity analysis was performed using the original Martinez 2020 LMPs for both constant 

(Mode 1A) and dynamic (Mode 3) operation to understand how expected variations in electrolyzer 

degradation rate, CAPEX ($ kW-1), and electrolyzer energy efficiency influence LCOH.  The 

results are shown in Figure 2.8, which portrays a one-at-a-time parameter change, and Figure 2.9, 

which compares the effect of degradation rate on LCOH for Modes 1A and 3.  
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A future electrolyzer CAPEX of $297 kW-1 is used as the lowest CAPEX in this sensitivity 

analysis; this is the value projected by Lagadec et al. for PEM electrolyzer manufacturing output 

of 1,000 (1 MW) PEM units per year.60 As shown in Figure 2.8a for constant current operation 

(Mode 1A), a 25% LCOH reduction can be achieved when lowering CAPEX from the baseline of 

$898 to $297/kW for an average electricity price of $0.03 kWh-1, while only a 2% reduction in 

LCOH can be achieved if the degradation rate is lowered to 0.05% 1000 hr-1 from 0.15%, and a 

3% savings can be achieved for increasing the electrolyzer efficiency to 87% from 84%. H2 output. 

A high degradation rate of 1% 1000 hr-1 results in a 20% increase to the LCOH. For dynamic 

operation (Figure 2.8b), there is a 25% savings for low CAPEX, a 3% savings for low degradation, 

and a 7% savings for a higher efficiency electrolyzer. This happens because higher efficiency 

means lower voltages at high current densities, which reduces the power required and thus 

decreases OPEX. In addition, higher efficiency enables higher current density in dynamic 

operation, and thus increases the gains from a more efficient electrolyzer. The most significant 

reductions in LCOH are expected through advances in electrolyzer manufacturing that can reduce 

CAPEX below $300 kW-1. Figure 2.16 shows CAPEX can be increased 1.3 times for Mode 3 

operation to $1,194 kW-1 using original CAISO 2020 data before reaching the LCOH of Mode 1A 

operation at $2.71 kg-1. A high degradation rate of 1% 1,000 hr-1 for dynamic operation results in 

a 21% increase in LCOH. For both Modes 1A and 3, drastic CAPEX reductions offer the greatest 

potential for decreasing LCOH. 
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Figure 2.8. Sensitivity analysis. a,b. (a) Effect of electrolyzer degradation rate, CAPEX, and 

efficiency on the levelized cost of H2 for Mode 1A operation and (b) Mode 3 operation. The purple 

boxes to the left of the baseline indicate parameters resulting in LCOH below the baseline, while the 

green boxes to the right of the baseline indicate parameters resulting in LCOH above the baseline. 

The baseline values are in the center and are as follows: degradation rate of 0.15% per 1000 hours, 

CAPEX of $898 kW-1 and efficiency of 84%.  

 

Due to concerns that dynamic, high current density operation might adversely affect 

electrolyzer life, an analysis of the potential impact of degradation rate on LCOH was carried out 

for both constant (Mode 1A) and dynamic (Mode 3) operations. Degradation rates between 0.05% 

and 1% of Vop per 1000 hours were applied hourly to the operating voltage (Vop) hourly time series. 

Applying the degradation rate as a percentage of Vop has the effect of scaling degradation with Jop 

such that the absolute value of the degradation was higher for higher current densities. Commercial 

PEM electrolyzers operating between Ḑ 1 and 2 A cm-2 experience a degradation of 0.15% every 

1000 hours61. Figure 2.9a shows that dynamic operation can tolerate a degradation rate up to 0.50% 
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1000 hours-1 before reaching the LCOH of constant operation at the standard degradation rate of 

0.15% 1000 hours-1. While the impact of high current density operation on the degradation rate of 

a PEM electrolyzer is uncertain and an ongoing topic of investigation, this analysis shows there is 

some financial tolerance for an increased degradation rate. Fig 2.9b shows that Mode 3 lifetime 

H2 production decreases more significantly for degradation rates > 0.50% 1000 hours-1 since the 

maximum threshold voltage of 2.9V is reached and lower current densities must be selected in 

Mode 3. For Mode 1A, degradation rates > 0.55% 1000 hr-1 have a similar adverse effect on 

electrolyzer life and lifetime H2 production. (See Methods and Figure 2.17).   

 

Figure 2.9. Impact of degradation rate on the LCOH. a,b. (a) Impact of electrolyzer 

degradation rate on the LCOH for Mode 1A and Mode 3 operation for $0.03 kWh-1 average prices 

based on the CAISO 2020 electricity price distribution. The upper dashed line indicates the LCOH 

at a rated degradation rate for an electrolyzer operating between 1 and 2 A cm-2 at a reference 

degradation rate of 0.15% per 1000 hours, and the lower dashed line indicates the LCOH at the 

same rate for dynamic operation. The star indicates that dynamic operation can sustain a 

degradation rate of 0.50% per 1000 hours before reaching the LCOH of constant operation at the 

rated degradation rate of 0.15% per 1000 hours. (b) shows that lifetime cumulative H2 starts 

declining at degradation rates above 0.50% for Mode 3, and above 0.55% for Mode 1A.  At those 

degradation rates the terminal voltage of 2.9V is reached and no further H2 is produced. 
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2.4 Practical Implications of Dynamic Operation 

The topic of degradation has recently attracted new research. NREL is experimentally 

investigating the impacts of variable power operation on electrolyzer stacks, identifying the root 

causes of degradation in commercial cells and using that knowledge to guide the design of 

optimized cells for higher current density operation in a new (2021-2024) $3.6 million Electric 

Hydrogen Co. project.62 The practical implications and challenges associated with dynamic 

operation of the electrolyzer include accelerated membrane electrode assembly (MEA)/stack 

degradation and the need for larger balance of system equipment, including phase separators and 

power electronics. 

Degradation in PEM electrolyzer performance can result from several different 

mechanisms. At current densities greater than 2 A cm-2, experimentation has shown that high cell 

voltages result in the formation of low conductivity oxides on the surface of the titanium current 

collector, resulting in larger ohmic drops during operation.63 In separate studies, accelerated 

degradation tests involving on/off cycling of the PEM electrolyzer have highlighted the non-linear 

rate of degradation over time. Grigoriev et al found that a series of on/off galvanostatic cycles 

between 0 and 1 A cm-2 caused the performance of the PEM electrolysis cell to gradually decay 

before a rapid increase in voltage occurred around 5500 hours of operation.64 Additionally, they 

reported that the cell voltage increased almost linearly for the first 4000 hours, after which the 

voltage increased more rapidly between 4000 and 5000 hours (8 mV every 100 hours) and 40 mV 

per 100 hours for the last 500 hours of operation. The anode in a PEM MEA is typically iridium 

oxide on titanium and the cathode is platinum on carbon. Gigoriev et al used platinum at the anode 

rather than iridium oxide to accelerate the degradation in the test. Post-mortem analysis of the 
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MEA showed that dissolution/precipitation of the anode catalyst particles inside the membrane 

significantly increased cell voltage due to the loss of activity at the anode.64 

Another degradation mechanism in PEM electrolyzers is membrane thinning, which occurs 

due to the gradual chemical attack of the membrane by radical species and is accompanied by 

release of fluoride ions in the case of perfluorosulfonic acid (PFSA)-based membranes such as 

Nafion. These radicals are generated from hydrogen peroxide, a minor co-product at the anode, 

which can decompose due to the presence of impurities, such as Fe2+ or particles formed by 

redeposition of corroded catalyst.65 In Grigorievôs study, the Nafion-115 membrane thickness was 

observed to decrease from an initial thickness of 140 µm to 35 µm after 5500 hours.64 Other issues 

with membrane thinning include the prevalence of hot spots and gas-crossover or permeation, 

which becomes a safety concern below 20 µm.31 Membrane perforation also occurs as a result of 

PFSA chemical degradation and membrane thinning. To mitigate some of these membrane-

degradation issues, thick Nafion N117 with approximately 180 ɛm thickness are still commonly 

used, although membrane thicknesses as low as 20 ɛm are feasible.Error! Bookmark not defined.  Thin 

membranes, however, need to be mechanically stabilized to prevent tears and delamination of the 

electrodes, and can be expected to be more prone to developing perforations. Redesign of the 

porous transport layer with more support for the membrane is vital to handle the reduction in 

membrane thickness. Another failure mechanism at high current densities is the accumulation of 

oxygen gas bubbles in the pore bodies of the porous transport layer, which prevents water from 

reaching the catalyst sites, thus increasing mass transport overpotentials and leading to non-

uniform current distributions.66 Also, a higher production rate may lead to large localized 

pressures, as H2 must escape through small channels in the gas diffusion electrode in order to be 

released.  
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As iridium is an extremely scarce resource, research aimed at reducing Ir loadings and 

minimizing degradation of the anode during operation is a crucial area of study. Loading today is 

2-3 mg cm-2, but it is possible to reduce to < 1 mg cm-2.Error! Bookmark not defined.  On the anode 

especially, well-dispersed catalysts are key for performance at low loading as increased current 

density increases the dissolution rate, requiring high loading of 3-4 mg cm-2. Also, nanostructured 

and conductive antimony-doped tin oxide microparticles have been shown to reduce Ir loading by 

90%.67 To enable high current density operation at the anode, deposition of protective Pt coatings 

of > 1 mg cm-2 over porous transport layers and bipolar plates have been found to be effective at 

minimizing formation of the resistive titanium oxide layers.67 Superhydrophilic surface treatment 

of a sintered titanium porous transport layer by a process previously used to enhance the cell 

adhesion of titanium implants has been shown to reduce cell voltages associated with current 

densities up to 9 A cm-2 and prevent runaway voltage above 8 A cm-2 by delivering water to the 

catalyst coated membrane via corner flow, even when the vast majority of the PTL pore bodies are 

occupied by oxygen gas.66 The more uniform distribution of oxygen gas saturation in the treated 

PTL reduces the formation of water-starved regions that could become local hotspots.  

To summarize the above literature review and analysis, there are a number of engineering 

solutions that can be implemented to enable more robust operation of PEM electrolyzers at higher 

current densities, including but not limited to (i) the use of porous transport layers and bipolar 

plates that minimize Ti oxidation, (ii) catalyst coated membranes can help ensure that all ionic 

resistance pathways are minimized, (iii) serpentine channels for the anode can help to uniformly 

deliver sufficient water flow rates to the catalyst layer to prevent hot spots and dehydration of the 

membrane, (iv) a carbon-based gas diffusion layer on the cathode that helps prevent hydrostatic 

pressure from building up at the cathode by rapidly evacuating the increased H2, (v) 
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superhydrophilic surface treatment of a sintered titanium porous transport layer to deliver water to 

the catalyst coated membrane, and (vi) well-dispersed catalysts at loading of 3-4 mg cm-2 and / or 

the use of nanostructured and conductive next generation Ir-alloys that can be used at lower Ir 

loadings. Although these solutions are not regularly implemented in todayôs commercial 

electrolyzers, individual demonstrations of these approaches highlight the potential to re-engineer 

a PEM electrolyzer that is capable of stable operation at substantially higher operating current 

densities than those that are employed today.  

 

2.5 Policy Implications 

As the algorithm for dynamic operation introduced here selects the current density at each hour 

that minimizes LCOH, it is essential for dynamic electrolyzers to have access to hourly wholesale 

electricity prices. Although more than 70 utilities in the U.S. offer real-time pricing tariffs on either 

a pilot or permanent basis68, most electrolysis facilities do not currently have access to wholesale 

rates. Electrolyzers may obtain access to the wholesale market with the passage of Federal Energy 

Regulatory Commission (FERC) Order 2222 in September 2020, which grants access to 

distributed energy resources provided they can be aggregated to meet certain performance 

specifications. Based on our analysis, ISOs seeking to balance high penetrations of intermittent 

VRE should consider the value of H2 energy storage to the grid and support electrolyzer 

participation in the wholesale energy market. Dynamic electrolyzers powered by PV or wind 

generators and coupled with H2-turbines or fuel cells have the potential to participate in the 

wholesale market by inexpensively storing electricity at peak VRE generation times and feeding 

electricity back to the grid at times of low VRE generation. They can also serve as a source of 
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weekly, monthly or seasonal energy storage, which is likely the greatest value of H2 to the grid in 

scenarios of very high RE penetration.69,70  

This study establishes the economic rationale for designing and deploying PEM 

electrolyzers capable of dynamic operation to take advantage of abundant VRE resources and 

associated variable electricity pricing. It is also established, through sensitivity analysis, that 

premiums on electrolyzer CAPEX and slight increases in degradation rates are justified for 

electrolyzers capable of high current density operation as long as electricity with average prices 

below $0.03 kWh-1 is available. In these scenarios, the increased H2 output enabled by high current 

density operation offsets the premium on total CAPEX, and the increased OPEX costs from lower 

efficiencies. By taking advantage of low electricity prices during periods of high VRE penetration, 

the LCOH from electrolysis can be significantly decreased to achieve cost parity with SMR-

produced H2 in the near term. 

Our findings therefore suggest that in order to reduce LCOH from water electrolysis most 

effectively, future R&D efforts be geared towards decreasing electrolyzer system CAPEX below 

$300 kW-1 for both constant and dynamic operation. Towards this end, future R&D efforts should 

be focused on approaches that reduce PEM manufacturing costs and enable reliable PEM 

electrolyzer operation under dynamic conditions and high current densities (3-6 A cm-2).  

 

2.6. Resource Availability 

Lead contact: requests for further information should be directed to the corresponding authors  Dan 

Esposito (de2300@columbia.edu) and Vasilis Fthenakis (vmf5@columbia.edu).  

 

2.7 Materials Availability  

mailto:de2300@columbia.edu
mailto:vmf5@columbia.edu
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No materials were used in this study. 

 

2.8 Data and Code Availability 

All code was developed in Jupyter notebook 6.1.4 and executed in Google Colab. In addition, the 

code was parallelized and run on a high-performance computing cluster at Columbia University. 

Computer code and input data are available in an open access Github repository here: 

https://github.com/mv2731/PEM-TEA-public.   

 

2.9 Model Framework 

The LCOH is computed as the sum of the lifetime costs of the electrolyzer system divided by the 

amount of H2 produced within a period of n years:   

         ὒὅὕὌ  В
  Ͻ    Ͻ Ǫ

 Ͻ ȟ
ȡ                                                (2.1)          

where the costs of producing H2 in each year i is determined by the sum in the numerator, and 

annual H2 production (mH2,i,) in the denominator. PWFi is the present value factor for year i, which 

is computed for a chosen discount rate (r) and used to discount the costs incurred for years 0 < i < 

n. In this study, electrolyzer system lifetime was set to n = 10 years, and it was assumed that all 

CAPEX was incurred in year 0 and given by the product of the power capacity of the electrolyzer 

(PE,rated, in units of kW, which is based on the rated Jop and Vop, as defined in the Methods section), 

and the capacity-normalized upfront capital costs (CAPEX) in units of $ kW-1. The yearly OPEX 

(OPEXi) is given by the sum of the hourly OPEXes (OPEXk) each year, which is calculated by 

multiplying hourly PE,rated by the price of electricity (CE,k, in units of $ kWh-1). Note that in this 

model, OPEX comprises only the electricity cost. This is consistent with other electrolysis studies, 

which define OPEX as the cost of electricity.20  

https://github.com/mv2731/PEM-TEA-public
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Equation (1) can be used to calculate LCOH directly for conventional operation based on 

a constant current density but becomes non-trivial for variable electrolyzer operation under TOU 

pricing because current density is optimized based on fluctuating future electricity prices. Thus, a 

spectrum of marginal LCOHs (LCOHm), based on current density, was determined for allowable 

electrolyzer Jop values for each hour k, according to: 

ὒὅὕὌȟ  ȟ  ȟ  Ǫ ȟ

ȟȟ
                        (2.2) 

where mH2,m,k is the amount of H2 produced in hour k at the chosen Jop where, depending on the 

mode, Jop was allowed to range from 0.1 to 6.0 A cm-2. Once LCOHm,k had been determined for 

all possible Jop options, the optimal Jop was selected as the value that resulted in the smallest 

LCOHm,k. CAPEXm,k, OPEXm,k, and O&Mm,k represent the marginal CAPEX, OPEX, and O&M, 

respectively, for each hour k. These marginal costs have units of $ hr-1 and were calculated using 

Equations (2.3)-(2.5):  

ὅὃὖὉὢȟ Ͻ Ⱦ
                     (2.3) 

 

ὕὖὉὢȟ  ὅȟϽὖϽρ Ὤὶ                    (2.4) 

 

                                 ὕǪὓ ȟ ὅὃὖὉὢȟϽπȢπυ                                            (2.5) 

 

where CAPEX0 is the upfront cost incurred in year 0 and PE is the total electrical power 

to the electrolyzer, which is given by the product of Jop, the total electrode area (AE), and the 

operating voltage (Vop). CE,k was obtained from historical data (locational marginal prices 

(LMPs) in the Day Ahead Market from each node). The rated operating power of the electrolyzer 

(PE,r) is given by the product of the rated current density (Jop,r), 1.7 A cm-2, and the 



43 

 

corresponding rated voltage (Vop,r), while the operating power (PE) for all other current densities 

is computed as the product of  Jop and Vop: 

                                                ὖȟ ὃ Ͻ ὐȟϽ ὠ ȟ                                (2.6) 

 

ὖ ὃ Ͻ ὐ Ͻ ὠ        (2.7)  

 

The annual electricity OPEX (OPEXi), is given by the sum of the hourly OPEXes 

(OPEXm,k) each year, which is calculated by multiplying hourly PE,r or PE, depending on the mode, 

by the CE,k.. Knowing the optimal Jop for each hour, the lifetime LCOH was calculated using 

Equation 2.1 by summing the corresponding hourly mH2,m,k, CAPEXm,k OPEXm,k, and O&Mm,k 

each year.  

 

Common Input Parameters and Assumptions for all Operating Modes:  Assumptions included a 

10 MW PEM electrolyzer system based on the Jop,r and Vop,r with an operation life of 10 years. 

The present worth factor (PWF) was calculated based on a discount rate of 10% and applied at the 

end of each year. The electrode area (Ae) in cm2 was assumed to be fixed for all modes and based 

on the rated electrolyzer power capacity (10 MW) divided by the Jop,r of 1.7 A cm-2 and the 

corresponding voltage (Vop,r) from the IV curve (1.75 V for the baseline efficiency): 

                                                              ὃ
ȟ ȟ  

Ͻ ȟ
                                                (2.8) 

 

The amount of H2 produced in year i, mH2,i, is similarly given by the sum of the amount of 

H2 produced per hour (mh2k), which is calculated using Faradayôs law of electrolysis with the 
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selected Jop for that hour. The rate of H2 production was calculated based on Faradayôs law of 

electrolysis:  

ά ȟȟ  
Ͻ 

 Ͻ 
       (2.9) 

 

where F is the Faraday constant and the 2 in the denominator accounts for the 

stoichiometric number of electrons transferred per H2 molecule evolved through the hydrogen 

evolution reaction. Jop and corresponding Vop values for the baseline efficiency case were based on 

experimental current-voltage curves reported by Nel Hydrogen for 60-micron proton exchange 

membrane (PEM) electrolyzers (see Figure 2.2)71, and data by Mayyas et al55. Efficiencies in this 

paper were reported using the high heating value (HHV) and an enthalpic voltage of 1.48V at 

standard temperature and pressure conditions per ʂ
Ȣ

. See Figure 2.10 for the baseline, low and 

high efficiency IV curves.                                               

For instances where Jop was allowed to range higher than a standard rated current density 

of 1.7 A cm-2 (Modes 1B, 2B and 3), a premium was placed on the CAPEX, by assuming that 26% 

of the total CAPEX increases proportionally to current density where the maximum Jop is above 

1.7 A cm-2, as shown in Figure 2.6 and Equations 2.10 and 2.11 in the following paragraph. For 

all operating modes, a cumulative degradation rate (DR) of 0.15% of cell voltage per 1000 hours 

was assumed, consistent with reported degradation rates for PEM electrolyzers61. Applying the 

DR as a percentage of the operating voltage had the effect of scaling DR proportionally to Jop since 

Vop increases with Jop; thus higher Jop was assumed to entail higher degradation rates. After each 

hour of operation, the electrolyzer IV curve was shifted to higher voltages by an amount equal to 

DR ĀVop. An upper limit or threshold on Vop was set to Vmax = 2.9 V, above which electrochemical 

generation of ozone or other reactive oxygen species at the anode can prematurely accelerate 
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electrolyzer degradation by damaging the membrane, ionomer, and/or other components, as 

reported by Nel Hydrogen. If for some hour k the voltage for a Jop was greater than or equal to 

Vmax, then that Jop was removed from consideration for the range of current densities examined per 

hour through the remaining hours of the simulation. Figure 2.17 shows how degradation is applied 

to the IV curve for each current density over the electrolyzerôs lifetime.  

