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Abstract

:

A sustainable future hydrogen economy hinges on the development of green hydrogen and the shift away from grey hydrogen, but this is highly reliant on reducing production costs, which are currently too high for green hydrogen to be competitive. This study predicts the cost trajectory of alkaline and proton exchange membrane (PEM) electrolyzers based on ongoing research and development (R&D), scale effects, and experiential learning, consequently influencing the levelized cost of hydrogen (LCOH) projections. Electrolyzer capital costs are estimated to drop to 88 USD/kW for alkaline and 60 USD/kW for PEM under an optimistic scenario by 2050, or 388 USD/kW and 286 USD/kW, respectively, under a pessimistic scenario, with PEM potentially dominating the market. Through a combination of declining electrolyzer costs and a levelized cost of electricity (LCOE), the global LCOH of green hydrogen is projected to fall below 5 USD/kgH2 for solar, onshore, and offshore wind energy sources under both scenarios by 2030. To facilitate a quicker transition, the implementation of financial strategies such as additional revenue streams, a hydrogen/carbon credit system, and an oxygen one (a minimum retail price of 2 USD/kgO2), and regulations such as a carbon tax (minimum 100 USD/tonCO2 for 40 USD/MWh electricity), and a contract-for-difference scheme could be pivotal. These initiatives would act as financial catalysts, accelerating the transition to a greener hydrogen economy.
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1. Introduction


Hydrogen, the most abundant element in the universe, is not typically found in its pure form in nature and must be produced using a variety of energy sources—renewables and fossil fuels [1,2]. Currently, hydrogen production utilizes a substantial amount of energy, corresponding to 275 Mtoe, or roughly 2% of the global total primary energy demand. The majority of this energy comes from natural gas, with a significant portion directed towards the synthesis of ammonia and methanol [3]. Although such consumption is substantial, it is a mere fraction of what would be necessary if a transition to a widespread hydrogen-based economy were to be achieved, as the International Energy Agency (IEA) has suggested a significant increase in hydrogen use by 2050—250 Mt H2 in the Announced Pledges Scenario (APS) up to 520 Mt H2 in the Net Zero Emission Scenario (NZE)—highlighting hydrogen’s growing role [4,5]. Given that producing hydrogen from fossil fuels is typically the most cost-effective option [4,6], it contributes approximately 830 Mt CO2 annually, equivalent to Indonesia and the United Kingdom’s combined emissions [3,7]. According to the IEA, the levelized cost of hydrogen (LCOH) derived from natural gas ranges from 0.50 to 1.70 USD/kg, depending on regional gas prices [4]. When combined with carbon capture and storage (CCS) technology, this may rise to between USD 2.1 and USD 2.6; however, the viability of CCS implementation on a significant scale for hydrogen production remains uncertain [8]. By contrast, Kumar et al. [9] highlight that electrolysis-based hydrogen production is approximately five times more expensive than established technologies for grey hydrogen.



Given the emission concerns, the uncertainties about CCS that influence blue hydrogen’s cost, and the anticipated rise in natural gas prices by 2050 that would elevate grey hydrogen prices [10], the decarbonization of hydrogen production necessitates a transition from reforming and gasification to renewable energy-powered water electrolysis. However, the current cost disparity between hydrogen produced via water electrolysis (green hydrogen) and that obtained from unrestricted fossil fuels (grey hydrogen) is a significant barrier to the widespread adoption of low-carbon hydrogen technologies [11,12,13]. Closing the cost gap will be important to establish a sustainable hydrogen economy, necessitating concentrated efforts to reduce production costs. The cost of renewable hydrogen is predominantly determined by the cost of electricity [12,14,15,16,17,18], the amount of capital required for electrolysis [16,19,20,21,22,23,24,25,26,27], and the efficiency of the electrolyzer [19,28,29,30]. Even under optimistic assumptions, assuming perfect electrolysis efficiency and no equipment capital costs, the electricity price would need to be low, not exceeding 47 USD/MWh, in order to attain a competitive production cost of 1.6 USD/kg [8]. Consequently, the price of electricity is crucial in determining the economic viability of renewable hydrogen relative to fossil fuel alternatives. However, the significant decline in the cost of renewable energy sources over the past few years offers a promising outlook for the economic viability of producing green hydrogen [31]. This positive trend can be further strengthened with the additional cost decline of electrolyzers, and when combined, provides the possibility of a more cost-effective path to scale up the production of renewable hydrogen and enhance its competitiveness as a sustainable energy solution.



This study aims to first examine the current status of the production and associated costs for green hydrogen globally, then to derive cost projections for the future. Within this aspect, specific countries will be selectively examined based on their respective levels of hydrogen adoption to create a more nuanced projection, followed by a discussion of strategic measures that can be implemented promptly to enhance the competitiveness of green hydrogen relative to grey hydrogen. In order to place this research in the current landscape, first, the status of electrolyzers is surveyed, followed by a review of the methods and the results of studies that have made similar efforts in the past. The following sections present this review. Subsequently, the selected methods for this study and its results are described.



Current Status of Hydrogen from Electrolysis and Its Costs


The IEA’s database of announced hydrogen projects [32] is used here (as the available database with the widest coverage) to examine the global distribution of potential and current hydrogen projects and end uses, some of which—hydrogen and ammonia—can be utilized as large-scale storage capacities for the power sector. These solutions are crucial for balancing seasonal variations in renewable electricity availability and consumption, further reducing reliance on fossil fuels [4]. Figure 1 depicts the findings derived from this database, revealing that 1037 of the identified 1331 projects primarily focus on delivering hydrogen as a final product. The remaining projects involve the utilization of hydrogen in a variety of applications, such as ammonia, CH4 (methane), LOHC (liquid organic hydrogen carrier), and MeOH (methanol). The specific electrolyzer technology employed in many of these projects remains obscure, as approximately 60% of the identified projects utilized “other electrolysis” technology. This observation pins the uncertainty about which electrolyzer will dominate the future electrolysis market despite many scholars’ optimism regarding the potential of Solid Oxide Electrolysis Cells (SOEC) [15,16,33,34]. However, it is important to note that approximately 22% of the projects rely on PEM electrolyzers and 14% on alkaline electrolyzers, and these projects will be used in the current analysis.





2. Literature Review


Modeling Cost Reduction Potential in Electrolyzer Systems


Bohm et al. [34] evaluated the costs of various electrolyzer technologies in 2020 using a component-based analysis that accounted for generalized learning rates of 0.05 and 0.08 for technology-independent and technology-determinant components, respectively [34]. It was determined that the learning rates for alkaline, PEM, and SOEC electrolyzers were 18.8%, 18.0%, and 28.0%, respectively, assuming cumulative production capacities of 20 GW, 1 GW, and 0.1 GW. Expanding on previous research, the authors examined cost estimates for large-scale power-to-gas systems (>50 MW) while taking scaling effects into account [15]. Using component-based strategies and technological learning was demonstrated to potentially reduce capital expenditures by 30–75%, based on a capacity increase from 5 MW to 50 MW [15]. Under a high deployment scenario, the study predicted a rise in total electrolyzer production from 21.1 GW to 4530 GW, with a production share distribution of 20%, 40%, and 40% for alkaline, PEM, and SOEC technologies, respectively [15].



In a 2017 study, Schmidt et al. [35] compiled the views of ten experts from academia and industry on the prospective capital costs, lifespan, and performance of alkaline, PEM, and SOEC technologies. The study indicated that increased R&D funding could result in capital cost reductions ranging from 0% to 24%, while production increases could affect capital costs by 17–30%. Since 2002, learning rates for capital cost development have been estimated at 18 ± 13% for alkaline, 18 ± 2% for PEM, and 28 ± 15% for SOEC electrolyzers (median values due to relatively small sample sizes) [35]. The experts predicted a preferred transition towards PEM systems between 2020 and 2030 in order to effectively integrate renewable technologies. SOEC may become preferable by 2030, achieving competitive costs and lifetimes, albeit with greater uncertainty [35].