For Modes 1B, 2B, and 3, the electrical balance of plant component of CAPEX (EBOPHigh), 

and phase separators and dryers (Phase Separators, DryersHigh) were simulated to increase 

proportionally with current density above 1.7 A cm-2 due to anticipated modifications required to 

accommodate high current density operation. Based on a bottom-up analysis from the 2019 DOE 

H2A calculator, this study assumes that 26% of the total CAPEX ($ kW-1), corresponding to larger 

EBOP (17%), and improved phase separators and dryers (9%), increases linearly with the current 

density above 1.7 A cm-2 (See Figure 2.15). 

Ὁὄὕὖ  πȢρχ Ͻ ὅὃὖὉὢ Ͻὃ Ͻ ὐ  Ͻ ὠ     (2.10) 

 

ὖὬὥίὩ ὛὩὴὥὶὥὸέὶίȟὈὶώὩὶί
ὌὭὫὬ

 πȢπω Ͻ ὅὃὖὉὢ ϽὃὩ Ͻὐέὴ Ͻ ὠέὴ                           (2.11) 

Thus, a new CAPEX was calculated for each current density above 1.7 A cm-2 in 0.1 A cm-

2 intervals up to 6.0 A cm-2. The maximum allowable Jop at which the electrolyzer could operate 

was iteratively decreased from 6.0 A cm-2 in intervals of 0.1 A cm-2 in order to find the range that 

minimized the LCOH for a given TOU price dataset. Accordingly, a maximum Jop was determined 

for each mode for which the electrolyzer was permitted to operate above 1.7 A cm-2 (see Figure 

2.13). Figure 2.16 shows the impact of CAPEX increase on LCOH in Mode 3 versus Mode 1. 

Tables 2.1 and 2.2 summarize the TEA model parameters and underlying assumptions.    
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Methodology for All Operating Modes: In all modes, the LCOHm,k was calculated per Equation 2 

with the only difference being the allowable current densities. To calculate the lifetime LCOH, per 

Equation 1, the minimum LCOHm,k for each hour of the year was selected and the CAPEXm,k, 

OPEXm,k and O&Mm,k associated with each of the LCOHm,k were summed in the numerator and 

the mH2,m,k associated with each of the LCOHm,k were summed in the denominator. Equations 2.10 

and 2.11 were used only for Modes 1B, 2B and 3 where the Jop could > 1.7 A cm-2 to determine 

CAPEX0.  

For Mode 1A the Jop was a constant 1.7 A cm-2. For Mode 1B each Jop from 0.1 A cm-2 to 

6.0 A cm-2 was treated as constant, the lifetime LCOH calculated for each, and the constant Jop 

resulting in the lowest lifetime LCOH selected. Binary Mode 2A LCOH was calculated by 

comparing the LCOHm,k for 0.1 A cm-2 and 1.7 A cm-2, while binary Mode 2B LCOH was 

calculated by allowing for 0.1 A cm-2 and one other Jop in 0.1 intervals from 0.1 A cm-2 to 6.0 A 

cm-2. Mode 3 LCOH allowed any Jop between 0.1 A cm-2 and 6.0 A cm-2 for every hour of the 

year. 

Electricity Price Data Sets: Historical LMPs for CAISO and ERCOT were obtained from 

CAISOôs and ERCOTôs websites and projected LMPs from a Lawrence Berkeley National 

Laboratory study56,57,58. These electricity price distributions were used to create additional 

ñmodified LMPsò, by shifting all hourly prices such that the average electricity price became equal 

to a target value that ranged between $0.07 kWh-1 to $0.00 kWh-1 (Figures 2.5, 2.6, 2.7). The 

sensitivity analysis used original Martinez 2020 LMPs with an average price of $0.03 kWh-1. 
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2.11 Appendix A 

2.11.1 Figures 

 

Figure 2.10. Polarization curves. Related to Figure 2.1 and Methods. Operating voltage 

values for the baseline energy efficiency case were based on experimental current-voltage curves 

reported by Nel Hydrogen for 60-micron proton exchange membrane (PEM) electrolyzers71 and 

data by Mayyas et al.55 The scatter points show original data and the curve shows the predicted 

data using a nonlinear regression. 
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Figure 2.11. Annual histograms and box plots of nodal LMPs. Related to Figures 2.4-2.7. 

Each box shows the interquartile range (IQR), or the middle 50% of values; the median is the 

orange line in the box; the black whiskers on either side of the box show the range of lower and 

upper values that are not outliers. The outliers in green are any data beyond the whiskers. 

Electricity price data is displayed in log scale and does not include negative values. 
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Figure 2.12. LCOH minimum for Mode 3 and LCOH maximum for Mode 1A for ERCOT 

2020, ERCOT 2030, CAISO 2020, CAISO 2030 minimum. Related to Figures 2.6 and 2.7. The 

optimal current density range is where the LCOH is the minimum. Mode 1A max is the Mode 1A 

maximum of the three nodes and Mode 3 min is the Mode 3 minimum of the three nodes. 

Horizontal gray band shows the range of the cost of producing H2 from SMR, ñSMR parityò, which 

is between $1.15 and $2.27 kg-1. 
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Figure 2.13. Price-optimized maximum current density dependence on electricity price.  

Related to Figures 2.5-2.7. The maximum current densities shown in this plot are those that 

resulted in minimum LCOH based on a tradeoff between OPEX (electricity costs) and electrolyzer 

system CAPEX (which was assumed to vary with maximum current density according to Figure 

2.15). Mode 3 electrolyzer operation was simulated using the CAISO 2020 LMPs for the electricity 

price distribution.  
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Figure 2.14. Optimal hourly current density by average electricity price histograms and box 

plots of nodal LMPs. a,b. Related to Figure 2.7. Box and whisker plots showing the distribution of 

optimal hourly current densities in Mode 3 for each average electricity price of the ERCOT (Texas) 

2020 and CAISO (California) 2020 modified LMPs. The boxes show the interquartile range; the 

median current density is indicated by the yellow horizontal line within the box; the black whiskers 

on either side of the boxes show the range of lower and upper values that are not outliers, and any 

data beyond the whiskers are outliers and are shown in green. These graphs show a high frequency 

of current densities selected close to the maximum allowable current density of 6 A cm-2 for 

electricity prices < $0.02 kWh-1 , and that the range of optimal current densities is the greatest for 

an average electricity price of $0.3 kWh-1 for ERCOT 2020 and $0.02 to $0.04 kWh-1 for CAISO 

2020. This figure also shows that as the price of electricity declines, optimal current densities 

selected increases to a maximum of 6 A cm-2 at $0.00 for both ERCOT 2020 and CAISO 2020.   
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Figure 2.15. Related to Figures 2.4-2.7. The maximum current density is shown to range 

from 0.1 to 6.0 A cm-2. As the max current density increases the total CAPEX increases. This 

CAPEX increase is shown as a multiplier over the baseline CAPEX, assuming that 26% of the 

CAPEX, corresponding to larger capacity power electronics, phase separators and dryers, and 

larger wires, would increase linearly with the current density above 1.7 A cm-1. Thus, if the 

electrolyzer is permitted to operate at 6 A cm-2, the CAPEX will be twice (2x) the baseline CAPEX 

of the electrolyzer operating at 1.7 A cm-2. 
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Figure 2.16. Impact of CAPEX premium for high current density operation on LCOH in 

Mode 3. Related to Figures 2.4-2.8. A LCOH of $2.71 kg-1 is achieved at Mode 1A operation. The 

black curve and intersecting star show that the uninstalled CAPEX can be increased up to 1.33 

times for Mode 3 operation before LCOH reaches parity with Mode 1A operation. Electricity price 

data is the original CAISO 2020 LMP with an average electricity price of $0.03 kWh-1. 
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Fig 2.17. Impact of degradation by current density over electrolyzer lifetime. a,b. Related to 

Figures 2.8-2.9 and Methods. (a) shows the increase in operating voltage over the full lifetime of 10 

years for Mode 1A operation and (b) shows the increase in operating voltage over the full lifetime of 

10 years for Mode 3 operation for CAISO 2020 at an average electricity price of $0.03 kWh-1. Each 

line is one year in the electrolyzerôs 10 year life, with the first curve representing a newly-

commissioned electrolyzer and the 11th line representing the end of life IV curve at the end of 10 

years. The operating voltage for Mode 3 is greater at the end of life than Mode 1A because the 

degradation rate was applied hourly to the operating voltage, which is higher for higher current 

densities (allowed in Mode 3 but not in Mode 1A) and applied to the full IV curve.  
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2.11.2 Tables 

Table 2.1 Parameters used in the techno-economic model  

Symbol Parameter Value / Unit Reference / Notes 

Jop,r Rated current density 1.70 Acm-2 71 

Vop,r Rated voltage 1.74 V 71 

Jop Operating current A cm-2 NA 

Jopm,k Hourly marginal operating current  A cm-2 hr-1 NA 

Vop Operating voltage V NA 

Vopm,k Hourly marginal operating voltage  V hr-1 NA 

Vmax Maximum voltage  

(ñVoltage thresholdò) 

2.9V Experimental 

observation from Nel 

W Watts W NA 

Ae Electrode area cm-2 Eqn 2.6, Chapter 2 

PE,r Power required based on rated 

current and rated voltage 

kW Eqn 2.7, Chapter 2 

PE,m Marginal power required  kW  Eqn 2.8, Chapter 2 

CE,k Hourly electricity price $ kWh-1 72 

73 

74 

n Number of electrons transferred in 

the electrochemical reaction per 

mole of H2 

2 NA 

F Faradayôs constant 96,485 C mol-1 NA 

ɖ Efficiency  71 

55Error! Bookmark 

not defined. 

rd Degradation rate 0.15% 1000 

hours-1 

75 

CAPEXi=0 Upfront CAPEX $ NA; CAPEX(i>0)=0 

OPEXi Annual electricity cost for year i $ yr-1 Electricity cost 

O&M i Annual operations and maintenance 

for year i 

$ yr-1 NA;  

non-electricity costs 

mh2,i Annual kg of hydrogen production kg yr-1 Eqn 2.1, Chapter 2 

CAPEXm,k Hourly marginal capital expenditure  $ hr-1 109, Eqn 2.3, Chapter 2 

O&Mm,k Hourly marginal operations & 

maintenance  

$ hr-1 43. Assumed to be 5% 

of CAPEXm,k, Eqn 2.4, 

Chapter 2 

mh2,m,k Hourly marginal rate of hydrogen 

production  

kg hr-1  Eqn 2.9, Chapter 2 

LCOH  Levelized cost of hydrogen   $ kg-1 Eqn. 2.1, Chapter 2 

LCOHm,k Hourly marginal levelized cost of 

hydrogen  

$ kg-1 hr-1 Eqn 2.2, Chapter 2 
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LCOHm,min Minimum marginal levelized cost 

of hydrogen 

$ kg-1 hr-1 Eqn 2.4, Chapter 2 

OPEXm,k Hourly marginal OPEX  $ hr-1  Eqn 2.4, Chapter 2 

PWF Present worth factor  NA 

EBOP Electrical balance of plant $ (17% of 

CAPEX) 

109, Eqn 2.11, Chapter 

2 

Phase 

Separators, 

Dryers 

Phase separators, dryers $ (9% of CAPEX) 109, Eqn 2.12, Chapter 

2 

 

Table 2.2. Assumptions used in the techno-economic model 

Assumption Reference 

Distributed grid PEM electrolysis 109 

The availability of negative electricity prices 76, 77 

Electrolyzer capacity of 10 MW  

(10) 1 MW stacks sharing 1 balance of plant (BOP)) 

109 

Voltage threshold of 2.9V  

(above the voltage threshold it is assumed electrochemical generation 

of ozone or other reactive oxygen species occurs at the anode that can 

chemically degrade the membrane, ionomer, and other components) 

Experimental observation 

from Nel 

Electrolyzer system life of 10 years 43 

Discount Rate of 10% NA 

Baseline uninstalled CAPEX of $755 kW-1 (2020 USD$) 
 

Baseline installed CAPEX of $898 kW-1 (2020 USD$) 

109 

Low Installed CAPEX of $297 kW-1 (2020 USD$) 

 

(1 MW PEM at 1,000 units per year; includes installation cost of 33% 

and markup of 50%) 

60, 55 

High Installed CAPEX of $1,299 per kW (2020 USD$) 

 

(200 kW system at 10 units per year; includes installation cost of 33% 

and markup of 50%) 

60, 55 
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Effective installation factor of 19% (A 12% installation factor is 

applied to the stack capital cost and electrical BOP cost, while a 46% 

installation factor is applied to the mechanical BOP.)  

 

Electrical BOP includes a 43% markup and a 20% equipment cost 

modifier based on a bottom-up analysis. Mechanical BOP does not 

include a markup based on a bottom-up analysis. Stack cost does not 

include a markup and is based on a Design for Manufacture and 

Assembly (DFMA) analysis done in Aspen. A production rate of 600 

MW for distributed PEM systems per year is assumed. 

109, 78 

 

 

Total system cost = stack system cost + mechanical BOP + electrical 

BOP 

 

Uninstalled stack system cost of $1.30 cm-2 for $439 kW-1 based on 

rated operation of 1.7 A cm-2 ($1.30 / (1.7A cm-2 x 1.7V) x 1000 

W/kW) 

 

Uninstalled mechanical BOP cost of $139 kW-1 (based on $239 kg-1 

day-1 and peak production rate of 5,815 kg H2 day-1 at rated current 

density and 10 MW system)  

 

Uninstalled electrical BOP cost of $121 kW-1 

 

Total system cost = ($439.49 + $139.19 + $121) (2016USD) x 10,000 

kW  

= $6,996,809 for 10 MW PEM (2016USD) 

(inflated to 2020 USD: $473.92 + $150.10 + $130.48) 

= $7,545,000 (2020USD) 

109 

Operations and Maintenance (O+M) cost of 5% of the uninstalled 

CAPEX applied annually for electrolyzer lifetime 

43 

Baseline Efficiency of 84% with regard to (wrt) HHV, corresponding to 

a voltage of 1.75V at 1.7 A cm-2 and an enthalpic voltage of 1.48V at 

STP 

71Error! Bookmark no t 

defined. 

Low Efficiency of 79% wrt HHV, corresponding to a voltage of 1.87V 

at 1.7 A cm-2 and an enthalpic voltage of 1.48V at STP 

55 

High Efficiency of 87% wrt HHV, corresponding to a voltage of 1.71v 

at 1.7 A cm-2 and an enthalpic voltage of 1.48V at STP 

55 

Uninstalled electrical balance of plant (EBOP) and phase separators 

and dryers costs increase linearly with current density above 1.7 A cm-2 

NA 
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EBOP, phase separators, and dryers comprise 26% of uninstalled 

CAPEX. Electrical balance of plant is 17% of uninstalled CAPEX. 

Phase separators and dryers are 9% of uninstalled CAPEX. 

 

Installation cost for the EBOP and phase separators and dryers costs 

increase with current density. 

 

Effective installation factor is 19% of CAPEX. At Jop </= 1.7 A cm-2, 

installation cost is $143 kW-1 (19% x $755 kW-1) while at Jop > 1.7 A 

cm-2 installation cost is (19% x (1 - 26%) x $755 kW-1) + (19% x 26% 

x $755 kW-1 x Electrode Area x Jop x Vop ). 

109 

Model excludes compression, storage and dispensing cost, replacement 

costs, property tax, space cost, insurance cost, and end of life salvage 

value 

NA 
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Chapter 3: Designing Off-Grid Green Hydrogen Plants Using 

Dynamic Polymer Electrolyte Membrane Electrolyzers to Minimize 

the Cost of Hydrogen Production 

This chapter is currently under peer review with Cell Reports Physical Science.79 

 

3.1 Introduction  

Although hydrogen (H2) produced from water electrolysis is attractive as a carbon-free energy 

carrier, its true environmental benefits depend on the carbon intensity (CI) of the electricity used 

to power this thermodynamically uphill process. When electricity is primarily obtained from 

natural gas or coal-fired power plants, the CI of electrolysis-derived H2 can actually exceed the 

operational CI80 of H2 produced by steam methane reformation (SMR, 8-12 kg CO2e kg-1 H2).81 

Using the average CI of electricity obtained from the U.S. power grid (0.37 kg CO2e kWh-1), which 

is still dominated by fossil energy, grid-powered electrolysis with an energy efficiency of 55 kWh 

kg-1 H2 results in a CI of 20 kg CO2e kg-1 H2.
82  In contrast, H2 produced by electrolyzers that are 

powered directly by off-grid wind and solar energy systems has an operational CI of zero and very 

low life-cycle emissions between 0 to 2.4 kg CO2e kg-1 H2..83 Furthermore, it is estimated that at 

least 89% of carbon and other environmentally harmful air emissions associated with electricity 

generation from a predominantly fossil fuel grid would be prevented in a future in which electricity 

from photovoltaics (PV) is the primary energy source.84,85  

H2 has traditionally been produced through steam methane reformation, a thermal catalytic 

process that is carried out at large scales and releases large quantities of CO2 in the process.86 In 

contrast, H2 production by water electrolysis uses electricity to split water into H  and O , which 
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doesnôt involve any CO2 emissions if the electricity is provided by carbon-free power sources such 

as solar and wind. The two most mature types of electrolyzers are polymer electrolyte membrane 

(PEM) and alkaline electrolyzers. PEM electrolyzers are the focus of this study since the thin (100-

200 µm) solid-electrolyte membrane allows for a high current density (1-2 A cm-2) without 

prohibitively large ohmic losses. PEM electrolyzers are also attractive for use in off-grid VRE-

powered electrolysis facilities because they have been shown to operate effectively at partial loads 

and respond rapidly to variations in renewable energy generation.87 Alkaline electrolyzers have 

more limited load flexibility because the separators are not as effective at preventing the cross-

diffusion of gases.88,89 For that reason, alkaline electrolyzers tend to limit their turndown ratio to a 

minimum of 30% of nominal current density. In addition, alkaline electrolyzers have slower cold 

start up and hot standby times.90 Newer alkaline systems are pressurized, reducing these issues. 

Nonetheless, alkaline electrolyzers have traditionally employed the use of thick diaphragms and 

spacers, resulting in high ohmic resistance across the electrodes, reducing current density at a given 

voltage.  

The H2 CI has major implications for electrolysis projects that must reach cost parity with 

SMR to be commercially competitive. In the U.S., H2 systems that demonstrate no more than 0.45 

kg ok lifecycle CO2e kg-1 H2 are eligible to receive a $3 kg-1 production tax credit under the 2022 

Inflation Reduction Act, which could be the difference between a concept and a bankable project. 

Off-grid PV or wind-powered electrolysis should achieve this target and be easily provable 

compared to complex time-dependent energy mixes on the grid. The viability of electrolysis as an 

alternative to SMR depends on reducing its levelized cost of H2 production (LCOH). In many areas 

of the world, cost parity with SMR requires the LCOH of electrolytic H2 to be between $1 kgī1 

and $2.08 kg-1, where the lower and upper bounds correspond to the LCOH of H2 from SMR for 
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natural gas prices of $4.25 MMBtuī1 and $10.00 MMBtu-1, respectively.91,92,42 The EU imported 

natural gas price, however, can be significantly higher.93 

Several studies have investigated the relative LCOH of grid-connected versus off-grid 

electrolysis systems and found a premium for off-grid systems due to the lower capacity factor of 

the wind and solar variable renewable energy (VRE) sources of electricity. In a 2016 report by 

Shaner et al., H2 from PV-powered electrolysis sited in a location with a 20% capacity factor was 

found to be as high as $15 kg-1 compared to $5.50 kg-1 for grid electrolysis, a 173% increase.20 

However, in more recent studies that consider decreases in PV and electrolyzer CAPEX, 

significant reductions in off-grid electrolysis LCOH can be achieved. In a 2019 study, the 

International Renewable Energy Agency estimated a LCOH of $3.77 kg-1 to $4.34 kg-1 in South 

Australia from an electrolyzer coupled to a PV system with a 30% capacity factor, assuming a 

levelized cost of electricity from PV between $0.30 to $0.41 kWh-1.94 Similarly, Yates et al. 

simulated an off-grid PV-powered alkaline electrolysis system in six locations across Australia, 

the U.S., Japan, Chile and Spain, and reported a range of LCOH from $3.38 to $4.72 kg-1.95  

Previous studies have demonstrated how PEM electrolyzers can be operated dynamically 

to minimize the LCOH from the electrical grid in the wholesale and retail electricity markets with 

a variety of pricing structures, including time-of-use rates and locational marginal prices.96,42,97,98,99 

This paper builds off of those studies to examine how dynamically changing the current density of 

PEM electrolyzers directly tied to off-grid solar and wind farms can impact electricity curtailment, 

H2 generation, and LCOH.  

 

3.2 Results and Discussion 

3.2.1 Model Description and Assumptions 
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Three VRE configurations were analyzed (Figure 3.1): 1) a PV farm coupled to a PEM 

electrolyzer, 2) a wind farm coupled to a PEM electrolyzer, and 3) a hybrid PV/wind farm coupled 

to a PEM electrolyzer. While conventional electrolyzer systems are ac-coupled, dc-coupled 

architecture may be available in the near future to reduce energy losses.100 In all scenarios, the 

green H2 plant consists of a 10 MW PEM electrolyzer system, which includes AC-coupled power 

electronics, water demineralization, cooling, and dryer sub-systems.  

 

Figure 3.1. Process flow diagram for green hydrogen system. In Scenario 1, the electrolyzer 

is coupled with a solar farm, in scenario 2 with a wind farm, and in Scenario 3, with a hybrid 

solar/wind farm. In all scenarios it is assumed that renewable energy is the only source of energy 

for the electrolyzer. 

 

As a basis for all calculations, the total electrolyzer capacity was set to 10 MW based on a 

total maximum power input of 10 MW from a VRE system. In sizing the 10 MW electrolyzer, a 

maximum power input Pe,max was set to 11 MW, assuming a derated factor of 91% to account for 
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dc-ac and ac-dc conversion losses.101 The total rated capacity of the VRE system was scaled based 

on a set of VRE to electrolyzer (VRE:E) capacity ratios from 5 MW VRE:10 MW electrolyzer 

(VRE:E ratio= 0.5) to 100 MW VRE:10MW electrolyzer (VRE:E ratio=10), and the% of VRE 

electricity associated with wind was varied between 0% and 100%, with the balance from solar 

PV. The total electrode area of the electrolyzer (Ae) was calculated by Equation (3.1) based on 

Pe,max and the rated current density (Jop,r) and operating voltage (Vop) of the electrolyzer: 

!   ȟ  Ͻ 

ȟ Ͻ 
   (3.1) 

where the rated current density of 2 A cm-2 and initial Vop of 1.89 V was determined from 

a polarization curve consistent with a commercial PEM electrolyzer based on a Nafion-117 

membrane and standard catalyst loadings at 60-80°C.102 Higher and lower efficiencies are explored 

in the sensitivity analysis (See Figure 3.8 and Table 3.3). Thus, Ae was calculated as 2.65x106 cm2 

(265 m2). Water electrolysis efficiency (ɖE) values were calculated from the polarization curves as 

voltage efficiencies and reported using the high heating value (HHV) and an enthalpic voltage of 

1.48 V at standard temperature and pressure conditions per ʂ
Ȣ  

. 

For electrolyzer operation using constant current density mode (Jop = 2 A cm-2), the 

electrode area actively in use (Ae,used) varies according to the hourly input power received from the 

VRE generator (Pe,h). Ae,used was set equal to zero when the VRE generator system was not 

producing electricity (Pe,h = 0.0 W), and equal to the maximum value of Ae (i.e., 265 m2 for the 

considered 10 MW electrolyzer) whenever  Pe,h > Pe,max. For all other cases, Ae,used was calculated 

according to Equation (3.2):  

!ȟ   ȟ Ͻ 

ȟ Ͻ 
   (3.2) 
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The hourly amount of generated H2 (mH2,h) in kg was calculated using Faradayôs law of 

electrolysis: 

Í ȟ  ȟ Ͻ 

 Ͻ 
   (3.3) 

where 2 is the stoichiometric number of electrons transferred per H2 molecule evolved 

through the hydrogen evolution reaction and F is the Faraday constant. Hourly excess power (EPh), 

representing curtailed, or unused, electricity from the VRE generators, was calculated as the 

difference between Pe,h (derated by ɖc) and the electrolyzer operating power (Pop). The total excess 

power (EP) in kWh over the lifetime of the off-grid system (k years) was calculated by summing 

EPh from the start of plant operation at i=hour 1 to n=8760 hours ẗ k comprising the system lifetime.  

%0  В 0ȟ 0 Ͻρ ÈÒÓ 
ȡ    (3.4) 

The percentage of total excess power (% EP) was calculated by dividing EP over the total 

electrical output from the VRE system over its lifetime.  

The levelized cost of H2 (LCOH) was computed as the sum of the lifetime costs of the 

electrolyzer system divided by the amount of H2 produced within a period of k years:   

,#/(  В
Ͻ    Ǫ

 Ͻ ȟ

 
    (3.5)          

where the costs of producing H2 in each year i appear in the numerator, and annual H2 

production (mH2,i) appears in the denominator. In Equation (5), both future operating costs and 

revenue from the generated hydrogen are discounted to the present through incorporation of the 

present worth factor (PWF).  PWFi is the present worth factor for year i, which is calculated for a 

chosen discount rate (r) of 10% and used to discount the costs incurred for years 0 < i < n. In this 

study, electrolyzer system lifetime was set to k = 30 years, and it was assumed that the electrolyzer 

and renewable energy system CAPEX in units of $ kW-1 was incurred in year 0. The PV system 

output was degraded by 0.5% annually103 and the wind energy system output by 1% annually,104  
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CAPEX includes the electrolyzer system at an installed cost of $1,068 kW-1, solar at an installed 

cost of $1,027.8 kW-1 and / or wind farm at $1,257.2 kW-1.105,106,107 Higher and lower CAPEX are 

investigated in the sensitivity analysis. 

The yearly OPEX (OPEXi), represents the power cost; in our scenarios it was set to zero 

as the electricity used to drive the electrolyzers is exclusively provided by the off-grid VRE 

sources, which were included as upfront capital costs. An electrolyzer stack replacement cost of 

33% of the electrolyzer system CAPEX was applied in years 10 and 20, assuming a replacement 

interval of 87,600 hours. The O&M was assumed to be 5% of the CAPEX.43  

Under dynamic operation, the electrolyzer system size, and therefore Ae, was also set based 

on a rated current density of 2 A cm-2. However, unlike the constant current operating mode, the 

actively used electrode area was always set to Ae and the Jop was allowed to vary between 0 to 6 

A cm-2 depending on the amount of electricity being produced from the VRE system. Each hour, 

the derated power from the VRE system (the product of Pe,h and ɖc) was compared to the power of 

the PEM electrolyzer at all points along the polarization curve, and the Jop and corresponding Vop 

that resulted in the minimum difference between the electrolyzer power (the product of Jop, Vop 

and Ae) and the VRE systemôs derated power was selected. When the VRE electrical power 

exceeded the maximum power that could be used by the electrolyzer, the electrolyzer was operated 

at its maximum allowable current density and the difference between Pe,h and AeĀJopĀVop was 

counted as excess power. 

For both constant and dynamic operation, a degradation rate (DR) of 0.15% of cell voltage 

per 1000 hours was applied hourly, consistent with reported degradation rates for PEM 

electrolyzers.108 After each hour of operation, the electrolyzer polarization curve was shifted to 

higher voltages by an amount equal to DRĀVop. An upper limit or threshold on Vop was set to Vmax 
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= 2.9 V, above which electrochemical generation of reactive oxygen species at the anode can 

prematurely accelerate electrolyzer degradation by damaging the membrane, ionomer, and/or other 

components. Applying the DR as a percentage of the Vop scaled DR proportionally to Jop since Vop 

increases with Jop; thus higher average Jop was assumed to entail higher degradation rates. In both 

operating modes, degradation resulted in an increase in Vop compared to a new electrolyzer, which 

decreased electrolyzer efficiency. Under constant current density operation, Jop was set to 2.0 A 

cm-2 when electricity is available from the VRE generators, and 0.0 A cm-2 whenever the VRE 

generators were not producing any electricity. If the electrolyzer polarization curve degraded to 

the point where Jop = 2.0 A cm-2 could not be achieved without Vop exceeding Vmax, Jop was set to 

the highest available Jop that still maintained Vop < Vmax. Under dynamic operation, if for some 

hour i the voltage associated with a given Jop was greater than or equal to Vmax, then that Jop was 

removed from consideration. Figure 3.9 illustrates the change in the polarization curve over 

electrolyzer stack lifetime due to degradation when operated dynamically. While the system 

lifetime was 30 years, the stack was replaced every 10 years, at which point the polarization curve 

was reset to that of a new electrolyzer.   

A dynamic electrolyzer system capable of operating at a current density of 6 A cm-2 was 

estimated to have a 75% higher CAPEX than that of a standard PEM electrolyzer system due to 

larger power electronics, phase separators, and dryers needed to process larger amounts of 

electricity and H2 when the electrolyzer operates at higher current densities. Together, these 

balance of system components comprise 26% of the electrolyzer system CAPEX in a standard 

PEM electrolyzer,109 and their cost for the dynamically operated system was assumed to increase 

in proportion to the ratio of the maximum current density (6 A cm-2) to the baseline current density 

of 2 A cm-2 for this study (see Figure 3.10). Breakdowns of the electrolyzer system costs for the 
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conventional constant current density electrolyzer system and dynamic system are provided in 

Table 3.4.  

The algorithms used to calculate LCOH, lifetime H2 production and % EP for constant and 

dynamic-operation of the electrolyzer stacks are illustrated in Figure 3.2. 

 

Figure 3.2. Algorithm for calculating LCOH for a.) constant and b.) dynamic electrolyzer. 

In ñconstantò mode, the PEM electrolyzer was kept at a constant current density and electrolyzer 

area varied, and in ñdynamicò mode the current density was permitted to operate between 0 to 6 A 

cm-2 and the area fixed. 

 

As a basic demonstration of the technoeconomic assessment (TEA) modeling framework 

described above, two electrolyzer operating modes ï constant and dynamic - were simulated with 

two different VRE:E capacity ratios (both with 100% PV) in Dalhart, Texas over a 24-hour period. 

For both modes, the Ae was sized based on an input power of 10 MW and a rated current density 

of 2 A cm-2 and initial operating voltage of 1.89 V. In the first scenario, a 10 MW electrolyzer was 

coupled with an 11 MW (10 MW derated) PV farm (VRE:E capacity ratio =1). As seen in Figure 

3.3A for constant current density operation, the current density was set to 2 A cm-2 when the sun 
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was shining and 0.0 A cm-2 otherwise. In constant current density mode, the amount of active stack 

area exposed to the input energy (Ae,used) was varied to maintain the constant current density during 

the daily solar fluctuations (Figure 3.11); on average, only 14% of the total electrode area was 

employed for this capacity ratio for the sunny hours. In Figure 3.3B, the current density profile is 

shown for a dynamically-operated electrolyzer for which 100% of the total electrode area was 

made available, while the current density was allowed to vary between 0 to 6 A cm-2 such that the 

electrical power received by the electrolyzer was set equal to the derated power generated by the 

PV system. In Figure 3.3C, H2 production is shown to be 12% higher in dynamic mode than 

constant (242 kg vs 212 kg over the 24-hour period), which arises from the higher average 

efficiency of the dynamically-operated electrolyzer for this VRE:E ratio.         

In Figures 3.3D-F, both constant and dynamic electrolyzer operating modes were simulated 

for a 10 MW electrolyzer that was coupled with a 100 MW solar farm (VRE:E capacity ratio =10). 

For this scenario, the electrolyzer is more fully utilized when the sun shines for both modes of 

operation, but the ability for the dynamically-operated electrolyzer to exceed a current density of 

2 A cm-2 results in substantially higher H2 production than in constant mode (Figure 3.3F), albeit 

at lower efficiency. Thanks to its ability to ramp up current density, the dynamically-operated 

system results in 69% more H2 production (total of 1,891 vs 1,117 kg over the 24 hour period) 

while reducing the excess power from the PV system from 90% to 0%. Also shown in Figures 

3.3D-3.3F is the tradeoff between current density and efficiency. In constant current density mode 

the efficiency remains constant at 78% (wrt HHV), whereas in the dynamic mode the current 

density is allowed to vary, which results in a reduced efficiency but much higher daily H2 output 

thanks to operation at higher current densities.  
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Figure 3.3. Current density, efficiency and hydrogen production for constant versus 

dynamic electrolyzer operation at varying VRE:E capacity ratios. Sample daily production profiles 

for operation of a 10 MW electrolyzer powered entirely by PV in Dalhart, TX on January 1, 2013. 

(A) Hourly current densities and energy efficiencies for the electrolyzer under constant current 

density operation. (B) the same electrolyzer under dynamic operation for a VRE:E capacity ratio of 

1. (C) Hourly H2 production rates for constant and dynamic operation for a VRE:E capacity ratio 

of 1. (D) Hourly current densities and energy efficiencies for a 10 MW electrolyzer under constant 

current density operation and E) dynamic operating for a VRE:E capacity ratio of 10. (F) H2 

production for constant (1,117 kg) and dynamic (1,891 kg) operation for a VRE:E capacity ratio of 

10. The solar electricity generation was simulated using NRELôs System Advisor Model.110  
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3.3 Dependence of LCOH and Lifetime H2 Production on VRE to Electrolyzer 

Capacity Ratio and VRE Wind Percentage   

A parametric study was performed to investigate when the dynamic operation of an electrolyzer 

can be advantageous to the conventional constant current density operation in off-grid green 

hydrogen systems. Accordingly, the LCOH, percentage excess power (% EP), and lifetime H2 

production were calculated for different VRE:E capacity ratios under constant operation and 

dynamic operation in four locations over 30 years. As reflected by the capacity factor values shown 

in Table 3.1, these locations span a wide range of relative abundance of local wind and solar 

resource availability. In addition, TEA were carried out for different combinations of PV and wind, 

each in the range of 0-100%, for a hybrid VRE system (scenario 3 in Figure 3.1); the results of 

these assessments are shown in Figures 3.4, 3.5, 3.12, and 3.13. In Table 3.1, capacity factor is 

calculated as the sum of the electrical power produced over a year divided by the electrical power 

produced at rated capacity if the system were operated at 100% of the time. Capacity factors 

account for performance losses of 9% associated with power conversion determined using NRELôs 

System Advisor Model. The wind farm was comprised of Mitsubishi MWT 1000A - 1MW 

Turbines at an 80-meter hub height. The solar farm was comprised of crystalline silicon modules 

of 21% efficiency on 1-axis trackers. In Table 3.2, for all locations, metrics correspond to those 

predicted to give the minimum LCOH. VRE:E capacity ratio and VRE mix values producing the 

minimum LCOH, and corresponding H2 production and % EP, are indicated with star symbols 

found in Figures 3.4-3.5 and Figures 3.12 and 3.13. 
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Table 3.1. Renewable energy system scenarios with solar and wind capacity factor by 

location. 

 

 

 

 

 

 

 

 

 

 

Table 3.2. Key performance indicators for optimized off-grid green H2 systems operated in 

the four locations listed in Table 1 for constant and dynamic electrolyzer operation. 

 

Figure 4 shows how LCOH, % EP, and lifetime H2 production varies between constant and 

dynamic electrolyzer operation for a plant located in Dalhart, TX for different VRE:E capacity 

ratios and VRE mixes. The minimum LCOH of $5.38 for constant operation at a VRE:E ratio of 

2.0 and a VRE mix of 60% wind and 40% solar (Figure 3.4A). At the minimum LCOH, lifetime 

 
High Wind  Low Wind   

 

 

 

High 

Solar 

 

Dalhart, TX 

 Solar: 28% 

Wind: 40% 

 

Lat, Lon: 36.05, -102.44 

 

Ludlow, CA 

 Solar: 29% 

Wind: 19% 

 

Lat, Lon: 34.65, -115.64 

  

 

 

 

Low 

Solar 

 

Calvin, ND 

 Solar: 19% 

Wind: 39% 

 

Lat, Lon: 48.82, -98.96 

 

Maple Falls, WA 

 Solar: 16% 

Wind: 11% 

 

Lat, Lon: 48.92, -122.07 
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H2 production under constant operation is 10.3 million kg (Figure 3.4B), and there is 5.8% excess 

power (Figure 3.4C). Under dynamic operation, the minimum LCOH is $5.12 and is found at a 

much higher VRE:E capacity ratio of 5.0 and a VRE mix of 80% wind and 20% solar (Figure 

3.4D). At the minimum LCOH, lifetime H2 production is 25.2 million kg (Figure 3.4E), and there 

is 0.3% excess power (Figure 3.4F).  

Dynamic operation allows the electrolyzer to take advantage of renewable energy above 

its rated capacity, resulting in 145% more H2 production at 4.8% lower cost. Since the capacity 

factor of wind is higher than solar in Dalhart, TX the optimal generation mix has a higher 

percentage of wind than solar, namely 60% wind under constant operation and 80% wind under 

dynamic operation. The synergy of wind and solar in hybrid VRE systems results in less excess 

power for both constant and dynamic electrolyzer operation (Scenario 3) compared to only wind 

or solar VRE systems. Furthermore, the dynamic electrolyzer operation results in 95% less excess 

power over constant current density electrolyzer operation (Figures 3.4C and 3.4F). 
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Figure 3.4. LCOH, lifetime H2 and excess power for constant and dynamic electrolyzer 

operation in Dalhart, TX. (A) LCOH, (B) lifetime H 2 production, and (C) percent excess (curtailed) 

electrical power (% EP) calculated for electrolyzer operation under constant current density mode 

at 2 A cm-2, (D) LCOH, (E) lifetime H2 production, and (F) % EP calculated for electrolyzer 

operation under dynamic current density mode. 

 

For a plant sited in Ludlow, CA, the minimum LCOH is found at a VRE:E capacity ratio 

of 1.5 for constant operation (Figure 3.5A) versus 4.5 for dynamic operation (Figure 3.5D). 

Dynamic operation allows the electrolyzer to take advantage of renewable energy above its rated 

capacity, resulting in 168% more H2 production at 8.3% lower cost. Since the capacity factor of 

solar is higher than wind at this location in CA the optimal generation mix has a higher percentage 

of solar, 90% solar under constant operation and 100% solar under dynamic operation. In both 

constant and dynamic operation, hybrid wind and solar results in less excess power (Figures 3.5C 

and 3.5F). There is 4.4% excess power under constant operation versus 0.27% under dynamic 

operation (a 94% decrease).   
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Figure 3.5. LCOH, lifetime H2 and excess power for constant and dynamic electrolyzer 

operation in Ludlow, CA. (A) LCOH, (B) lifetime H 2 production, and (C) excess (curtailed) 

electrical power (EP) calculated for electrolyzer operation under constant current density mode at 

2 A cm-2, (D) LCOH, (E) lifetime H2 production, and (F) excess (curtailed) electrical power (EP) 

calculated for electrolyzer operation under dynamic current density mode. 

 

Similar TEA calculations were performed for off-grid VRE-E systems located in Calvin, 

North Dakota (ND) (high wind, low solar resource) and Maple Falls, Washington (WA) (low wind, 

low solar resource), with the results shown in Figures 3.12 and 3.13. Key take-aways from these 

results include that dynamic operation in North Dakota results in 167% more H2 production at 

4.4% lower cost than constant operation for optimally chosen VRE:E capacity ratios and VRE 

mixes. Since the capacity factor of wind is much higher than solar at this location in ND, minimum 

LCOH is achieved with 100% wind for both constant and dynamic operation. In Washington, 

dynamic operation results in 129% more H2 production at 5.6% lower cost than constant operation. 