Schoots et al. [36] conducted a study on the learning curves of three methods for producing hydrogen: steam methane reforming (SMR), coal gasification, and electrolysis. The researchers utilized cost data encompassing the years 1940 to 2007, as well as corresponding global hydrogen production totals. The results revealed an 18% learning rate with a relatively large uncertainty range of 13% [36]. However, the analysis revealed a low R2 value of 0.2, indicating that the learning curve model has limited explanatory power.



Saba et al. [37] conducted a comprehensive study of the investment costs associated with Power-to-Gas technology over a 30-year period, concentrating on data from 2001 to 2010 for alkaline and PEM electrolyzers. The study highlighted the prevalent issue of insufficient data for comprehensive system comparisons, primarily resulting from a lack of data such as system size and gas conditioning. Different technologies, capacities, and installation years can lead to substantial variances in cost estimates [37]. According to their projections, the range of investment costs for these technologies will converge to between 397 and 940 USD/kW by 2030 [37].



Reksten et al. [38] analyzed the prospective costs of alkaline and PEM electrolyzers in 2022 using a modified power law, taking system size and installed capacity into consideration. The study identified learning rates of 25.1% and 36.4% for alkaline and PEM electrolyzers, respectively, and predicted a significant reduction in the CAPEX gap between these technologies by 2030, particularly for 1–10 MW capacity facilities, and beyond which only modest cost reductions were anticipated [38].



Glenk et al. [31] examined the viability of green hydrogen production in Germany and Texas by extending cost information for alkaline and PEM electrolyzers from 2003 to 2030. Using diverse sources, the study noted yearly cost reduction rates of 2.96 ± 1.23% and 4.77 ± 1.88% for alkaline and PEM electrolyzers, respectively. The research indicates that green hydrogen, which is presently priced at approximately 3.4 USD/kg, is cost-competitive in certain sectors but not for large-scale industrial supply. Following current market trends, the price may fall to 2.6 USD/kg in the coming decade [31].



In a study analyzing the Danish electricity market, Panah et al. [16] examined three electrolyzer technologies based on three scenarios and a Monte Carlo simulation that accounted for a 5% fluctuation in electricity prices. The findings indicate prospective cost reductions in green hydrogen production of 33%, 34%, and 50% for the respective technologies, and up to 70% if subsidized. The SOEC technology demonstrated steeper cost reduction curves due to its higher efficiency, which makes it less vulnerable to expensive electricity. In addition, the study suggested that increasing production could reduce the price of hydrogen to below 3.15 USD/kg for alkaline and PEM electrolyzers and possibly below 2.1 USD/kg for all three technologies if taxes and levies were eliminated [16].



While cost reduction in developing technologies can be accomplished through three primary mechanisms—R&D, learning by doing, and economies of scale [39,40,41,42]—the existing body of the literature predominantly concentrated on individual factors that impact the cost reduction of electrolysis technologies. Nevertheless, certain studies did recognize the cumulative impact resulting from the interaction of multiple factors, notably economies of scale and technological learning, analyzing at most two factors concurrently, as summarized in Table 1. Although these studies offered valuable insights into particular facets of cost reduction, combined effects arising from all three factors simultaneously still remain as a research gap. In contrast to previous work, the current study employs a multifaceted methodology to capture the interaction of factors influencing the potential cost-reduction of electrolysis technologies. First and foremost, the element of time is considered in the assumption that technological advancements and enhancements occur gradually over extended timeframes; therefore, this study aims to comprehend the trajectory of cost reduction and future projections through a temporal analysis. While time does not cause cost-reduction directly, advancements take time to mature and be integrated into commercial technology. In addition, by analyzing the relationship between scale and cost reduction, this study seeks to estimate the rate at which future cost reductions can be anticipated, along with the technological learning rate, which is an integral component of this area of study. This study aims to provide quantifiable insights into the future rate of cost reduction by analyzing the concept of economies of scale and technological learning within the framework of temporal analysis. Importantly, this research derives rates of change, scaling effects, and learning rates from data retrieved from various sources in the literature. The details of the data collection methods and validation can be seen in Appendix A. This method aims to ensure the absence of biases and inaccuracies by avoiding reliance on assumptions and pre-determined values, and considering all three elements and utilization of the reported data without pre-assumption will potentially fill this research gap.