Since the capacity factor of solar is higher than wind at this location in WA, the optimal generation 



76 

 

mix has a higher percentage of solar ï 70% solar under constant operation and 100% solar under 

dynamic operation. At all sites there is, however, only a weak dependency of LCOH on the 

wind:PV mix composition. For example, dynamic electrolyzer operation in WA with a VRE:E 

capacity ratio of 5 results in a minimum LCOH of $11.04 kg-1 for the optimal VRE mix of 100% 

solar, while changing the VRE mix to 80%, 60%, or 40% solar only changes the LCOH to $11.25 

kg -1,  $11.53 kg-1 or $12.94 kg-1, respectively. 

Comparison of the results from Figures 3.4, 3.5, 3.12 and 3.13 for four locations 

characterized by very different solar and wind resource availability reveals several general 

observations and trends. As shown in Figure 6A, dynamic electrolyzer operation in an optimally 

sized off-grid VRE-powered system can produce 137%-176% more H2 over the system lifetime 

than if the electrolyzer were operated at its rated current density under constant current density 

mode. Furthermore, Figure 6A shows that dynamically-operated off-grid electrolyzers are capable 

of producing more H2 than electrolyzers operated at their rated current density in a grid-tied system 

in all locations except one (Washington). In Texas, California, and North Dakota, dynamic 

operation at conditions corresponding to the minimum LCOH produces 54%, 6%, and 43%, 

respectively, more H2 over the system lifetime compared to constant current density operation of 

an electrolyzer with the same capacity and uninterrupted (24/7) availability of electricity. These 

results show that dynamic electrolyzer operation can overcompensate for the lower capacity factor 

of VRE sources compared to constant grid power.  

A second observation is that the minimum LCOH for dynamic operation is always achieved 

for higher VRE:E capacity ratios and for VRE mixes that more heavily favor the VRE source with 

the higher capacity factor at the location of interest. For example, LCOH is minimized for dynamic 

operation in (windy) Texas for a VRE mix of 80% wind vs. 60% wind for constant operation, 
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while LCOH is minimized for dynamic operation in (sunny) California for a VRE mix of 0% wind 

vs. only 10% wind for constant current density operation. These observations can be explained by 

the fact that the dynamically operated electrolyzer favors VRE systems with the highest net 

generating capacity over VRE systems characterized by a more diverse mix of solar and wind 

sources that are able to level out the average load owing to their complementary nature. 

Electrolyzers operated at constant current density achieve minimum LCOH with hybrid VRE 

systems with more balanced mixes of solar and wind, which helps to reduce excess power since 

the electrolyzer cannot ramp up to take advantage of output over its rated capacity (Figure 3.6B). 

 

 

Figure 3.6. Lifetime H2 production and optimal VRE mix by wind/solar capacity factor 

(CF). (A) Lifetime H 2 production from optimally sized VRE-E systems in four different locations 

when the electrolyzer is operated in dynamic or constant current density mode. The black dashed 

line indicates the amount of H2 produced by a grid-connected 10 MW PEM electrolyzer system run 

at its rated current density with 100% availability of electricity. (B) Percentage of wind in the 

optimal VRE mix for VRE -E systems shown as a function of the ratio of capacity factors for wind 

(CFw) and solar PV (CFw) for the four different locations investigated in this study. 
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A third general observation is that the dynamically operated electrolyzer is able to achieve 

a ñnear minimalò LCOH over a significantly wider range of VRE:E capacity ratios and VRE mix 

compositions than the electrolyzer operated at constant current density. Taking the analysis for 

Dalhart, Texas (Figure 3.4) as an example, we see that an LCOH of < $7 kg-1 H2 can be achieved 

for a dynamically-operated electrolyzer for any combination of VRE:E capacity ratio between 1.5 

and 10.0 and VRE mix between 50% and 90% wind. In contrast, the electrolyzer operated at 2 A 

cm-2 is only able to achieve an LCOH of < $7 kg-1 for a much narrower range of VRE:E capacity 

ratios (1.0 ï 4.0) and VRE mixes (50%- 60% wind). The other three locations are similar.  

LCOH findings from this analysis are compared with H2 from SMR and grid-connected 

PEM electrolysis in Table 3. Notably, while Khan et al similarly find a reduction in LCOH by 

oversizing a solar PV or wind farm capacity by 1.5 times under constant operation,111 this study 

further expands on this by demonstrating that dynamic operation can decrease LCOH by up to 9%. 

Considering that electrolyzers powered exclusively by renewable energy sources should 

qualify for the $3 kg-1 production tax credit (PTC) in the U.S., the range of post-PTC LCOHs is 

$2.12 (dynamic operation in Dalhart, Texas) to $9.15 kg-1 (constant operation in Maple Falls, 

Washington).  It should, however, be noted that the VRE:E ratios that produce the lowest LCOH 

may not necessarily result in the lowest environmental impacts and embodied carbon. Quantifying 

the overall environmental and social impacts of VRE-E systems is beyond the scope of this study. 

Life cycle assessments (LCA) that take on this task will further inform the optimal sizing of these 

systems.  

 

Table 3. LCOH for off-grid PEM electrolysis, grid-connected PEM electrolysis, and steam 

methane reformation. The range of LCOH shown for the PEM electrolyzer corresponds to 
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those obtained in this study (Table 2) for four different locations assuming that an optimal 

VRE:E ratio was used and does not include any production tax credit.  

Off-grid PEM Electrolyzer  

(with solar and wind energy) 

Grid-connected PEM 

ElectrolyzerError! Bookmark not 

defined. 

Steam Methane 

Reformation112,113,114 

Constant: $5.38 - $12.15  

Dynamic: $5.12 - $11.04 

 

Constant: $1.00 - $4.50 

Dynamic: $0.50 - $4.50  

(range from 0 - 7 cents/kWh)  

$1.00 - $2.08 

(natural gas prices of $4.25 

MMBtuī1 - $10.00 MMBtu-1) 

 

Simulations were also run for an alkaline electrolyzer using the polarization curve of an 

advanced pressurized alkaline electrolyzer with a gap of 0.2 mm between the electrodes and the 

separator under the Dalhart, TX scenario.115 While a small gap reduces the ohmic losses compared 

to conventional alkaline electrolyzers, the voltages are still significantly higher at a given current 

density than for PEM electrolyzers. For example, 2.5 V is required at a current density of 1 A cm-

2 for this advanced alkaline electrolyzer compared to 1.6 V for a PEM electrolyzer employing a 

60-micron Nafion membrane. The simulation used an installed CAPEX 31% lower than PEM 

($734 kW-1), a degradation rate of 0.11% of cell voltage per 1000 hours, a stack lifetime of 87,600 

hours, and an O&M of 6%, 20% higher than PEM, to account for liquid electrolyte and lye 

management.88  

The results of TEA simulations run for the advanced alkaline electrolyzer are provided in 

Figure S7, and the alkaline electrolyzer polarization curves over the stack lifetime are shown in 

Figure S8. Under constant operation the minimum LCOH for the alkaline electrolyzer was $6.39 

kg-1, 19% higher than PEM at $5.38 kg-1, and at a VRE:E ratio of 1.5 with an 80% wind, 20% solar 

mix, versus a VRE:E ratio of 2 and 60% wind, 40% solar for PEM. Under dynamic operation the 

minimum LCOH for the alkaline electrolyzer was $5.69, 11% higher than PEM at $5.12 kg-1, and 

at a VRE:E ratio of 1.5 and 100% wind, versus a VRE:E ratio of 5 and an 80% wind, 20% solar 
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mix. Dynamic alkaline operation resulted in an 11% decrease in LCOH over constant operation, 

versus a 5% decrease for PEM since the alkaline electrolyzer CAPEX increased by only 11% from 

a rated current density of 0.7 to 1 A cm-2 versus 75% for PEM. The range of lifetime H2 production 

for the alkaline electrolyzer was found to be 19-20% lower than for PEM under constant operation 

(1.8 ï 11.8 million kg versus 2.3 ï 14.9 million kg) and up to 55% lower than for PEM under 

dynamic operation (16.5 million kg versus 36.5 million kg), which can be attributed to the lower 

current density limit of 1 A cm-2 for the alkaline electrolyzer.  

Notably, the VRE:E ratio that minimized the alkaline electrolyzer LCOH was 1.5 for both 

constant and dynamic operation as under dynamic operation the alkaline electrolyzer could not 

ramp much beyond its rated current density of 0.7 A cm-2,31 to take advantage of additional 

renewable energy from oversized VRE systems. For this reason, there was significant excess 

power at higher ratios under dynamic alkaline operation (up to 74%), closely resembling that of 

the constant alkaline electrolyzer (up to 83%). Similar to PEM, the VRE mix for constant operation 

was a mix of wind and solar (80% wind, 20% solar), while for dynamic it was 100% wind, favoring 

the resource with the greatest capacity factor under dynamic operation. Unlike PEM, however, 

dynamic operation of the alkaline electrolyzer achieved near minimum LCOH ($5.92 - $7.22) for 

significantly lower VRE:E ratios (< 1.5) than those found to minimize LCOH for the PEM 

electrolyzer. This is due to the fact that the stack area of the alkaline electrolyzer was 56% higher 

than PEM (602 m2 versus 265 m2) because the alkaline electrolyzerôs rated current density for 

constant operation was 0.7 A cm-2 versus 2 A cm-2. 
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3.4 Sensitivity Analysis 

A sensitivity analysis was performed for all locations under constant and dynamic operation, with 

baseline conditions set to the VRE:E ratio shown to give the minimum LCOH. The analysis was 

done to understand how expected variations in electrolyzer degradation rate, CAPEX ($ kWī1), 

and electrolyzer energy efficiency influence LCOH. The results for Dalhart, TX are shown in a 

tornado plot in Figure 3.7, which reveals how LCOH changes based on a one-at-a-time parameter 

change while keeping all other parameters constant. Sensitivities for the minimum LCOH for 

VRE-E systems operated in the other three locations are shown in Figures 3.16-3.19. In all cases, 

the LCOH is shown to be highly sensitive to changes in wind, solar and electrolyzer system 

CAPEX. The impact of reductions in wind and solar system CAPEX are greater in dynamic 

operation because the minimum LCOH is found at a higher VRE:E capacity ratio for which the 

VRE naturally assumes a higher percentage of the total system CAPEX. As shown in Figure 3.19, 

LCOH was also found to be sensitive to decreases in the VRE:E capacity ratio for both types of 

electrolyzer operation. However, Figure 3.17 also reveals that increases in LCOH caused by 

VRE:E ratios exceeding the optimal value are significantly smaller for dynamic operation thanks 

the ability of a dynamically-operated electrolyzer to take better advantage of oversized renewable 

energy generation.  

As shown in Figure 3.7A for constant current density operation, the LCOH is most 

sensitive to a reduction in PEM electrolyzer CAPEX (21% decrease), followed by wind system 

CAPEX (20% decrease). A reduction in PV system CAPEX result in a smaller (i.e., 9.7%) decrease 

since solar comprises only 40% of the VRE mix at the minimum LCOH. A more efficient 

electrolyzer results in an 11.5% LCOH decrease and a lower degradation rate in a 2.4% decrease. 

For dynamic operation (Figure 3.7B), there is a 28% decrease in LCOH for low wind system 
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CAPEX since there is more wind in the mix than under constant operation, and a 16% reduction 

for lower PEM electrolyzer CAPEX. A 40% reduction in PV system CAPEX results in a 5.1% 

LCOH decrease since solar comprises only 20% of the VRE mix at the minimum LCOH. A more 

efficient electrolyzer results in a 17.2% decrease and a lower degradation rate a 2.5% decrease 

since under dynamic operation a more efficient polarization curve results in a wider range of 

current densities as the electrolyzer degrades over time (Figures 3.8 and 3.9). As a part of the 

sensitivity analysis, a ñbest-case scenarioò was also considered, for which all of the optimal or 

favorable values of the input parameters were assumed.  Compared to the baseline case, this best-

case scenario is predicted to decrease LCOH by 57% (to $2.30 kg-1 unsubsidized) for constant 

current density operation and by 58% (to $2.13 kg-1 unsubsidized) for dynamic operation.  
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Figure 3.7. Sensitivity analysis for Dalhart, TX. (A and B) Effect of electrolyzer degradation 

rate, CAPEX, and efficiency on the LCOH for constant and dynamic operation. The purple boxes 

to the left of the baseline indicate parameters resulting in LCOH below the baseline, while the green 

boxes to the right of the baseline indicate parameters resulting in LCOH above the baseline. The 

baseline values are in the center and are as follows: wind system installed CAPEX of $1257 kW-1, 

PV system installed CAPEX of $1,028 kW-1, PEM electrolyzer installed CAPEX of $1,068 kWī1, 

degradation rate of 0.15% per 1,000 h, and efficiency of 78%. TX scenario with VRE:E ratio and 

wind/solar generation mix at minimum LCOH (constant: 2:1 and 60% wind, 40% solar; dynamic: 

5:1 and 80% wind, 20% solar). 116  

 

3.5 Conclusions 

Generating H2 by electrolysis from off-grid variable renewable energy sources is a promising 

approach to producing easily verifiable green H2 that meets carbon intensity targets set under the 

Inflation Reduction Act. This study demonstrates the value of dynamically-operated electrolyzers 

tied to off-grid VRE sources. The minimum LCOH for dynamic operation is observed for VRE:E 

capacity ratios greater than those under constant operation, namely 4.5 or 5.0 for dynamic versus 

1.5 or 2.0 for constant operation. This is because dynamically operated electrolyzers can take 

advantage of oversized renewable energy systems to generate more H2 than constant operation 

despite a relatively lower electrolysis efficiency associated with high current density in todayôs 

PEM electrolyzers. Dynamically operated electrolyzers are able to achieve a ñnear minimalò 

LCOH over a significantly wider range of VRE:E capacity ratios and VRE mixes. Depending on 

the location, by allowing for dynamic current density, a 10 MW electrolyzer is shown to generate 

the same or more H2 from an off-grid solar or wind energy system than if operated at a 100% 

capacity factor powered by the grid. Since off-grid VRE:E ratios are often designed to be 

intentionally high to increase the runtime of the electrolyzer, dynamic electrolyzers can more fully 

utilize the VRE systemôs energy output, reducing otherwise curtailed renewable energy. In 

addition, despite the lower unit CAPEX of the alkaline electrolyzer, the dynamically operated PEM 

electrolyzer still demonstrated the ability to produce a lower LCOH (for an optimally designed 
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and operated system) than alkaline thanks to its ability to operate at higher current densities and 

enable higher VRE:E plant design. This paper shows Ḑ $2 kg-1 H2 can be achieved through 

simultaneous reductions in VRE and PEM CAPEX, increased PEM efficiency, and dynamic 

operation, highlighting a pathway for green H2 to achieve cost parity with SMR. 

 

3.6 Resource Availability 

Lead contact: requests for further information should be directed to the corresponding authors  Dan 

Esposito (de2300@columbia.edu) and Vasilis Fthenakis (vmf5@columbia.edu).  

 

3.7 Materials Availability  

No materials were used in this study. 

 

3.8 Data and Code Availability 

All code was developed in Jupyter notebook 6.1.4 and executed in Google Colab. The computer 

code and input data are available in an open access Github repository here: 

https://github.com/mg3217/Green-Hydrogen-TEA.  
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3.11 Appendix B 

3.11.1 Figures 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Polarization (IV) curves. Related to Figures 3.4-3.7 and Model Results and 

Assumptions. IV curves were modeled using the 1D electrolyzer model described below and 

parameter values provided in Table S1. All three curves were generated using typical catalyst 

loadings (2 mg Ir cm-2 for the anode and 0.5 mg Pt cm-2 for the cathode). The only difference 

between the three cases was the thickness of the Nafion membrane, with baseline efficiency 

corresponding to a membrane of 180 micron thickness (corresponding to Nafion 117), high 

efficiency of 50 microns (corresponding to Nafion 112), and low efficiency of 254 microns 

(corresponding to Nafion 1110).  

 

Total cell voltage, Vcell, was calculated as a function of current density based on: 

 

6  ȿ5ȿ ʂ  ʂ  ʂ    3.4 
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where |U| is the reversible cell potential of 1.23 V, ɖHER and ɖOER are the kinetic 

overpotential losses from the hydrogen evolution reaction (HER) and oxygen evolution reaction 

(OER), respectively, and ɖɋ is the ohmic overpotential. ɖHER and ɖOER were calculated using the 

Tafel equation, which relates these overpotentials to the logarithm of the current density (icat), 

 

ʂ ɼ ÌÏÇ 
 

  3.5 

  

where ɼ is the Tafel slope, i0 is the exchange current density for the HER and OER. Current 

densities in A cm-2 were normalized to the catalyst specific surface area (Sa), 

 

É    3.6 

 

where catalyst loading is in grams cm-2 and catalyst specific surface area in cm2 gram-1. 

The HER and OER Tafel slopes and exchange current densities are based on the average 

reported values for Pt and IrO2 electrocatalysts, respectively, at low temperature (60-80°C) and 

are included in Table S1 along with other input parameters used in the model.117,118,119
 

The ohmic overpotential associated with H+ transport through the Nafion membrane was 

calculated by varying the membrane thickness, tm, 

 

ʂ Ê ϽÔ Ͻ ʍ    3.7 
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where the ɟm is the electrolyte resistivity, which is the inverse of the electrolyte 

conductivity. The polarization curve shown in Figure 3.8 for the ñbaselineò PEM electrolyzer using 

a 180 µm thick Nafion membrane is consistent with polarization curves reported for commercial 

PEM electrolyzers employing Nafion-117 membranes and operating at a temperature of 60-

80°C.[S4]  
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Figure 3.9. Estimated degradation of PEM electrolyzers as a function of current density 

over stack lifetime under dynamic operation. Related to Figures 3.4-3.7 and Model Results and 

Assumptions. Baseline efficiency iV curve of 0.15% degradation per 1,000 hours over 10 years. 

While system lifetime was 30 years, after 87,600 hours (10 years) the stack was replaced and the cell 

voltages reset to the initial values. Simulation performed for Dalhart, TX with a VRE:E ratio of 5 

and 80% wind, 20% solar VRE mix.    

 

 

 

 

 

End of Year 1 

End of Stack Life 

 

 



89 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. CAPEX premium over baseline current density. Related to Figures 3.4-3.7. The 

maximum current density is shown to range from 0 to 6.0 A cm-2. As the max current density 

increases the total CAPEX increases by up to 75% over baseline. This CAPEX increase is shown as 

a multiplier over the baseline CAPEX, assuming that 26% of the CAPEX, corresponding to larger 

capacity power electronics, phase separators and dryers, and larger wires, would increase linearly 

with the current density above 2 A cm-2. 
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Figure 3.11. Percentage of electrolyzer active area used over sample days under constant 

current density operation at 2 A cm-2. Related to Figure 3.3 for operation in Dalhart, Texas. VRE:E 

capacity ratio of 5:1  and a VRE mix characterized by 20% solar and 80% wind. In constant 

current density mode, the amount of active stack area exposed to the input energy is varied to 

maintain the constant current density during the daily solar fluctuations. The simulation was 

carried out for a 10 MW PEM electrolyzer system having a maximum active area is 265 m2. 
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Figure 3.12. LCOH, lifetime H 2 and excess power for constant and dynamic electrolyzer 

operation in Calvin, ND. Related to Figures 3.4 and 3.5. (A) LCOH, (B) lifetime H2 production, and 

(C) excess (curtailed) electrical power (EP) calculated for electrolyzer operation under constant 

current density mode at 2 A cm-2, (D) LCOH, (E) lifetime H2 production, and (F) excess (curtailed) 

electrical power (EP) calculated for electrolyzer operation under dynamic current density mode. 
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Figure 3.13. LCOH, lifetime H 2 and excess power for constant and dynamic electrolyzer 

operation in Maple Falls, WA. Related to Figures 3.4 and 3.5. (A) LCOH, (B) lifetime H2 

production, and (C) excess (curtailed) electrical power (EP) calculated for electrolyzer operation 

under constant current density mode at 2 A cm-2, (D) LCOH, (E) lifetime H2 production, and (F) 

excess (curtailed) electrical power (EP) calculated for electrolyzer operation under dynamic current 

density mode. 
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Figure 3.14. LCOH, lifetime H 2 and excess power for constant and dynamic alkaline 

electrolyzer operation in Dalhart, TX. (A) LCOH, (B) lifetime H 2 production, and (C) percent 

excess (curtailed) electrical power (% EP) calculated for electrolyzer operation under constant 

current density mode at 0.7 A cm-2, (D) LCOH, (E) lifetime H2 production, and (F) %EP calculated 

for electrolyzer operation under dynamic current density mode. 
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Figure 3.15. Estimated degradation of alkaline electrolyzers as a function of current density 

over stack lifetime under dynamic operation. Related to Figure S7. Baseline efficiency polarization 

curve of 0.11% degradation per 1,000 hours over 10 years assuming advanced pressurized alkaline 

electrolyzer with a gap of 0.2 mm between the electrodes and the separator [S16]. While system 

lifetime was 30 years, after 87,600 hours (10 years) the stack was replaced and the cell voltages reset 

to the initial values. Simulation performed for Dalhart, TX with a VRE:E ratio of 1.5 and 100% 

wind. 

 

 

 

 

 

 

 

End of Year 1 

End of Stack Life 

 



95 

 

 

 

Figure 3.16. Sensitivity analysis for Ludlow, CA. Related to Figure 3.7. (A and B) Effect of 

electrolyzer degradation rate, CAPEX, and efficiency on the LCOH for constant and dynamic 

operation. The purple boxes to the left of the baseline indicate parameters resulting in LCOH below 

the baseline, while the green boxes to the right of the baseline indicate parameters resulting in 

LCOH above the baseline. The baseline values are in the center and are as follows: wind system 

installed CAPEX of $1,257 kW-1, PV system installed CAPEX of $1,028 kW-1, PEM electrolyzer 

installed CAPEX of $1,068 kWī1, degradation rate of 0.15% per 1,000 h, and efficiency of 78%. 
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Figure 3.17. Sensitivity analysis for Calvin, ND. Related to Figure 3.7. (A and B) Effect of 

electrolyzer degradation rate, CAPEX, and efficiency on the LCOH for constant and dynamic 

operation. The purple boxes to the left of the baseline indicate parameters resulting in LCOH below 

the baseline, while the green boxes to the right of the baseline indicate parameters resulting in 

LCOH above the baseline. The baseline values are in the center and are as follows: wind system 

installed CAPEX of $1,257 kW-1, PV system installed CAPEX of $1,028 kW-1, PEM electrolyzer 

installed CAPEX of $1,068 kWī1, degradation rate of 0.15% per 1,000 h, and efficiency of 78%.  
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Figure 3.18. Sensitivity analysis for Maple Falls, WA. Related to Figure 3.7. (A and B) 

Effect of electrolyzer degradation rate, CAPEX, and efficiency on the LCOH for constant and 

dynamic operation. The purple boxes to the left of the baseline indicate parameters resulting in 

LCOH below the baseline, while the green boxes to the right of the baseline indicate parameters 

resulting in LCOH above the baseline. The baseline values are in the center and are as follows: 

wind system installed CAPEX of $1257 kW-1, PV system installed CAPEX of $1,028 kW-1, PEM 

electrolyzer installed CAPEX of $1,068 kWī1, degradation rate of 0.15% per 1,000 h, and efficiency 

of 78%.  
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Figure 3.19. Dependence of LCOH on VRE:E capacity ratio and location. Related to 

Figures 3.4-3.7. For dynamic operation there is less difference in LCOH between optimal ratio and 

high ratio than constant current density operation, demonstrating that the dynamic electrolyzer 

can better take advantage of oversized renewable energy generation. Locations: Dalhart, Texas, 

Ludlow, California, Calvin, North Dakota, and Maple Falls, Washington. The numbers next to the 

state abbreviations on the x-axes correspond to the VRE:E ratios indicated in the figure legends. 
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3.11.2 Tables 

 

Table 3.3. Parameters used in the techno-economic model.  

Symbol Parameter Value / Unit Reference / Notes 

Jop,r Rated current density 2.0 A cm-2 120 

Vop Operating voltage (per cell) V 121,122,123,124 

Jop Operating current density A cm-2 NA 

Vmax Maximum allowable voltage (per cell)  

 

2.9 V Personal 

communication with 

industry 

Ae Electrode area cm2 Eqn 3.1 

n Number of electrons transferred per 

mole of H2 

2 NA 

F Faraday constant 96,485 C mol-1 NA 

rd Degradation rate 0.15% per 1000 

hours 

125 

CAPEXi=0 Upfront total installed cost $ NA; CAPEX(i>0)=0) 

OPEXi Annual electricity cost for year i $ yr-1 NA; electricity cost 

is included in RE 

system CAPEX 

O&M i Annual operations and maintenance 

for year i 

$ yr-1 NA;  

non-electricity costs 

mh2,i Annual kg of hydrogen production kg yr-1 Eqn 3.5 

LCOH  Levelized cost of hydrogen   $ kg-1 Eqn 3.5 

PWF Present worth factor  NA 

EBOP Electrical balance of plant $ (17% of system 

CAPEX) 

109 

Phase 

Separators, 

Dryers 

Phase separators, dryers $ (9% of system 

CAPEX) 

109 

ə Electrolyte conductivity 0.12 S cm-1 S5 

OER catalyst 

loading 

OER catalyst loading 2 mg cm-2 119,71,125 

Sa,OER OER specific surface area 20 m2 gram-1 119,71,125 

Io OER OER exchange current density 2.6 x 10-7 A cm-2 119,71,174Error! 

Bookmark not 

defined. 

ɓa OER Tafel slope (anode) 0.0712 V dec-1 119,71,174 

HER catalyst 

loading 

HER catalyst loading 0.5 mg cm-2 121 

Sa,HER HER specific surface area  25 m2 gram-1 119,71,174 

Io HER HER exchange current density 0.062 A cm-2 121 
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ɓc HER Tafel slope (cathode) 0.055 V dec-1 121 

tm,baseline Membrane thickness (baseline) 180 microns 123 

tm,high Membrane thickness (high efficiency) 50 microns 124 

tm,low Membrane thickness (low efficiency) 254 microns 124 

 

Table 3.4. Assumptions used in the techno-economic model 

Assumption Reference 

PEMEL sized to 10 MW PV array 

A_e for dynamic based on rated Jop of 2 A cm-2 

Dynamic Jop range of 0 to 6 A/cm2 

CAPEX includes cost of PV system ($1,028/kW) 

and / or wind system ($1,257/kW) 

30 year lifetime; MEAs replaced every 10 years 

(2x) 

Baseline at 2 A/cm2 

109 

Replacement cost of 33% of CAPEX for 

electrolyzer stacks 

Personal communication with industry 

Electrolyzer capacity of 10 MW  

(10) 1 MW stacks sharing 1 balance of plant 

(BOP)) 

Personal communication with industry 

Electrolyzer stack life of 10 years 43 

Discount Rate of 10% 105 

Baseline uninstalled CAPEX of $898 kW-1 (2023 

USD$) 

Baseline installed CAPEX of $1,068 kW-1 (2023 

USD$) 

109 

Low Installed CAPEX of $353 kW-1 (2023 USD$) 
 

116 

High Installed CAPEX of $1,546 per kW (2023 

USD$) 

 

(200 kW system at 10 units per year; includes 

installation cost of 33% and markup of 50%) 

55 
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Effective installation factor of 19% (A 12% 

installation factor is applied to the stack capital cost 

and electrical BOP cost, while a 46% installation 

factor is applied to the mechanical BOP.)  

 

Electrical BOP includes a 43% markup and a 20% 

equipment cost modifier based on a bottom-up 

analysis. Mechanical BOP does not include a 

markup based on a bottom-up analysis. Stack cost 

does not include a markup and is based on a Design 

for Manufacture and Assembly (DFMA) analysis 

done in Aspen. A production rate of 600 MW for 

distributed PEM systems per year is assumed. 

109, 78 

 

Total system cost = stack system cost + mechanical 

BOP + electrical BOP 

 

Uninstalled stack system cost of $564 kW-1 

 

Uninstalled mechanical BOP cost of $178 kW-1  

 

Uninstalled electrical BOP cost of $155 kW-1 

 

Total system cost = ($564 + $178 + $155) x 10,000 

kW = $8,980,000 

109 

Operations and maintenance cost of 5% of the 

installed CAPEX applied annually for electrolyzer 

lifetime 

43 

Baseline Efficiency of 78% with respect to (wrt) 

HHV, corresponding to a voltage of 1.89 V at 2 A 

cm-2 and an enthalpic voltage of 1.48 V at STP 

123 

Low Efficiency of 74% wrt HHV, corresponding to 

a voltage of 2.01 V at 2 A cm-2 and an enthalpic 

voltage of 1.48 V at STP 

124 

High Efficiency of 89% wrt HHV, corresponding 

to a voltage of 1.67 V at 2 A cm-2 and an enthalpic 

voltage of 1.48 V at STP 

124 

Uninstalled electrical balance of plant (EBOP) and 

phase separators and dryers costs increase linearly 

with current density above 1.7 A cm-2 

NA 



102 

 

EBOP, phase separators, and dryers comprise 26% 

of uninstalled CAPEX. Electrical balance of plant 

is 17% of uninstalled CAPEX. Phase separators 

and dryers are 9% of uninstalled CAPEX. 

Installation cost for the EBOP and phase separators 

and dryers costs increase with current density. 

 

Effective installation factor is 19% of CAPEX. At 

Jop </= 2.0 A cm-2, installation cost is $171 kW-1 

(19% x $898 kW-1) while at Jop > 2 A cm-2 

installation cost is (19% x (1 - 26%) x $898 kW-1) 

+ (19% x 26% x $898 kW-1) x Electrode Area x Jop 

x Vop ).  
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Model excludes compression, storage and 

dispensing cost, replacement costs, property tax, 

space cost, insurance cost, and end of life salvage 

value. 

NA 

 

Chapter 4: Integrating Solar Energy, Desalination, and Electrolysis 

This chapter has been published with Solar RRL.126  

 

4.1 Introduction  

The photovoltaics (PV) industry has accomplished phenomenal cost reductions through 

improving efficiency in manufacturing and deployment. The prices of PV electricity have been 

reduced to levels in parity with unsubsidized electricity rates in arid areas of high solar 

irradiation that need to expand the capacity of water desalination. A decade ago, utility-scale PV 

systems were sold for $4,000 per kW, but now their cost is lower by a factor of five, producing 

electricity at $0.04/kWh in the Southwest US.127 The U.S. Department of Energyôs target for 

unsubsidized levelized cost of electricity (LCOE) for utility-scale PV is $0.03 per kWh by 2025 

and $0.02 kWh-1 by 2030.128,129  
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The current global demand for hydrogen is around 70 million metric tons per year and 

nearly all of it is produced with fossil fuels. About 50% comes from reforming natural gas and 

refinery gas, 30% as a by-product from chemicals production, and ~15% from coal gasification; 

only about 4% of global hydrogen production comes from electrolysis.130,131 Technology 

selection is driven by cost considerations; hydrogen can be produced from natural gas at a cost of 

~$2 kg-1 in a process that emits 11.8 kg CO2(eq) per kg of H2 produced. 132 Current estimates of 

levelized cost of hydrogen production (LCOH2) from electrolysis are in the range of $5ï$6/kg 

hydrogen at electricity costs of $0.05 to $0.07/kWh.133 In order to reach cost parity with SMR at 

all scales, the LCOH2 for electrolytic H2 must be reduced to $2.08 - $2.27 kg-1, although the 

break-even cost could be as high as $3.53 kg-1 in favorable hydrogen markets like Texas.134  

Although the cost of hydrogen production from electrolysis currently costs up to 2 or 3 

times more than hydrogen from SMR, as this cost is a strong function of the price of electricity 

and as very low-cost electricity from the sun and wind is available, clean hydrogen production is 

getting a new look.20,53,135 With a new focus on the reduction of greenhouse gases, policy is 

driving hydrogen research forward, particularly in Europe, Japan, Australia, and, as of late, the 

US.136 A recent US-DOE Hydrogen Shot Summit set an ambitious target for the production of 

clean hydrogen at $1/kg by 2030.137 The expectation is that policies and associated incentives 

would have the same catalytic effect in clean hydrogen production that policy in Germany during 

2001-2005 had in starting the deep price reductions in solar and wind electricity production.7   

If zero-carbon electricity from renewable energy is used to power electrolysis, the clean 

hydrogen produced could be used to power automobiles and manufacture chemicals, materials, 

and synthetic fuels. However, in scenarios of large hydrogen production, especially in arid areas 

and islands, seawater may be the only sustainable source of water for electrolysis. Consequently, 
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R&D efforts aim at developing corrosion-resistant electrodes or new electrolyzer technologies 

for direct seawater electrolysis.22 However, our study shows that coupling desalination and 

electrolyzer systems is a cost-effective solution in using seawater for electrolysis, and such 

coupling can be optimized to offer system cost reductions and further advance the benefits that 

low-cost renewable energy electricity offers to the economics of integrating desalination and 

electrolysis.  In the following sections we highlight the current and projected impact of 

renewable energy generation on electricity prices, and developments in solar, desalination, and 

electrolyzer technologies that enable a low-cost production of clean hydrogen. 

 

4.2 Effect of Variable Renewable Energy on Electricity Prices in California and 

Texas 

The photovoltaics (PV) industry has accomplished phenomenal cost reductions through 

improving efficiency in manufacturing and deployment. The prices of PV electricity have been 

reduced to levels in parity with unsubsidized electricity rates in arid areas of high solar 

irradiation that need to expand the capacity of water desalination. As the economics of both 

desalination and electrolysis are strongly impacted by the cost of electricity and their potential is 

associated with the availability of low-cost green energy, it makes sense to look at electricity 

prices in states with high solar and wind energy contributions to grid electricity. For this, 

California and Texas ISO electricity price series (locational marginal prices, LMP) were 

examined.  

The California 2020 energy mix included 7% wind and 14% solar. The Texas 2019 

energy mix included 20% wind and <2% solar.138 Both wind and solar contributions increased in 

2020 resulting in 23% wind and 2% solar. The projected Texas 2030 Limited Capacity, which 
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assumes not early retirement of fossil and nuclear generators, includes 30% wind and 10-20% 

solar penetrations. The California 2030 Limited Capacity includes 10-20% wind and 30% solar 

penetrations.139 

The boxplots in Figure 4.1 show the full range of LMP in these states and years; their 

statistical distribution is described in the figure caption.  

 

 

Figure 4.1. Annual histograms and box plots of nodal LMPs. The boxplots show in log scale 

the full range of the electricity price data distributions (except occasional negative values). Each 

box shows the interquartile range (IQR), or the middle 50% of values; orange lines show the 

median electricity price; black whiskers depict the range of lower and upper values that are not 

outliers; outliers lie in the ranges shown by the blue lines. The range of the outlier prices (not shown 

in this figure) are $0.28-$5.07/kWh in ERCOT 2019; $0.17-$2.01/kWh in ERCOT 2020, and $0.87-

$1.00/kWh in CAISO 2020. 

 

The mean prices (not shown in this figure) for the five distributions are: ERCOT 2019= 

$0.038/ kWh, ERCOT 2020= $0.022/kWh, CAISO Martinez 2020 = $0.034/kWh, CAISO 2030 

= $0.043 / kWh, ERCOT 2030 = $0.025/kWh. 

It is noted that the ERCOT 2019 mean is driven up from the high price outliers reaching 

$5 kWh-1, while the CAISO mean electricity LMP is driven down by the of low outliers in this 
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grid; the outlier frequencies are shown by the blue lines in Figure 4.1. It is also noted that the 

range of prices in 2030 is narrower than that in 2020, as the former assume investments in 

transmission that would prevent price variability associated with transmission congestion.  The 

2030 projections include not only VRE penetration but also natural gas costs, load growth, and 

projected carbon costs of $52/t CO2 in CAISO. 

The impact of this high penetration can be further detailed from the histograms of extreme 

prices monthly distributions shown in Figures 4.2 and 4.3. The monthly frequency distributions 

of outliers in the ERCOT grid (Figure 4.2) show that most of the high prices occur during the 

summer and that the increase of solar from in the 2030 projections drastically reduces the 

summer high prices, while the increase of wind penetration reduces the high price outliers during 

the winter and spring and also results in low price outliers during the same period. More 

specifically, a comparison of the ERCOT 2019 and 2020 data (Figure 4.2) shows that the 

increase of solar and wind, together with a reduction in the demand due to Covid, in addition to 

reducing the mean as discussed earlier, also reduced the high outliers during the summer months. 

Figure 4.2 also shows that the projected 2030 increase of wind penetration to 30% and solar to 

10+% reduces the high outliers every month except August, and, in addition, results in low 

outlier prices in all months except July.  
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Figure 4.2. Monthly histograms of electricity price outliers in the ERCOT grid. The 2019 

and 2020 show only high price outliers, whereas the 2030 projections include both high and low 

outliers. 

 

From the monthly histograms of the CAISO price data (Figure 4.3), one can deduct that 

the high solar penetration in the state (14% in 2020), resulted in low outlier prices during May-

June, while the increase of solar to 30% in 2030, significantly increases the low outlier prices 

and completely eliminates the high outliers.  
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Figure 4.3. Monthly histograms of electricity price outliers in the CAISO grid  

 

In the following sections we will show how such electricity price distributions may 

impact the economic potential of seawater desalination and electrolytic hydrogen production and 

how technology integration can further amplify this impact. 

 

4.3 Coupling Renewable Energy with Desalination and Electrolysis 

Both water production by desalination and hydrogen production via electrolysis may offer 

opportunities for synergy with variable renewable power generation.  Both technologies offer 

ways to use and store, instead of curtail, solar energy. When powered by solar energy, we expect 
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that an integrated desalination and electrolysis facility can benefit from multiple synergies, 

including but not limited to: i) desalination providing high purity water for water electrolysis, ii) 

electrolysis waste heat providing an energy source for thermal desalination, iii) energy storage in 

the form of clean H2 fuel, and (iv) more flexible operation that enables higher utilization of solar 

thermal energy or electricity and lowering of the Levelized Costs of H2O (LCOW), and the 

levelized cost of H2 (LCOH2).  The concept of integrated technologies and bridging industry 

sectors that are commonly viewed individually, is shown by the schematic in Figure 4.4. 

 

Figure 4.4. Integrated solar/wind-powered plant for the production of fresh water and 

hydrogen from water desalination and electrolysis, respectively 

 

The figure depicts seawater feed in desalination assuming that for electrolytic hydrogen 

generation to become prolific throughout the world, seawater would be needed as a feedstock. 

Also electrolyzers require de-ionized water to produce hydrogen while generating a great amount 

of heat and this is shown in the figure. The relevant parameters are discussed in the following 

sections. 
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4.4 Overview of Seawater Desalination Technologies  

Desalination technologies and industry have advanced significantly during the past two decades 

to meet the growing freshwater demands stimulated by the compounding issues in both water 

quality and quantity in many regions of the world.140 There are more than 20,000 desalination 

plants operating worldwide with a total operating capacity of about 100 million m3/d. Seawater 

desalination represents the largest percentage of online global capacity at 60%.141 Once 

considered energy-intensive and cost-prohibitive, desalination technologies are now being 

embraced and are considered as important elements of water portfolios for many communities. 

Desalination can be performed through thermal means by evaporation/ condensation or 

mechanical (pressure-driven) means such as osmotic membrane processes. Thermal technologies 

require both heat and electricity for separation of freshwater from saline water while pressure-

driven membrane technologies require only electrical energy, which is converted to mechanical 

energy for separating the dissolved solids from the saline water.  

Currently the lowest cost membrane-based technology for the desalination of seawater is 

reverse osmosis (RO), and the lowest cost thermal technology for seawater is multi-effect 

distillation (MED) and membrane distillation (MD) for small units. The energy required per unit 

of freshwater product is expressed as specific energy consumption (SEC), with units of kWh/m3. 

Depending on the cost of electricity, energy costs can be in the range of 15-60% of the cost of 

freshwater produced by seawater desalination. MED processes require about 50-120 kWhth/m3 of 

thermal energy and ~1.5 kWhe/m3 electricity for circulatory pumping. Emerging MD processes 

require about 60 kWhth/m3 of thermal energy and ~0.5 kWhe/m3 electricity. Seawater reverse 

osmosis process (SWRO) for producing potable water, requires about 3 kWhe/m3 for the 

Mediterranean Sea, Atlantic and Pacific oceans, and 4 kWhe/m3 for the Arabian Gulf.22 
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In most applications, seawater reverse osmosis (SWRO) can produce potable water at 

costs lower than MED.  However, the product water from RO would contain total dissolved 

solids (TDS) in the range of 200-500 mg/L, whereas MED produces the distilled, de-ionized 

water that is required as feedwater into electrolyzers. Thus, RO units would have to be 

supplemented with additional processes, such as ion-exchange, or implement multiple passes, in 

order to demineralize the water to the quality required by electrolysis feed. These additional 

processes add to the cost of product water which may lessen or even eclipse the RO cost 

advantage when coupled with electrolysis, as discussed in the following section.  