3. Materials and Methods


The main objective of this chapter is to estimate the long-term production costs of two matured electrolysis technologies for producing low-carbon hydrogen. The methodology includes two parts: electrolyzer cost projection and hydrogen-production cost estimation.



3.1. Projection Models


Two methods were used to compute the rate of change based on an exponential function, while the scaling effect and learning rate were calculated with a power function in order to comprehend the data’s trajectory, as described in Table 2. The first approach computes a general trend, whereas the second approach prioritizes data from the manufacturer. The general trend approach provides a broad perspective, encapsulating an overarching view of the entire dataset. However, its wide lens may inadvertently overlook specific nuances or intricacies associated with individual manufacturers or market segments. Conversely, the manufacturer-specific trend approach delves deep into data from a particular manufacturer’s standpoint, potentially unveiling patterns that broader analyses might miss. Yet, this method’s narrow focus could cause it to overlook more extensive, all-encompassing trends. The comparison of these two methods is therefore crucial. By examining the data through both lenses, the analysis ensures a comprehensive understanding by making any resultant interpretations or decisions more robust and well-rounded. In both methods, a curve-fitting exercise was performed to determine the trend of the parameters. On the basis of the visualization of these parameters, it was hypothesized that the data would follow the respective function, and the function was fitted to verify the data and to extract the fitted values.



As depicted in Figure 2a, the first approach, single curve fitting, entails undertaking the curve fitting exercise only once, regardless of the data category. On the other hand, the second method Figure 2b, double curve fitting, prioritizes manufacturer data by repeating the procedure more than once. With this approach, the original dataset was divided into two subsets: a training set and a validation set. The validation set comprised manufacturer data beyond 2018 and was applied to favor recent manufacturer data, randomly resampling one data point per year using bootstrapping with replacement to accommodate potential data variations. This resulted in the construction of 1000 subsets, generating a variety of potential outcomes. Iteratively, each subset was subjected to a single curve fitting to predict the validation set. The mean absolute error was then applied to weigh the overall score of each sub-dataset. Finally, the procedure of fitting a single curve was repeated to obtain the final trend of the cost data, which was more concentrated on the manufacturers’ data. This prediction method enabled a more reliable estimate of the annual rate of change for electrolyzer costs, as well as a better depiction of market conditions and the identification of potential patterns and trends that may not have been evident in a broader analysis. However, due to the availability of data, only cost parameters can be used with the double-curve-fitting method, while system size and installed capacity data are applied only in single curve fitting.




3.2. Levelized Cost of Hydrogen Calculation


The LCOH metric is the average cost per kilogram of hydrogen produced over a plant’s 21-year lifetime (including one year of construction and 20 years of operation), adjusting for inflation at a rate of 7% [43]. State and federal tax rates are considered to be 6% and 21%, respectively, although it is recognized that these will be affected significantly by jurisdiction [39]. A Modified Accelerated Cost Recovery System (MACRS) with a 15-year recovery period was utilized. The levelized costs consider multiple primary energy sources for electrolysis, with capacity factors of 17.2% for solar energy (2010–2021 data) [44], 34% for onshore wind energy (2018 data) [45], and 39% for offshore wind energy (2010–2021 data) [46]. The output from all renewable power plants is exclusively allocated to hydrogen production, thereby equating the capacity factors of both the power plants and electrolyzers. The computations, based on a daily production capacity of 50,000 kg and 13% oversized stacks to compensate for electrolyzer degradation [39], exclude additional compression and transportation costs, representing the production gate price. The composition of the total cost can be seen in Figure 3, and corresponding assumptions and formulae can be seen in Appendix B.