 

4.4.1 PV-RO with multiple passes or ion exchange 

With less than 1% of desalination capacity powered by renewables, solar PV is the most 

commonly used RE technology for powering RO.142 Conventional RO plants typically produce 

potable water from either seawater or brackish water, generating permeate with total dissolved 

solids (TDS) in the range of 200-300 mg/L. Subsequent RO stages, where the permeate from one 

stage is passed to the next stage to reduce TDS, are needed to produce deionized water with 

TDS<0.5 mg/L. Alternatively, an ion-exchange unit can be implemented downstream of RO 

stages. While neither a single-pass SWRO system, nor SWRO followed by a 2nd pass, would be 

able to achieve the required product water quality, seawater RO followed by two passes (RO- 

triple pass) would[143]. Alternatively, seawater RO followed by an additional pass (RO- double 

pass) and an ion exchange unit could also satisfy the product water quality required to feed the 

electrolyzer. The associated costs are shown in Table 4.1). 
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4.4.2 Static solar collector coupled with LT-MED 

Low temperature (LT) MED requires relatively low-grade thermal energy with temperatures 

between 60-90 °C and it produces distilled water with less than 0.5 mg/L TDS, which is 

sufficient purity for input into electrolyzers. There are typically two types of solar thermal 

collectors, FPC (Flat Plate Collector) and ETC (Evacuated Tube Collectors); they can generate 

heat up to 90 °C and 100 °C respectively, and thus would be an ideal source for LT-MED.144  

 

4.4.3 Static solar collector coupled with MD 

Membrane distillation (MD) is an emerging technology, not fully commercialized yet, that can 

operate at relatively low temperatures (between 60-85 °C) and treat high salinity feed water.145 

Current MD applications are at low capacities, using spiral-wound modules with air-gap 

(AGMD) configuration. Among current designs, batch-operated vacuum-enhanced air-gap 

(VAGMD) offers the lowest specific thermal energy consumption (STEC) and higher recovery 

rates.146  Theoretically MD should produce very pure water, but the currently used membranes 

can have defaults (just one non-hydrophobic pore can allow a fraction of feed to pass through), 

so the permeate is not as pure as in MED (although it is better than RO-single and double 

pass)147. Thus, although MD is sometimes cited as complementary to electrolysis,148 it is not 

certain that current MD systems can produce permeable at the required for electrolysis purity of 

< 0.5 mg/L TDS. Surely, this will improve as the technology becomes commercial and therefore 

more suitable membranes (specifically designed for MD) can be used.149 So far, membranes used 

for MD are hydrophobic membranes designed for microfiltration because the small market has 

not enabled the MD-specific membranes developed in the lab to be up-scaled and 

commercialized.150 
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4.4.4 CSP with MED 

Concentrated Solar Power (CSP) collectors such as Linear Fresnel (LF) and Parabolic Trough 

(PT) are able to generate high-temperature heat up to 500 °C or higher. Thus, depending on the 

requirement of the heat source, the MED unit can be either installed after the CSP solar field to 

directly utilize the thermal energy output from the collectors, or it can also be integrated into the 

Rankine cycle by replacing the condenser in the cycle.  

With the first configuration, Askari et al151 compared the LCOW from LF-MED and LF-

MED-TVC systems, where the MED units are powered by the LF solar field, and estimated that 

the LCOWs of fresh water produced from seawater were 2.8 $/m3 and 3.3 $/m3, respectively. For 

the second configuration, researchers at the Plataforma Solar de Almería, Spain152 coupled MED 

and MED-TVC units with a PT CSP plant with 24-hr thermal energy storage. They found that 

the LCOW ïfrom seawater- can decline to the range of 0.84-1.10 $/m3, making it one of the least 

expensive desalination technologies. 

 

4.4.5 CSP-MD 

Most of the studies on solar driven MD systems have used static solar collectors. However, the 

ongoing EU (European Commission) funded project MEDESOL[153] aims at developing 

systems with a capacity from 0.5 m3/day to 50 m3/day, powered by an advanced compound 

parabolic solar concentrator , in order to improve the STEC of the technology. 

 

4.4.6 Waste heat in MD and MED 

The levelized cost of water (LCOW) produced by thermal desalination is a strong function of the 

levelized cost of heat (LCOH) required in the application. A current low LCOH for heat 
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generated by solar collectors or natural gas co-generation is about $0.025/kWh(th). We used the 

Solar Energy Desalination Tool (SEDAT), under development at Columbia University with 

support from the Solar Energy Technology Office (SETO) of the US-Department of Energy 

(DOE),154 to estimate LCOW assuming LCOH values of $0.025/kWh(th) and $0.01/kWh(th); the 

later corresponding to the free production of waste heat from electrolyzers and a marginal cost of 

directly providing this heat to desalination systems near the electrolysis unit.  

 

4.4.7 Comparison of desalination systems 

To estimate the cost of desalinating seawater and producing ultrapure water, engineering, 

procurement, and construction (EPC) costs were computed based on data for plants serving 

industrial users, from the Global Water Intelligence database.155 Average unit EPC costs are 

reported for small (<1000 m3/day) and large (>50,000 m3/day) RO plants fed by either seawater 

or pure water. For medium size (2000 -50,000 m3/day), an exponential relationship was applied 

to interpolate the EPC cost. O&M costs comprising labor & maintenance, chemicals, and 

membrane replacement were estimated as 4% of capex, and energy costs were considered 

separately.  

The results of the comparison of the considered desalination systems are shown in Table 

4.1 and Figures 4.5 and 4.6. In addition, to systems that can produce deionized water, we 

included for a price reference, the most common RO-single pass and RO-double pass, which 

only produce potable water. 
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Table 4.1. Cost comparison of various desalination systems 

Water Production Capacity=50 m3/day 

  EPCÀÀ Opex SEC STEC LCOE LCOH LCOWÀÀ 

($/m3/d) ($/m3) (kWh/m3) (kWhth/m3 ($/kWh) ($/kWhth) ($/m3) 

RO-single 

pass 
2,688 0.35 3.7 0 

0.05 
- 

1.14 

0.03 1.07 

RO-double 

pass 
3,976 0.54 5.0 0 

0.05 
- 

1.68 

0.03 1.58 

RO-double 

pass + IXÀ 
4,294 0.60 5.0 0 

0.05 - 1.83 

0.03  1.72 

RO-triple 

pass 
5,165 0.72 6.2 0 

0.05 
- 

2.19 

0.03 2.07 

MD-batch* 5,760 0.25 0.3 59.2 

0.05 
0.01 2.00 

0.025 2.86 

0.03 
0.01 1.98 

0.025 2.84 

LT-MED** 3,677 0.21 1.5 65.5 

0.05 
0.01 1.68 

0.025 2.67 

0.03 
0.01 1.65 

0.025 2.64 

Water Production Capacity=120 m3/day 

RO-single 

pass 
2,688 0.35 3.7 0 

0.05 
- 

1.14 

0.03 1.06 

RO-double 

pass 
3,976 0.53 5.2 0 

0.05 
- 

1.69 

0.03 1.58 

RO-double 

pass + IXÀ 
4,294 0.60 5.2 0 

0.05 - 1.83 

0.03  1.72 

RO-triple 

pass 
5,165 0.71 6.8 0 

0.05 
- 

2.20 

0.03 2.06 

MD-batch* 4,732 0.24 0.3 59.2 

0.05 
0.01 1.80 

0.025 2.66 

0.03 
0.01 1.78 

0.025 2.64 

LT-MED** 3,269 0.21 1.5 65.5 
0.05 

0.01 1.60 

0.025 2.58 

0.03 0.01 1.57 



116 

 

0.025 2.55 

Water Production Capacity=2,000 m3/day 

RO-single 

pass 
2,237 0.29 3.7 0 

0.05 
- 

0.98 

0.03 0.91 

RO-double 

pass 
3,399 0.46 5.5 0 

0.05 
- 

1.50 

0.03 1.39 

RO-double 

pass + IXÀ 
3,721 0.60 5.5 0 

0.05 - 1.64 

0.03  1.53 

RO-triple 

pass 
4,491 0.58 7.0 0 

0.05 
- 

1.98 

0.03 1.84 

RO-double 

pass+IXÀ 
4,491 0.73 7.0 0 

0.05 
- 

2.12 

0.03 1.98 

MD-batch* 3,230 0.24 0.3 59.2 

0.05 
0.01 1.50 

0.025 2.36 

0.03 
0.01 1.48 

0.025 2.34 

LT-MED** 2,226 0.20 1.5 65.5 

0.05 
0.01 1.38 

0.025 2.37 

0.03 
0.01 1.35 

0.025 2.34 

À For ion-exchange, water costs can range between $0.08 - $0.21/m3; thus, an average cost of $0.145/m3 was added 

to the LCOW of any RO cases that included ion-exchange. Lacking cost break-down data, we assumed that this 

LCOW is equally distributed between Capex and Opex. 

ÀÀ Interest rate and plant lifetime were set to 4% and 20 years, respectively. 

* The recovery rate of MD-batch system selected at the design point is 50%. 

** The recovery rate of LT-MED system selected at the design point is 50%. 
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Figure 4.5. LCOW breakdown of different desalination technologies at a small (120 m3/day) 

capacity (LCOE for MD-batch and LT-MED is 0.05 $/m3) 

   

 

Figure 4.6. LCOW breakdown of different desalination technologies at a medium (2000 

m3/day) capacity (LCOE for MD-batch and LT-MED is 0.05 $/m3) 
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As shown in Table 4.1, although conventional RO can produce potable water at levelized 

costs of water (LCOW) much lower than that of thermal desalination plants, the addition of 

passes and/or ion-exchange systems to completely de-mineralize the RO permeate water, and the 

use of electrolyzersô waste-heat as sole thermal input into MED and MD, makes the LCOW of 

thermal desalination lower than that of RO-triple pass and RO+IX (assuming that waste heat will 

only cost $0.01/kWhth).  

 

4.5 Overview of Electrolyzer Technologies 

4.5.1 Hydrogen Production  

Electrolyzers produce hydrogen by splitting water with direct electrical current. Splitting liquid 

water into hydrogen at 25°C requires a minimum voltage of 1.23 V be applied across the anode 

and cathode of the electrolyzer, which decreases as the temperature increases. The voltage of 

1.23 V corresponds to the Gibbs free energy change (ȹG) for the water electrolysis reaction of 

+237 kJ/mole H2. ȹG is sometimes used as the energy content of H2 for calculating electrolyzer 

efficiency. However, the electrolyzer industry more commonly uses the higher heating value 

(HHV) as the basis of the energy content of H2. Unlike ȹG, which only accounts for the 

reversible (electrical) energy that could be recovered from H2, HHV also takes into account the 

thermal energy that could be recovered if H2 were combusted with O2 and all of the heat 

produced from combustion was captured as the H2O product and returned to 25 °C.  For standard 

temperature of 25 °C, HHV is 285.8 kJ/mole H2, which corresponds to a thermodynamic 

minimum cell voltage of 1.48 V to split water. This voltage is also known as the so-called 

thermoneutral cell voltage, Uth, which has important implications for heat flow to or from the 

electrolyzer. At cell voltages below Uth, ambient heat must be consumed, while excess heat is 
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generated above this value[10]. As discussed in section 4.2, PEM electrolyzers typically operate at 

cell voltages around 1.75 V, meaning that inefficiencies associated with ohmic and kinetic 

overpotential losses during operation manifest as heat generation. At higher current densities the 

cell voltage increases further, and thus additional heat is generated that must be removed. 

Commercial water electrolyzers are based on either alkaline electrolysis (AE) or polymer 

electrolyte membrane (PEM) electrolysis. The electrolyte in alkaline electrolyzers is usually an 

aqueous solution of ὑὕὌ. Traditionally this technology has been the main technique in 

large­scale electrolysis and it has been in use for several decades. It is a mature technology 

which can still compete with the much newer PEM technology. Its main disadvantages compared 

to PEM technology are the low current density (e.g., 0.1 to 0.4 A cm-2, larger stacks, and lower 

flexibility in terms of load on the system). It is because of these properties that the demand for 

PEM technology has boosted over the last few years; experts forecast that PEM technology will 

be dominant by 2030, but critical gaps must still be closed in the areas of materials, operating 

conditions, durability and economic viability.53 

The electrolyte in PEM is a solid polymer capable of conducting protons (Ὄ+), which 

results in an acidic environment. Catalysts capable of operating under these conditions are 

precious metals such as platinum and iridium, and the acidic nature results in short lifetimes 

compared to alkaline technology. The high current densities achieved by a PEM electrolyzer do 

however allow for very compact design. In PEM electrolyzers, the electrodes are pressed against 

a thin film of electrolyte. These layers together are also referred to as the membrane electrode 

assembly (MEA) and form the heart of the electrolysis cell. The MEA together with current 

collectors and separator plates make up the cell that, on average, is only 5­9 mm thick. This 

structural compactness result in a much smaller footprint compared to alkaline technology. 
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Our investigation entails PEM electrolyzers, although alkaline may still be less expensive, 

because PEM, in addition to their smaller footprint, they are more amenable to high current 

density operation and, therefore, get more benefit from the low prices of solar and wind 

electricity. The system cost for 10 MW PEM is reported to be 755 ú/kW (our best case), thus 

~$900/kW.156 Limited data on cost reductions beyond 2020 are available, though some 

projections take the cost down to 250 ú/kW by 2030.116 

 

4.5.2 Electrolyzer Current Density  

Traditionally, electricity has been the single largest cost contributor to the LCOH2 from 

electrolyzers, which are typically operated at constant current densities.43,157 PEM electrolyzer 

efficiencies are commonly rated at 1.7 A cm-2. They generally operate in the range of 1-2 A cm-2, 

although operation at much higher current densities is possible with modifications to the 

electrolyzer power electronics, cell design, and stack design. As the current density increases and 

more current is introduced into the unit, more hydrogen is produced, although the efficiency of the 

electrolyzer is reduced. Figure 4.7a shows the current-voltage (I-V) curves and corresponding 

efficiencies based on experimental I-V curves reported by Nel Hydrogen for PEM electrolyzers 

containing 60 µm thick Nafion membranes.158  Figure 4.7b presents an illustration of the tradeoff 

between electrolyzer current density and efficiency. As shown, current density of 1.7 A cm-2 

corresponds to a voltage of 1.74 V on the baseline IV curve and an HHV efficiency of 85%. In the 

following we investigate this trade-off by comparing modes of operation at the currently most 

typical current density of 1.7 A cm-2, and elevated current densities of 2.7, 3.2, 4.4 and 6 A cm-2.  

The choice of these current levels stems from a detailed technoeconomic analysis covering a wide 

electricity price range. It was found that 2.7 A cm-2 results in lowest LCOH2 when electricity prices 
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are at $0.03/kWh, while electricity price reductions to $0.01-0.02 favors operation at 4.4 A/cm2 

and free electricity favors operation at the maximum current density, thus 6 A cm-2. It is noted that 

cell voltage of 6 A cm-² is very high for currently commercially available electrolyzers, but a 

research focus for improving the cost of PEM, on bipolar plates, porous transport layer (PTL) and 

catalyst coating could result in re-designing the stacks and enable higher power densities to 6 A 

cm-² or higher in the next few decades.159 Thus this high current density is included as a high limit 

case in the current cost-optimization exercise and, interestingly, it was found that it may make 

economic sense only when electricity is completely free because of the tradeoff between increased 

energy charge (OPEX) and hydrogen production. 

 

                                              (a)                                                       (b)                      

Figure 4.7. Efficiency vs. current density in PEM electrolyzers. (a) Current-voltage (I-V) 

and corresponding efficiency curves based on experimental IV curves reported by Nel Hydrogen 

for PEM electrolyzers containing 60 µm Nafion membranes (b) Illustration of the tradeoff between 

electrolyzer current density and efficiency  

 

For all operating modes, a cumulative degradation rate (DR) of 0.15% of cell voltage per 

1000 hours was assumed, consistent with reported degradation rates for PEM electrolyzers.160 

Applying the DR as a percentage of the operating voltage had the effect of scaling DR 
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proportionally to Jop since Vop increases with Jop (Figure 4.8a); thus higher Jop was assumed to 

entail higher degradation rates. An upper limit or threshold on Vop was set to Vmax=2.9 V, above 

which electrochemical generation of ozone or other reactive oxygen species at the anode can 

prematurely accelerate electrolyzer degradation by damaging the membrane, ionomer, and/or other 

components.161 

We examined the hypothesis that the availability of abundant low-cost electricity from 

variable renewable energy (VRE) may justify operating electrolyzers at higher current densities. 

Using 2020 LMP data from the Martinez node of CAISO, with an average electricity price of $0.03 

kWh-1, we found an electrolyzer run at constant operation at various current densities within a 

range of 0.1 to 6 A cm-2, resulted in a minimum LCOH2 of $2.59 kg-1 at 2.7 Acm-2. For the ERCOT 

2019 data showing a mean price of $0.04/kWh, LCOH2 is minimized at a Jop of 2.6 A cm-2, 

whereas for the ERCOT 2020, which has a mean electricity price of $0.022 kWh-1, we found a 

minimum LCOH2 of $1.93 kg-1 at a constant Jop of 3.2 A cm-2. This shows that as electricity prices 

increase the optimal Jop is decreased. Also, as current density increases, the OPEX, normalized 

per kg of H2, increases and normalized CAPEX ($ kg-1 H2) decreases because high current density 

operation uses more electricity and produces more hydrogen. CAPEX is the main contributor to 

the LCOH2 at current densities below 0.7 A cm-2. The CAPEX dependency of current density is 

shown in Figure 4.11. 

 

 

a)  



123 

 

 

b) 

 

Figure 4.8. a) Electrolyzer LCOH2, Capex and Opex, corresponding to constant LCOE of 

$0.022/kWh, as a function of current density; as current density increases, more electricity is used 

increasing the Opex, while the H2 production increases, thus decreasing Capex (per kg H2 

produced). b) LCOH2 for th ree cases of constant current at 24/7 operation and corresponding 

lifetime operating expenditure (OPEX), which is the energy charge, and capital expenditure 

(CAPEX) normalized by kg of H2.   

 

4.5.3 Electrolytic Heat Generation 

As discussed, operating at cell voltages above 1.48 V generates excess heat. In this section, we 

examine the use of such excess heat as an input to thermal desalination units.   

The waste heat is produced at a rate directly proportional to the difference between the actual cell 

voltage Uc and the thermoneutral voltage Utn 162 
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ὖ  Ὅ ϽὟ  Ὗ   (4.1) 

Where Pwh(W) is the power dissipated as heat in a water electrolysis cell operating with 

an electric current Iel(A) and Uc(V) is the difference in potential between the anode and cathode. 

The estimated heat generation, according to this equation, for a 10 MW PEM electrolyzer is 

shown in Figure 4.9. It is noted that heat generation is a strong function of the cell current 

density as increase of operating current density is associated with increasing electricity input, and 

as the hydrogen generation efficiency decreases, a larger fraction of the electricity input is 

dissipated as heat.   

 

                       (a)                                                             (b) 

 

Figure 4.9. Waste heat generation for a 10 MW PEM (rated capacity at 1.7 A cm-2) 

electrolyzer operating at 60 °C. a) total heat generation; b) heat generation per kg of hydrogen 

production, based on the I/V curve shown in Figure 4.7a. 

 

Our investigation shows that current densities up to 4.4 A/cm2 would result in the lowest 

LCOH2 for LCOEs down to $0.01-0.02/kWh. Our simulations also show that the high limit of 6 

A/cm² would be cost-efficient only in scenarios of free electricity. 
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When operating at a rated current density of 1.7 A cm-2, a 10 MW PEM electrolyzer uses 

about 46 m3 of high purity water per day to produce 5,130 kg of H2 (H2O/H2 mass ratio = 9) and 

36,240 kW(th) of heat per day. If the current density of the same PEM electrolyzer is increased 

to 4.4 A cm-2, it will consume about 120 m3/day water to produce 13,295 kg of H2 and 244,560 

kWh(th) per day. Using the STEC listed in Table 1 for LT-MED and Batch-MD, (i.e., 65.5 and 

59.2 kWhth/m3 correspondingly) a continuous heat input from electrolysis to desalination, 

assuming 50% thermal losses, can produce 276 m3 and 300 m3 of deionized water from MED 

and Batch-MD, respectively, when the electrolyzer operates at Jop of 1.7 A cm-2 The amount of 

water production from MED and Batch-MD units increases to 1872 m3 and 2064 m3, 

respectively, when the electrolyzer operates at Jop of 4.4 A cm-2.  Thus, the amount of waste heat 

from the electrolyzer is more than enough for producing the needed de-ionized water for 

electrolysis.  

Our investigation shows that high current density operation produces more heat than 

conventional operation, and this extra heat, in addition to powering desalination, can be used for 

a variety of external uses, such as residential and commercial space heating. Notably, our cost 

comparisons (Table 4.1) assume that excess heat from the electrolyzer can be directly used into 

LT-MED or MD processes. This is possible when electrolyzers operate at temperatures of 65 °C 

or higher; operation at lower temperatures will necessitate the addition of a heat pump with 

increments in capital cost and heat losses. Nel H2 reports that their PEM electrolyzers operate at 

60 °C163; our assessment shows that operation at 70 °C is also possible with minor modifications. 

In fact, a theoretical investigation by Scheepers et al.164 indicates that the optimal stack 

temperature for operation at 1.7 A/cm2 or higher current density is in the range of 75-90 °C. 
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Our results are corroborated by a Siemens patent148 on coupling electrolyzers and 

desalination plants. According to this patent, deionized water is produced under atmospheric 

pressure at operating temperatures between 60 °C and 70 °C in a low-temperature distillation 

system using the waste heat from a PEM electrolyzer. It is reported that the capacity of the low-

temperature distillation system is two times higher than the deionized water flow into the 

electrolyzer; thus, about 50% of the produced deionized water is available for other uses.  

As mentioned earlier, the potential value of the excess heat from electrolysis applies to 

thermal desalination techniques. As shown by the simulation results listed in Table 4.1, if the 

needed thermal energy is supplied by the electrolyzers these thermal desalination technologies, 

such as LT_MED and potentially MD, would produce de-ionized water at lower LCOW than 

RO. It is shown that adding desalination would readily enable the use of seawater for hydrogen 

production with an increment to the LCOH2 of only $0.015-0.025/kg H2, thus just 1% of the 

target LCOH of $2/kg H2.165 

 

4.6 Cost Parity Estimation 

Minimum LCOH2s were calculated based on the electricity price distribution from the 2020 

ERCOT hub average node (Texas 2020)56, and the 2020 Martinez node in CAISO (California 

2020)73, which were shown in Figure 4.1. The LCOH2 model and associated parameters are 

shown in Appendix C.  It was found that hydrogen from electrolysis becomes cost competitive 

with the current production of H2 from steam methane reforming (SMR) at electricity prices 

below $0.03/kWh and is more profound at current densities of 3.2 and 4.4 A cm-2 (Figure 4.10).  

Conversely, at high electricity prices, lower current density is favored in order to maximize 

efficiency. As more low-cost solar energy penetrates the grid, H2 from electrolysis will become 
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increasingly cost competitive with SMR. In addition, electrolyzers need to have access to 

wholesale market prices, which enable exposure to such low-priced electricity.   

 

Figure 4.10. LCOH for typical (1.7 A cm-2) and high current density (2.7, 3.2, 4.4 and 6 A 

cm-2) operation as a function of average electricity price. The gray band shows the ñSMR parityò 

range ($2.08 kg-1 to $2.27 kg-1), which is the cost of producing H2 from SMR; $2.08 corresponds to 

a design capacity of 379,387 kg H2 per day at a 90% capacity factor and a natural gas price of $10 

MMBtu -1, and $2.27 kg-1 corresponds to the same but with carbon capture and sequestration.166  

Current density of 4.4 A cm-2 reaches cost parity with SMR operation when powered by electricity 

costing less than $0.03/kWh. 

 

It is noted that the 2030 projections of the LMP distributions shown in figures 4.2 and 

4.3, reveal a large frequency of low price outliers, which in addition to expected reductions in the 

price of electrolyzers, should result in even lower LCOH2 estimates. 

 

4.7 Conclusion  

Deep decarbonization of sectors such as transportation, chemical and metal production will 

require zero-carbon hydrogen production, which currently can only be provided by splitting 

water molecules via electrolysis. As the economics of producing electrolytic hydrogen are 

dominated by the cost of electricity, enabling operation of electrolyzers to take advantage of the 
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variability of solar and wind resources will become much more important in a renewable energy 

future.  

We addressed the feasibility and cost benefits of electrolyzer high current density 

operation on the LCOH2 and the LCOW. Our simulations show that clean electrolytic hydrogen 

can reach cost parity with hydrogen produced from methane at electricity prices with a mean of 

$0.03 kWh-1, or lower. We accounted for increased degradation rates and an additional capital 

expense when operating at high current densities. However, premiums on electrolyzer CAPEX 

and slight increases in degradation rates are justified for electrolyzers capable of high current 

density operation as long as electricity costs are less than $0.03 kWh-1. In these scenarios, the 

increased H2 output enabled by high current density operation offsets the premium on total 

CAPEX, and the increased OPEX costs from lower efficiencies. An additional benefit of high 

current density operation is that it increases the production of useful ñwaste heatò. When such 

heat powers thermal desalination technologies, they would produce de-ionized water at lower 

LCOW than the currently dominant RO. By taking advantage of low electricity prices during 

high periods of VRE penetration, and using the waste heat from electrolyzers to power 

desalination, the LCOH2 from water electrolysis can be significantly decreased to achieve cost 

parity with SMR-produced H2. 
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4.9 Appendix C 

4.9.1 Model Framework 

The LCOH is computed as the sum of the lifetime costs of the electrolyzer system divided by the 

amount of H2 produced within a period of n years:   

ὒὅὕὌ  В
  Ͻ    Ͻ Ǫ

 Ͻ ȟ
ȡ         (4.2) 

where the costs of producing H2 in each year i is determined by the sum in the numerator, and 

annual H2 production (mH2,i,) in the denominator. PWFi is the present value for year i, which is 

computed for a chosen discount rate (r) and used to discount the costs incurred for years 0 < i < 

n. In this study, electrolyzer system lifetime was set to n = 10 years, and it was assumed that all 

CAPEX was incurred in year 0 and given by the product of the power capacity of the 

electrolyzer (PE,rated, in units of kW, which is based on the rated Jop and Vop,, and the capacity-

normalized upfront capital costs (CAPEX) in units of $ kW-1).  

The yearly OPEX (OPEXi) is given by the sum of the hourly OPEXes (OPEXk) each 

year, which is calculated by multiplying hourly PE,rated by the price of electricity (CE,k, in units of 
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$ kWh-1). Note that in this model, OPEX comprises only the electricity cost. This is consistent 

with other electrolysis studies, which define OPEX as the cost of electricity.20 

 

In order to find the LCOH, hourly LCOH (ὒὅὕὌ  was calculated per: 

ὒὅὕὌ 
    Ǫ

ȟ
                         (4.3) 

where mH2,k is the amount of H2 produced in hour k at the chosen constant Jop between 0.1 

to 6.0 A cm-2. These marginal costs have units of $ hr-1 and were calculated using Equations 

(4.4)-(4.6):  

ὅὃὖὉὢ
Ͻ Ⱦ

                               (4.4) 

 

ὕὖὉὢ ὅȟϽὖϽρ Ὤὶ                              (4.5) 

 

ὕǪὓ ὅὃὖὉὢϽπȢπυ                                                  (4.6) 

where CAPEX0 is the upfront cost incurred in year 0 and PE is the total electrical power 

to the electrolyzer, which is given by the product of Jop, the total electrode area (AE), and the 

operating voltage (Vop). CE,k was obtained from historical data (locational marginal prices 

(LMPs) in the Day Ahead Market from each node). The rated operating power of the electrolyzer 

(PE,r) is given by the product of the rated current density (Jop,r), 1.7 A cm-2, and the 

corresponding rated voltage (Vop,r), while the operating power (PE) for all other current densities 

is computed as the product of  Jop and Vop: 

ὖȟ ὃ Ͻ ὐȟϽ ὠ ȟ                               (4.7) 
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ὖ ὃ Ͻ ὐ Ͻ ὠ               (4.8) 

The annual electricity OPEX (OPEXi), is given by the sum of the hourly OPEXes 

(OPEXk) each year, which is calculated by multiplying hourly PE,r or PE, depending on the mode, 

by the CE,k.. The lifetime LCOH was calculated using Equation 1 by summing the hourly mH2,k, 

CAPEXk, OPEXk, and O&Mk each year for a given constant Jop.  

 

Common Input Parameters and Assumptions for all Operating Modes:  Assumptions included 

a 10 MW PEM electrolyzer system based on the Jop,r and Vop,r with an operation life of 10 years. 

The present worth factor (PWF) was calculated based on a discount rate of 10% and applied at 

the end of each year. The electrode area (Ae) in cm2 was assumed to be fixed and based on the 

rated electrolyzer power capacity (10 MW) divided by the Jop,r of 1.7 A cm-2 and the 

corresponding voltage (Vop,r) from the IV curve (1.74 V for the baseline efficiency): 

ὃ
ȟ ȟ  

Ͻ ȟ
                                           (4.9) 

 

The amount of H2 produced in year i, mH2,i, is similarly given by the sum of the amount 

of H2 produced per hour (mh2k), which is calculated using Faradayôs law of electrolysis with the 

selected Jop. The rate of H2 production was calculated based on Faradayôs law of electrolysis:  

ά ȟ  
Ͻ 

 Ͻ 
                 (4.10) 

where F is the Faraday constant and the 2 in the denominator accounts for the 

stoichiometric number of electrons transferred per H2 molecule evolved through the hydrogen 

evolution reaction. Jop and corresponding Vop values for the baseline efficiency case were based 

on experimental current-voltage curves reported by Nel Hydrogen for 60-micron proton 

exchange membrane (PEM) electrolyzers (see Figure 1)71, and data by Mayyas et al.5555 
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Efficiencies in this paper were reported using the high heating value (HHV) and an enthalpic 

voltage of 1.48V at standard temperature and pressure conditions per ʂ
Ȣ

.                                                             

For Jop above 1.7 A cm-2 a premium was placed on the CAPEX, by assuming that 

CAPEX increases proportionally to current density above 1.7 A cm-2, as shown in Figure 4.11 

and Equations 4.11 and 4.12 in the following paragraph. A cumulative degradation rate (DR) of 

0.15% of cell voltage per 1000 hours was assumed, consistent with reported degradation rates for 

PEM electrolyzers167. Applying the DR as a percentage of the operating voltage had the effect of 

scaling DR proportionally to Jop since Vop increases with Jop; thus higher Jop was assumed to 

entail higher degradation rates. After each 1000 hours of operation, the electrolyzer IV curve was 

shifted right to higher voltages by an amount equal to DR ĀVop. An upper limit or threshold on 

Vop was set to Vmax = 2.9 V, above which electrochemical generation of ozone or other reactive 

oxygen species at the anode can prematurely accelerate electrolyzer degradation by damaging the 

membrane, ionomer, and/or other components.168 If for some hour k the voltage for a Jop was 

greater than or equal to Vmax, then the electrolyzer was assumed to have reached its end of life. 

For current densities above 1.7 A cm-2, the electrical balance of plant component of 

CAPEX (EBOPHigh), and phase separators and dryers (Phase Separators, DryersHigh) were 

simulated to increase proportionally with current density above 1.7 A cm-2 due to anticipated 

modifications required to accommodate high current density operation. Based on a bottom-up 

analysis from the 2019 DOE H2A calculator, this study assumes that 26% of the total CAPEX ($ 

kW-1), corresponding to larger EBOP (17%), and improved phase separators and dryers (9%), 

increases linearly with the current density above 1.7 A cm-2 (See Figure 4.11). Thus, a new 

CAPEX was calculated for each current density above 1.7 A cm-2 in 0.1 A cm-2 intervals up to 

6.0 A cm-2.  
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Ὁὄὕὖ  πȢρχ Ͻ ὅὃὖὉὢ Ͻὃ Ͻ ὐ  Ͻ ὠ     (4.11) 

 

ὖὬὥίὩ ὛὩὴὥὶὥὸέὶίȟὈὶώὩὶί πȢπω Ͻ ὅὃὖὉὢ Ͻὃ Ͻὐ  Ͻ ὠ           (4.12) 

 

Table 4.1 Parameters used in the techno-economic model.  

Symbol Parameter Value / Unit Reference / Notes 

Jop,r Rated current density 2.0 A cm-2 169 

Vop Operating voltage (per cell) V 170,171,172,173 

Jop Operating current density A cm-2 NA 

Vmax Maximum allowable voltage (per cell)  

 

2.9 V Personal 

communication with 

industry 

Ae Electrode area cm2 Eqn 1, manuscript 

n Number of electrons transferred per 

mole of H2 

2 NA 

F Faraday constant 96,485 C mol-1 NA 

rd Degradation rate 0.15% per 1000 

hours 

174 

CAPEXi=0 Upfront total installed cost $ NA; CAPEX(i>0)=0) 

OPEXi Annual electricity cost for year i $ yr-1 NA; electricity cost 

is included in RE 

system CAPEX 

O&M i Annual operations and maintenance 

for year i 

$ yr-1 NA;  

non-electricity costs 

mh2,i Annual kg of hydrogen production kg yr-1 Eqn 5, manuscript 

LCOH  Levelized cost of hydrogen   $ kg-1 Eqn 5, manuscript 

PWF Present worth factor  NA 

EBOP Electrical balance of plant $ (17% of system 

CAPEX) 

109 

Phase 

Separators, 

Dryers 

Phase separators, dryers $ (9% of system 

CAPEX) 

109 

ə Electrolyte conductivity 0.12 S cm-1 S5 

OER catalyst 

loading 

OER catalyst loading 2 mg cm-2 119,71,174 

Sa,OER OER specific surface area 20 m2 gram-1 119,71,174 
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Io OER OER exchange current density 2.6 x 10-7 A cm-2 119,71,174Error! 

Bookmark not 

defined. 

ɓa OER Tafel slope (anode) 0.0712 V dec-1 119,71,174 

HER catalyst 

loading 

HER catalyst loading 0.5 mg cm-2 121 

Sa,HER HER specific surface area  25 m2 gram-1 119,71,174Error! 

Bookmark not 

defined. 

Io HER HER exchange current density 0.062 A cm-2 119,71,174 

ɓc HER Tafel slope (cathode) 0.055 V dec-1 121 

tm,baseline Membrane thickness (baseline) 180 microns 123 

tm,high Membrane thickness (high efficiency) 50 microns 124 

tm,low Membrane thickness (low efficiency) 254 microns 124 

 

Table 4.2 Assumptions used in the techno-economic model. 

Assumption Reference 

PEMEL sized to 10 MW PV array 

A_e for dynamic based on rated Jop of 2 A cm-2 

Dynamic Jop range of 0 to 6 A/cm2 

CAPEX includes cost of PV system ($1,028/kW) 

and / or wind system ($1,257/kW) 

30 year lifetime; MEAs replaced every 10 years 

(2x) 

Baseline at 2 A/cm2 

109 

Replacement cost of 33% of CAPEX for 

electrolyzer stacks 

Personal communication with industry 

Electrolyzer capacity of 10 MW  

(10) 1 MW stacks sharing 1 balance of plant 

(BOP)) 

Personal communication with industry 

Electrolyzer stack life of 10 years 43 

Discount Rate of 10% 105 

Baseline uninstalled CAPEX of $898 kW-1 (2023 

USD$) 

Baseline installed CAPEX of $1,068 kW-1 (2023 

USD$) 

109 

Low Installed CAPEX of $353 kW-1 (2023 USD$) 
 

116 

High Installed CAPEX of $1,546 per kW (2023 

USD$) 

 

(200 kW system at 10 units per year; includes 

installation cost of 33% and markup of 50%) 

55 
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Effective installation factor of 19% (A 12% 

installation factor is applied to the stack capital cost 

and electrical BOP cost, while a 46% installation 

factor is applied to the mechanical BOP.)  

 

Electrical BOP includes a 43% markup and a 20% 

equipment cost modifier based on a bottom-up 

analysis. Mechanical BOP does not include a 

markup based on a bottom-up analysis. Stack cost 

does not include a markup and is based on a Design 

for Manufacture and Assembly (DFMA) analysis 

done in Aspen. A production rate of 600 MW for 

distributed PEM systems per year is assumed. 

109, 78 

 

 

4.9.2 Figure 

 

Figure 4.11. The maximum current density is shown to range from 0.1 to 6.0 A cm-2. As the 

max current density increases the total CAPEX increases. This CAPEX increase is shown as a 

multiplier over the baseline CAPEX, assuming that 26% of the CAPEX, corresponding to larger 

capacity power electronics, phase separators and dryers, and larger wires, would increase linearly 

with the current density above 1.7 A cm-2. Thus, if the electrolyzer is permitted to operate at 6 A 

cm-2, the CAPEX will be twice (2x) the baseline CAPEX of the electrolyzer operating at 1.7 A cm-2 
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Chapter 5: Conclusions and Future Directions 

5.1 Future Challenges for PEM Electrolyzers 

5.1.1 PGM Thrifting 

While degradation mechanisms at high current densities are still being explored, it is known that 

operating at elevated current densities increases the dissolution rate of Ir on the anode for the 

oxygen evolution reaction (OER).175 Running a PEM electrolyzer at the current densities 

envisioned in this dissertation will require higher loadings (33 to 100% higher) of Ir, and / or 

increased replacement of Ir, Ru and other rare platinum group metal (PGM) catalysts.176 Even at 

todayôs status quo, current density of 1-2 A cm-2, scaling up PEM electrolyzers will dramatically 

increase the demand for PGMs. It is estimated that there will be a cumulative installed capacity 

of 61 GW of PEM electrolyzers by 2040,177 which, at current usage of 0.33 g kW-1, will 

cumulatively require 22.2 tons of Ir in a scenario without recycling (Figures 5.1 and 5.2). In 2020 

the global demand for Ir was 6.5 metric tons and the total global production was 3.7 metric tons, 

with the majority used in the production of electronic devices, automotive catalysts, and 

jewelry.178 Ir use in PEM electrolyzers, however, is envisioned to decline with the development 

of nanostructured Ir and mixed metal oxide (MMO) electrocatalysts.  

Ir is one of the rarest metals on Earth, with an estimated global reserve of just 69,000 

metric tons.179,180  The majority of the world's Ir supply comes from Pt mines, where it is 

obtained as a byproduct of Pt and Ni mining. Ir prices are high compared to other PGMs, with a 

10-year high in 2021 at just over $6,000 ounce-1, more than twice that of gold, while Pt peaked in 

2008 at just over $2,000 ounce-1.181 The high cost and limited supply of Ir can significantly 

increase the cost of PEM electrolyzers, making them less competitive in the market and slowing 
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down the adoption of this technology. It is projected that in the future the use of iridium in PEM 

electrolyzers will account for up to 50% of overall stack costs.182 

 

Figure 5.1. Market model with installation rates for PEMWE (bar chart) and cumulative 

installed capacity (line chart) considering 20 years of system lifetime.177 
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Figure 5.2. Projected Ir demand for PEM electrolyzers. (a) Conservative scenario of 0.33 g 

kWī1 from 2020 to 2070 and (b) innovative scenario of 0.33 g kWī1 from 2020 reduced to 0.05 g 

kWī1 by 2035 with recycling.177 

 

Pt used on the cathode for the hydrogen evolution reaction (HER) is another potential 

bottleneck, as demand for the precious metal could reach over a third of current production levels 

in the 2030s.183 Pt loadings, however, are low and there are non-PGM alternatives that will 

gradually be implemented. Nevertheless, reductions in catalyst loading, particularly for the OER, 

as well as closed-loop recycling measures, are critical to the sustainable development of the 

industry. 
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To overcome the PGM bottleneck, researchers are exploring the use of IrOx nanoparticles 

and MMO electrocatalysts, which are deposited either on the surface of the electrodes or the 

porous transport layer (PTL). At the anode, the PTL in a PEM electrolyzer is typically comprised 

of TiOx, which is resistant to corrosion in acidic environments, and coated with an IrOx catalyst 

layer that promotes the OER. As depicted in Figure 5.3, at the cathode, the gas diffusion 

electrode (GDE) is made of porous carbon coated with a thin layer of Pt that promotes the HER. 