  L C O H =     ∑  n = 1   N      C A P E X     ( 1 + r )   n     +   O P E X     ( 1 + r )   n     +   O t h e r s     ( 1 + r )   n     + L C O E       ∑  n = 1   N        M     H   2         ( 1 + r )   n          



(1)




where



LCOH = levelized cost of hydrogen;



CAPEX = total capital cost;



LCOE = levelized cost of electricity;



OPEX = total operating cost;



N = total plant life;



r = inflation rate.
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Figure 3. Composition of the total cost for levelized cost of hydrogen calculation. 






Figure 3. Composition of the total cost for levelized cost of hydrogen calculation.
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3.3. Scenario Development


In conjunction with the projection of the LCOE, the electrolyzer cost projection model enables the development of both optimistic and pessimistic scenarios. These scenarios provide uncertainty regarding potential cost reductions and variations in the future development of renewable energy-based green hydrogen production facilities.



In the optimistic scenario, the decrease in electrolyzer cost is attributable to three major factors: the annual decline rate resulting from ongoing research and development (R&D) activities, scaling effects, and technological learning. These factors collectively contribute to electrolyzer technology advancements and cost reductions. Regarding the LCOE, predictions for renewable energy sources, excluding solar energy, are based on the historical average percentage change. This historical data provide a foundation for estimating the future trajectory of these sources’ LCOE. However, a different approach was adopted due to the significant decline rate observed in solar LCOE. The average percentage change in solar LCOE was calculated using the most recent three years of data, assuming that fluctuations during this time period were relatively stable. This approach disregards the rapid technological advancements and cost reductions observed in solar energy technologies in earlier years as recent data are more representative of the current and future state of the industry, where fluctuations have been relatively stable while the decline in earlier years was drastic.



There is no consensus among R&D activities, scaling effects, and technology learning as to which will be the major cost driver [35,47]; however, in this analysis, R&D was assumed to be a prerequisite to reducing cost and improving technology [37,48]. Therefore, in the pessimistic scenario, the cost reduction of electrolyzers is entirely attributable to R&D, excluding scaling effects and technological learning. In addition, the pessimistic scenario implies that the levelized cost of energy (LCOE) for various renewable energy sources remains stable. The most recent annual data were used to maintain constant values for future LCOE predictions. While it could be argued that more pessimistic cost scenarios could be developed by predicting or extrapolating cost increases, this was not considered here as it would be against the typical trend of technology cost development. The creation of optimistic and pessimistic future scenarios allows for a comprehensive range of the future trajectory of LCOH.





4. Results


4.1. Cost Projection of Alkaline and PEM Electrolyzer


4.1.1. Yearly Decline Rate: Impact of R&D over Time


The analysis showed varying estimated costs and decline rates for alkaline and PEM electrolyzers, as determined by the two different methodologies (Figure 4). The single-curve-fitting method forecasted a faster decline rate (4.4%) (R2 = 0.32) for alkaline electrolyzers, predicting a cost of 199 USD2021/kW by 2050, which was significantly lower than the 388 USD2021/kW projected by the double-curve-fitting method with a 3% decline rate (R2 = 0.047). The possibility of this optimistic bias in the single-curve-fitting method could be due to its reliance on a larger pool of alkaline cost data points from academic articles. The dynamics of PEM electrolyzers were different, with the double curve fitting method predicting a higher decline rate of 4.3% compared to the single curve method’s 3.4%, indicating a faster-anticipated cost decrease. This method estimated a reduced cost of 286 USD2021/kW by 2050 compared to the single curve method’s estimate of 371 USD2021/kW. Nonetheless, it had a lower R2 score of 0.016, indicating that it correlates less with overall historical data than the single curve method’s R2 score of 0.16.



A higher R2 value suggests that the single curve fitting procedure may be superior at capturing the trend underlying the historical data. However, it is crucial to exercise caution and avoid relying solely on the R2 score as an indicator of superior predictive performance. In the case of the double-curve-fitting method, the emphasis on manufacturer data tends to increase the difference between the predicted values and the entire historical data set. Consequently, despite the fact that it may result in a lower R2 score, it provides a potentially closer depiction of the actual market landscape. Moreover, considering previous studies indicating that PEM electrolyzers will likely surpass alkaline electrolyzers in terms of market dominance and market share, further analysis was based on the double curve fitting method’s results. These variances in projected cost declines of the two methodologies highlight the complexity and inherent uncertainty of estimating the future costs of these relatively low TRL technologies. The disparities in cost projections and decline rates between the methodologies for alkaline and PEM electrolyzers exemplify the research gap necessary to bridge academic research and market realities in order to increase the accuracy and relevance of predictions, inform policy decisions, and facilitate the development and adoption of electrolyzer technologies in an evolving market.




4.1.2. Scaling Effect


Figure 5 illustrates the scaling effects on alkaline and PEM electrolyzers, showing a correlation between system size and costs. The former exhibited a stronger economy of scale with a 0.37 scaling factor and a 0.64 R2 value, implying that cost decreases as the system expands. Conversely, PEM electrolyzers had a 0.6 scaling factor and a 0.33 R2 value, indicating a slower rate of cost reduction as the scale increases.



Both alkaline and PEM electrolyzers benefit from economies of scale, but alkaline electrolyzers, being a more mature technology with established production processes, show a faster cost reduction rate when scaled up. On the other hand, PEM electrolyzers, still in the process of fine-tuning their production, witness a comparatively moderate rate of cost reduction, although it is not expected to persist indefinitely. Previous analysis has claimed that the impact of scale on alkaline systems is primarily visible at capacities lower than 0.5 MW, with subsequent diminishing cost reductions at higher scales [49]. In a more detailed study conducted by [15], for smaller-scale systems, the mean scale factors were found to be approximately 0.69 for alkaline systems and 0.72 for PEM systems. Conversely, larger-scale systems exhibited scale factors exceeding 0.9. Those ranges indicate a gap in value, particularly for alkaline electrolyzers; however, the calculated scaling factor applies uniformly across the various ranges of system sizes. The obtained scaling factor by this study is consistent with those reported in the literature for chemical plants, especially for PEM electrolyzers [15,50].




4.1.3. Learning Rate: Impact of Learning by Doing


The technological learning rate, which gauges cost reductions as production and experience increase, is commonly represented by learning curves. Applying the double-curve-fitting method lowered the learning rate to 8% but enhanced the data fit, as indicated by a higher R2 score of 0.918. Conversely, for PEM electrolyzers, this method slightly raised the learning rate to 10%, albeit with a decreased R2 score of 0.763. Figure 6 suggests that alkaline electrolyzers may have a higher learning rate below a 1 MW capacity, while PEM electrolyzers excel up to 10 MW. Beyond these points, learning rates and cost reductions slow down, aligning with typical technological learning patterns where advancements are more prominent during early technology phases and lead to diminishing returns as technologies near their potential efficiency and cost limits. However, the resulting learning rate was averaged on the timeline of 1992 to 2050, which is why it was comparatively lower than those from previous studies, as summarized in Table 1.




4.1.4. Maximizing Electrolyzer Cost Competitiveness: The Synergistic Effects of R&D-Time, Economies of Scale, and Learning by Doing


As shown in the literature review, evaluating the cost reduction potential for electrolyzers is essential to comprehending their economic viability and comparative advantage. The emergence of cost reduction over time is a combination of several influences, such as the advancements realized through research and development (R&D) initiatives, the implementation of the economies of scale principle, and the enhancements accrued through the production experience advancements. Nevertheless, R&D activities over time are assumed as the prerequisite for cost reduction, while the economies of scale and technology learning have compounding effects for further reduction.



Scaling effect: This principle demonstrated a 54% cost reduction for alkaline and a 44% cost reduction for PEM electrolyzers when combined with R&D initiatives. This suggests that alkaline electrolyzers benefit more from economies of scale than PEM electrolyzers.