The catalyst layer on the electrode surface can be applied through various techniques, such as 

inkjet printing, spray coating, or electrodeposition. 

 

Figure 5.3. Structure of the membrane electrode assembly.184 

 

Nanostructured and conductive antimony-doped tin oxide microparticles have reduced Ir 

loading by 90% by increasing the active surface area for a given amount of catalyst.185 Bohm et 

al deposited å2 nm IrOx nanoparticles on TiO2 amounting to catalyst loading of 0.2 ï 0.3 mg cm-

2 and achieved high stability and activity (59 A gm-1 at an overpotential of 300 mV) at current 

densities up to 6 A cm-2.186 In one study, the use of a highly conductive nanoporous architecture 

of an IrOx shell on a metallic Ir core, was found to increase the electrochemically active surface 

area, resulting in a factor of 30 improvement in the activity-stability factor compared to 

conventional IrOx. The material was also shown to have improved performance and lower 

dissolution rates.187 

https://mms.businesswire.com/media/20221006005600/en/1594304/5/Figure_1_Structure_of_MEA.jpg?download=1
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Other studies have explored the use of MMO electrocatalysts like Co2MnO4, and found 

they could stably electrolyze for over 11 months at 10 mA cm-2.188,189 Zhang et al synthesized a 

MMO electrocatalyst, Nd6Ir2O13, with only 26% Ir content by weight that performed at a mass 

activity of 123.5 mA per mgIr at an overpotential of 300 mV, significantly more than IrO2 (2.9 

mA per mgIr). At a current density of 10 mA cm-2 (ɖ10), the electrocatalyst resulted in minimal 

overpotential increase for 1.94 hours, better than that of the benchmark IrO2, as shown in Figure 

5.4.190  

 

Figure 5.4. (a) Polarization curves, (b) Tafel slopes, and (c) durability test of Nd6Ir 2O13 and 

commercial IrO2, (d) comparison of the ɖ10 for the Nd6Ir 2O13 and reported Ir -based OER 

electrocatalysts in acidic conditions.190 

 

 



141 

 

5.1.2 Reducing Degradation 

The high current densities achieved by a PEM electrolyzer are enabled by its very compact 

design. In PEM electrolyzers the electrodes are pressed against the solid polymer electrolyte in a 

so-called zero gap configuration. These layers together are also referred to as the membrane 

electrode assembly (MEA). The MEA together with current collectors and separator plates make 

up the cell that, on average, is only 5­9 mm thick. The stack is comprised of the MEA with the 

membrane, porous transport layer, which is typically sintered titanium powder, Ti current 

collector, the frame and seal, comprised of polyphenylene sulfide resin mixed with 40% glass 

fiber, and the Ti bipolar end plates. Finally, compression bands or tie rods hold the stack parts 

together and decrease the gaps between parts (Figure 5.5).  

 

Figure 5.5. PEM electrolyzer cell and stack.191  
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The process is as follows. Electric current flows between the bipolar plates, while water 

molecules progress from the anodic bipolar plate through the anodic current collector and anode 

where they oxidize into O2, electrons and H+. The gaseous O2 flows through the anodic bipolar 

plate across the anodic current collector. Thus, at the anode the half reaction is: 

2H2O Ÿ O2 + 4H+ + 4e- 5.1 

The solvated protons transfer through the membrane to the cathode and are reduced into 

H2, which are transported across the cathodic current collector to the cathodic bipolar plate. This 

reaction involves the reduction of solvated protons and the gain of four electrons to form 

hydrogen gas. Thus, at the cathode the half reaction is: 

4H+ + 4e- Ÿ 2H2 5.2 

. Empirical studies of cell stacks have shown that degradation can result from several 

mechanisms. At current densities greater than 2 A cm-2, high cell voltages result in the formation 

of low conductivity oxides on the surface of the Ti current collector, resulting in larger ohmic 

drops during operation.192 Also, oxidation of the Ti PTL increases the resistance between the 

PTL and electrode. High current densities result in in the accumulation of O2 gas bubbles in the 

PTL, and large localized pressures due to increased H2 production.193,194   

Post-mortem analysis of the MEA has shown that dissolution/precipitation of the anode 

catalyst particles inside the membrane significantly increases cell voltage due to the loss of 

activity at the anode.195 Another degradation mechanism in PEM electrolyzers is membrane 

thinning, which occurs due to the gradual chemical attack of the membrane by radical species 

and is accompanied by release of fluoride ions in the case of perfluorosulfonic acid (PFSA)-

based membranes.196 Other issues with membrane thinning include the prevalence of hotspots 
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and gas crossover or permeation. While less common, Pt can dissolve from the cathode and 

precipitate into the membrane (Figure 5.6).197 

 

Figure 5.6. Schematic diagram of the mechanism leading to the formation of Pt-Ir 

precipitates and Ir band in the membrane. The distribution of the Pt and Ir is shown as weight 

percent.198 

 

Opportunities to reduce MEA degradation include (1) the use of porous transport layers 

and bipolar plates that minimize Ti oxidation,199 (2) catalyst-coated membranes can help ensure 

that all ionic resistance pathways are minimized, (3) serpentine channels for the anode can help 

to uniformly deliver sufficient water flow rates to the catalyst layer to prevent hotspots and 

dehydration of the membrane, (4) a carbon-based gas diffusion layer on the cathode helps 

prevent hydrostatic pressure from building up at the cathode by rapidly evacuating the increased 

H2, (5) superhydrophilic surface treatment of a sintered titanium PTL delivers water to the 

catalyst-coated membrane, and (6) the use of well-dispersed catalysts at loading of 3ï4 mg cmī2 

and/or the use of nanostructured and conductive next-generation Ir-alloys that can be used at 
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lower Ir loadings, (7) Pt-coated Ti endplates, (8) mixed metal oxide (MMO) electrodes, and (9) 

the use of a high surface area anatase TiO2 anode versus rutile TiO2. 

In the 1950s, French chemist Henri Beer recognized that the use of graphite or other 

carbon-based anodes in the chlor-alkali process had several drawbacks, including rapid wear and 

tear, poor resistance to corrosive chemicals, and the production of impurities in the electrolysis 

solution. Beerôs aim was to find an appropriate electrocatalyst for Cl production to be applied to 

an electrode capable of carrying high current densities for long periods of time without being 

consumed or changing its geometrical dimensions. To address these issues, he developed the 

dimensionally stable anode (DSA), Ti coated with a thin layer of an MMO electrocatalyst, such 

as Ir or Ru, which improved the anodeôs performance and durability in the acidic environment of 

the anode where Cl2 gas is produced by the oxidation of chloride ions (Cl-).  

Today, in addition to MMO electrocatalysts, MMO electrodes are being explored to 

improve the performance of the HER and OER, and to improve PEM cell lifetime. Zhao et al 

found five times higher mass activity than the industry standard Ir-black through dispersing Ir 

nanoparticles on a tungsten doped titanium oxide (WxTi1-xO2) support.200 MMO electrodes, 

however, have been found to suffer from poor stability in acidic environments.201 For instance, in 

sulfate solutions common for electrotwinning, RuOx corrodes over a wide range of pH.202 

Similarly, Pt-clad anodes made of Ti, Ta, and Nb clad with a Pt foil used in acid solutions result 

in significant Pt loss. Wensley and Warren found significant loss of coating on PGM-coated 

anodes in sulfate solutions.203    

TiO2 has been selected as the anode for its stability at high potentials and because it is 

inert and non-corrosive. The issue with TiO2 is its low conductivity at low temperatures. The 

anatase structure of TiO2, which has greater surface area than rutile, promotes greater activity for 
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the OER.204 While not relevant to PEM operating temperatures, it is note that anatase transitions 

to rutile at 500°C, indicating that increasing temperatures can reduce the electrochemically active 

surface area of the electrocatalyst. Fuentes et al found more agglomeration of a 1:1 Ir-Ru 

electrocatalyst on rutile versus anatase Ti over time.205 The average particle sizes were less than 

2 nm and the distribution was better in anatase than in rutile. Ir:Ru dispersed on anatase TiO2 was 

47% more active toward OER at 1.6 V than the next best metal combination, Pt:Ir:Ru, on this 

support. A Pt-Ru electrocatalyst supported on TiO2 with an anatase structure gave about 30% 

higher oxidation activity and less onset potential than with a rutile structure, indicating that the 

structure of TiO2 plays a role in the performance of oxygen evolution. As shown in Figure 5.7, 

Ir-Ru on anatase Ti has the highest current per gram of metal than other combinations studied.  

 

Figure 5.7. Normalized OER current on Ir:Ru electrocatalysts at 1.6 V and 25°C.205 

 

With an oxidation state of +4, TiO2 has oxygen vacancies that can have a significant 

impact on the Ir OER electrocatalyst. Oxygen vacancies create unsaturated surface sites on the 

TiO2 support. These additional active sites can promote the formation of IrO2 species with high 
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catalytic activity for OER. On the other hand, the presence of oxygen vacancies can lead to the 

formation of unstable intermediate species during OER, such as oxygen radicals and peroxides, 

which can cause surface degradation of the IrO2 catalyst.206 The formation of these unstable 

intermediate species can be attributed to the high local concentration of oxygen vacancies, which 

can create an electron-rich environment and facilitate the adsorption and activation of oxygen 

molecules, converting them into reactive oxygen species like oxygen radicals.206 

Table 5.1 summarizes the known primary failure modes of PEM electrolyzers, effects and 

recommended mitigations by component. The risk priority number (RPN) is calculated as the 

product of the severity of a failure with the probability of the failure, and its detectability before 

failure. As shown, degradation from the formation of low conductivity oxides on the surface of 

the Ti current collector, PTL, and dissolution of anode catalyst particles inside the membrane 

resulted in the highest RPNs, entailing they are of greatest concern as failure modes.  

 

 

 

 

 

 

 

 

 

 

 



147 

 

Table 5.1. Design failure modes and effects analysis for PEM electrolyzer. 

 

 

 

 

 

 

 

 

 

 

Item / 

Function

Potential Failure 

Mode(s)

Potential 

Effect(s) 

of Failure

Potential Cause(s)/ 

Mechanism(s) of 

Failure

Current Design 

Controls

Recommended 

Action(s)

Titanium 

current 

collector / 

electric 

conduction 

between 

the 

electrode 

and the 

bipolar 

plate 

Formation of low 

conductivity oxides 

on the surface of the 

collector

Transition from 

anatase to rutile TiO2 

crystal structure at 

high temp.

Large ohmic 

drops during 

operation

Loss of 

electrochemically 

active surface 

area

9 High cell voltages

High affinity of titanium 

for oxygen

10 SEM, XPS, EIS, AFM 4 360 Deposition of protective Pt coatings of >1 mg 

cmī2 over PTLs and bipolar plates have been 

found to be effective at minimizing formation 

of the resistive titanium oxide layers

Serpentine channels for the anode can help to 

uniformly deliver sufficient water flow rates to 

the catalyst layer to prevent localized hotspots 

on the TiO2 current collector and PTL.

Titanium 

porous 

transport 

layer

Surface passivation 

(titanium oxidation)

Increases the 

interface 

resistance 

between the PTL 

and electrode

9 High affinity of titanium 

for oxygen

10 Discoloration 4 360 Sputter thin layers of Ir onto the Ti PTL

Membrane Thinning Increased 

prevalence of 

hotspots and gas 

crossover or 

permeation

9 Gradual chemical attack 

of the membrane by 

radical species 

accompanied by release 

of fluoride ions in the 

case of PFSA-based 

membranes. Radicals 

are generated from 

hydrogen peroxide, a 

minor co-product at the 

anode, which can 

decompose due to the 

presence of impurities, 

such as Fe2+ or 

particles formed by 

redeposition of 

corroded catalyst

8 EIS to measure resistance 

change over time, 

discoloration, SEM

4 288 Serpentine channels for the anode can help to 

uniformly deliver sufficient water flow rates to 

the catalyst layer to prevent hotspots and 

dehydration of the membrane

Superhydrophilic surface treatment of a 

sintered titanium PTL delivers water to the 

catalyst-coated membrane

Catalyst-coated membranes can help ensure 

that all ionic resistance pathways are 

minimized

Redesign of the PTL with more support for 

the membrane

Alternative membrane materials such as 

SPEEK.

ProbSev Det RPN
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Alkaline electrolyzer failure modes: the primary commercial alternative to PEM electrolyzers 

today are alkaline electrolyzers. Alkaline electrolyzers have traditionally employed the use of 

thick polymeric diaphragms and spacers, resulting in high ohmic resistance across the electrodes, 

and reducing current density at a given voltage. These hydrophilic polymers have polar groups 

that are attacked in the corrosive alkaline environment, which reduces their stability. Thin 

diaphragms decrease durability due to a higher probability of pinhole formation and reduced 

Anode Dissolution/precipitat

ion of the anode 

catalyst particles 

inside the membrane 

Significantly 

increases cell 

voltage due to the 

loss of activity at 

the anode

8 High current densities 

and temperatures

Electrolyte impurities

10 Cyclic voltammetry via a 

potentiostat, which 

measures the current 

response of the cell as a 

function of applied 

potential. Also EIS and 

inductively coupled 

plasma mass spectrometry 

measures concentration 

of catalyst elements, and 

XRF

4 320 Use of well-dispersed catalysts at loading of 

3ï4 mg cmī2 and/or the use of nanostructured 

and conductive next-generation Ir-alloys that 

can be used at lower Ir loadings

Mixed metal oxide electrodes and 

electrocatalysts

Cathode Pt dissolution Pt-Ir preciptates 

formed in the 

membrane.

3 Agglomeration of Pt 

particles less than 0.4 

nm in diameter and 

reduction of Pt surface 

oxide leads to increased 

Pt ion concentration 

that can move

toward the membrane by 

diffusion.

3 Cyclic voltammetry via a 

potentiostat, which 

measures the current 

response of the cell as a 

function of applied 

potential. Also EIS and 

inductively coupled 

plasma mass spectrometry 

measures concentration 

of catalyst elements, and 

XRF

4 36 Carbon-based gas diffusion layer on the 

cathode helps prevent hydrostatic pressure 

from building up at the cathode by rapidly 

evacuating the increased H2

Mixed metal oxide electrodes and 

electrocatalysts

High 

current 

densities

Accumulation of O2 

gas bubbles in the 

pore bodies of the 

PTL

Prevents water 

from reaching 

catalyst sites, 

increasing mass 

transport 

overpotential and 

leading to non-

uniform current 

distributions

8 Increased H2 and O2 

production per 

Faraday's Law

10 Cyclic voltammetry, gas 

chromatography, high 

speed cameras and 

acoustic signals

3 240 Maintaining continuous liquid water pathways 

in the sintered Ti PTL to the membrane, for 

instance via superhydrophilic surface 

treatment of the PTL.

Controlling the pore size and distribution of 

the PTL. 

Serpentine or interdigitated flow fields to 

enhance the gas distribution across the PTL

Catalyst layers with improved gas diffusion 

properties.

High 

current 

densities

Large localized 

pressures

H2 must escape 

through small 

channels in the 

gas diffusion 

electrode

9 Increased H2 and O2 

production per 

Faraday's Law

10 Pressure sensors, high 

speed cameras, and 

acoustic signals 

4 360 Optimizing the design of the gas diffusion 

layer (GDL) and the flow distribution plate 

(FDP)

Increasing the back pressure on the anode or 

cathode side of the electrolyzer, which can 

help to evenly distribute the gas flow and 

reduce pressure gradients.

Improved water flow management
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mechanical integrity. Thick diaphragms and spacers are thus employed yet increase ohmic 

resistance in transporting the OH- species from the cathode to the anode. 31 Increasing the 

operating temperature improves efficiency by lowering the kinetic part of the overpotential and 

increasing the conductivity of the KOH. However, elevated temperatures in oxygen-rich lye can 

degrade the separators.  

The development of diaphragms containing polymeric binders that are stable at higher 

temperatures is needed, or the use of porous ceramic diaphragms. Intermittent operation can lead 

to catalyst dissolution on the electrolyzer or restructuring and electrode degradation due to 

temperature fluctuations and reverse current upon shutdown. The identification of catalysts that 

perform well at high temperatures and pH, such as Pt/C cathode with 25% wt Nafion and 

stainless-steel anodes, which has been shown to enable high current density operation (> 1 A cm-

2), should be prioritized to enable durable high efficiency alkaline electrolysis.207  

 

5.1.3 PGM Recycling 

In addition to exploring alternative materials, researchers are investigating strategies for 

recycling and recovering PGMs from spent electrocatalysts. Recycling can help to reduce the 

demand for new sources of Ir and Pt and reduce the environmental impact of mining and refining 

this metal. While today the end-of-life Ir recycling rate is only 20-30%, a rate of over 90% is 

anticipated with the buildout of industrial electrochemical separation infrastructure.177 

Key methods of recycling PEM electrolyzers include mechanical, pyrolysis, and 

hydrometallurgical processes. Mechanical recycling involves disassembling the electrolyzer and 

separating the components. This method is relatively simple and low cost but may result in lower 

purity materials and may not be suitable for all electrolyzer components. Pyrolysis involves 
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heating the electrolyzer components to high temperatures in the absence of O2 to break down the 

materials into their component elements. This method can recover high purity metals but may 

require specialized equipment and is energy-intensive. Hydrometallurgical recycling involves 

dissolving the electrolyzer components in acids or other solvents to separate and recover the 

metals. This method can achieve high purity materials but requires careful management of 

hazardous waste and may be expensive. Carmo et al developed a method of high-yield recovery 

of the PGM catalysts and the membrane through 1) separated delamination of the electrodes 

from the CCM, 2) density-based centrifuge of the catalyst residues and drying of the solids, and 

3) fabrication of new CCM (Figure 5.8).208  

 

Figure 5.8. Steps for catalyst coated membrane fabrication and recycling.208 
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Since Ir has a solubility of less than 0.001 mg/L in water at room temperature and neutral 

pH, separation requires high temperatures - 500°C to 1000°C for pyrolysis, and 50°C to 150°C 

for hydrometallurgical processing. Thus, future research needs for PEM electrolyzer recycling 

include developing more efficient and cost-effective recycling methods, improving the durability 

and recyclability of electrolyzer materials, and identifying opportunities for material reuse and 

upcycling. There is a need for better understanding of the environmental impacts and life cycle 

costs of the different recycling methods. 

 

 

 

5.2 Hydrogen Price Projections 

As demonstrated in this dissertation, expected declines in capital cost and operational cost 

enabled by low-price renewable energy will, over the course of this decade, bring green H2 into 

cost parity with SMR. These findings are affirmed by IRENA and Hydrogen Council 

predictions.31,209 Dynamically-operated PEM electrolyzers have the potential to reduce the 

production cost of H2 and take better advantage of off-grid renewable energy systems.   

Increasingly, attention will need to be paid to reducing balance of stack costs, notably electrical 

equipment, to enable the more flexible operation and direct connection with renewable energy 

systems proposed in this dissertation.  

For dynamic operation, membrane mechanical failure and catalyst degradation need to be 

understood under shutdown and startup transients. Industry-relevant accelerated stress tests 

(ASTs) would further the commercialization of the operating modes proposed, which include on 

and off system cycles to leverage low hourly prices, and frequent ramping of the current 
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density.210 For solar-following electrolyzers relevant ASTs would include ramp down in the 

morning and evening and high generation midday.  

The U.S. Inflation Reduction Act contains a provision for a clean H2 production tax credit 

(PTC) of up to $3 kg-1 for H2 produced with no more than 0.45 kg of CO2e kg-1 H2. In the U.S., 

the PTC will further accelerate investment in electrolyzer projects, which, as of May 2022, 

amounted to $240 Billion through 2030 and the doubling of electrolyzer capacity from the 3.5 

GW installed globally in 2021 to at least another 3.5 GW announced in 2022.210 

 

 

 

 

 

 

 

 

 

Figure 5.9. Green hydrogen price parity with fossil fuel produced H2.   
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