Learning by doing: Combined with R&D activities, this component can reduce alkaline electrolyzer costs by 47%, while PEM electrolyzer costs can be reduced by 76%. This indicates that while both technologies stand to benefit from technological advancement, the effect will be more pronounced for PEM electrolyzers, which are anticipated to account for a larger share of installed capacity.



The potential for cost reduction for alkaline electrolyzers was calculated at 77%, and for PEM electrolyzers, it was 79%, as shown in Figure 7, when both the scaling effect and technological learning were considered in addition to R&D activities. This equates to a cost in 2050 reaching 88 USD2021/kW for alkaline and 60 USD2021/kW for PEM. These remarkable cost reductions highlight the synergistic effects of economies of scale, production experience gains, and the temporal dimension of R&D activities. The findings indicate that alkaline and PEM electrolyzers have substantial potential for cost reduction, with the PEM taking over its counterparts eventually, as in Table 3. Continuous investment in R&D initiatives, an expansion of production scale, and accumulated production experience can substantially enhance these technologies’ economic competitiveness. Table 4 presents a comparative analysis between the findings of previous studies and the present study, concentrating on projected values for the year 2030. The cost ranges derived from the current study are broadly similar to those reported in earlier studies, although the upper range of both electrolyzer types is higher than in other studies. This analysis predicts that PEM systems will eventually become more affordable than alkaline systems.



The potential for cost reduction discussed in this article is contingent on particular scenarios, including a specific incline rate and projection of system size and installed capacity. These forecasts affect the eventual cost reduction potentials for alkaline and PEM electrolyzers, which result from the projection data of system size and installed capacity. In the scenario developed for the scaling effect, based on the temporal projection of the electrolyzer size and the installed capacity it was predicted that the incline rate for system size would be 6% for alkaline electrolyzers, increasing to 70 MW, and 3% for PEM electrolyzers, increasing to 15 MW. A 10% incline rate for installed capacity was assumed for technological learning, increasing to 7 GWel for alkaline electrolyzers, and 20% for PEM electrolyzers, increasing to 70 GWel. The detailed projection, uncertainty ranges, and comparison with other studies can be seen in Appendix C. These specified incline rates, terminal system sizes, and installed capacities represent the anticipated technological advancements, market expansion, and experiential gains until 2050. Nevertheless, it is essential to recognize that these scenarios are theoretical constructs that will not perfectly reflect future realities. These rates and, consequently, the actual cost reduction potentials of alkaline and PEM electrolyzers may be affected by technological breakthroughs, market dynamics, regulatory policies, and other variables. Nonetheless, these scenarios provide insights into these technologies’ potential development and cost competitiveness in the emerging hydrogen economy.





4.2. Future LCOH Outlook


4.2.1. Projection of Global Levelized Cost of Hydrogen


Figure 8 provides a comparative analysis of the global LCOH trajectory from 1992 to 2050 using alkaline and PEM electrolyzer technologies, considering three renewable energy sources, offshore wind, solar, and onshore wind, under various scenarios. The data show a decline in LCOH across all sources, indicating growing cost-effectiveness in hydrogen production, with solar energy showing a significant drop due to technological advancements. Initially, PEM electrolyzers had higher LCOH values compared to alkaline electrolyzers, highlighting the latter’s cost-effectiveness during the early 2000s. However, convergence in LCOH values is expected post-2030, with costs potentially falling below 5 USD2021/kg, suggesting a leveling competitive landscape due to ongoing technological advancements and increased efficiency.



Under both scenarios, onshore wind-based LCOH remains cost-competitive, with optimistic projections showing the potential for solar-based LCOH to fall below 1 USD2021/kgH2. This implies a possible convergence of solar and onshore wind LCOH under significant electrolyzer cost reductions, promising for the hydrogen-production potential of these renewable sources. This trend could foster a wider adoption of green hydrogen, facilitating a transition to a hydrogen economy. However, offshore wind-based LCOH remains the least cost-effective option among the renewables throughout the analysis period due to higher installation and maintenance costs or challenges unique to offshore environments, despite advancements in technology [53].




4.2.2. Sensitivity Analysis of LCOH


In this study, both types of electrolyzers were assumed to have similar base cases, with variations only in current densities and capital cost distributions. Given that the electrolyzer type did not significantly influence sensitivity analysis results, PEM was selected for detailed discussion. The cost breakdown of the baseline scenario in in Figure 9 and the detailed values used in the sensitivity analysis can be seen in Table 5. The sensitivity analysis of alkaline electrolysis (change in current density and the electrolyzer cost breakdown) is reported in Appendix D. The sensitivity analysis, illustrated in Figure 10 quantifies how the model’s output uncertainties are spread across different input variables—electrolyzer efficiency, LCOE, electrolyzer capacity factor, electrolyzer cost, and water cost—which are mostly included in the debate [15,54,55].



This analysis demonstrates that LCOH is markedly influenced by changes in electrolyzer efficiency and LCOE. Notably, a 30% rise in electrolyzer efficiency can lower LCOH by 21.8%, while the same decrease can increase LCOH by roughly 40%, indicating a nonlinear or asymmetric relationship with LCOH, a fact corroborated by prior studies [15,55]. A 30% cut in LCOE can reduce LCOH by 26.7%, underscoring the direct correlation between electricity input and hydrogen production costs. Conversely, the capacity factor has a limited but asymmetric impact on LCOH, with a larger effect noted during underutilization. Electrolyzer cost exhibits a parallel impact to the capacity factor, with a 30% fluctuation causing a 3.1% change in LCOH, aligning with previous research [55]. In contrast, water cost has a minimal influence on LCOH, with a 30% alteration, changing LCOH by just 0.12%, owing to its minor role in the overall hydrogen production cost structure [57,58].



Examining asymmetric parameters, electrolyzer efficiency significantly influences both the electricity cost and electrolyzer stack cost, indirectly affecting the overall capital expenses due to degradation effects. Essentially, a more efficient electrolyzer consumes less electricity per kilogram of hydrogen generated, lowering operational costs since electricity constitutes a major part of the overall costs. Furthermore, higher efficiency decreases the necessary system unit size, assuming constant hydrogen production rates, thereby reducing lifetime capital costs and further lowering LCOH. Thus, improving electrolyzer efficiency is crucial, though it may lead to higher capital costs for electrolyzers. The balance between stack performance and associated costs is emphasized in [18]. It delves into the challenges and advantages of various activities, such as expanding the catalyst surface area for alkaline electrolyzers and addressing membrane contamination from foreign elements in PEM electrolyzers. The capacity factor, representing the actual to potential output ratio if continuously operated at full capacity, is critically important. It affects LCOH both directly and indirectly: directly by spreading fixed costs over a larger hydrogen production volume when operated closer to peak potential, and indirectly by impacting the size and cost of the electrolyzer unit needed to meet production demands at lower capacity factors. Particularly at a low-capacity factor (0.2), as in Figure 10b, the influence of electrolyzer cost intensifies even with similar value changes. Consequently, optimizing the capacity factor is a complex yet necessary task, entailing the maximization of electrolyzer usage while balancing the pros and cons of increased output versus higher maintenance and a decreased equipment lifespan.



The sensitivity analysis showcases the importance of symmetric and asymmetric changes, the latter denoting a nonlinear or variable degree of responsiveness in the input–output relationship, adding complexity and dependency between output and various input parameters. Recognizing these dynamics is crucial for informed decision making, especially in technology development and strategic investments, where these insights guide efforts to optimize outputs.




4.2.3. Mapping the Country-Specific Timeline to Cost Convergence with Grey Hydrogen (2 USD/kg)


The largest component of LCOH is electricity cost, highlighting the importance of utilizing optimal renewable resources worldwide for cost-effective hydrogen production [18]. This analysis outlines the potential evolution of the green hydrogen economy in several countries to achieve an LCOH under 2 USD/kg in both optimistic and pessimistic scenarios, considering their hydrogen adoption levels and established roadmaps as in Figure 11.



In the optimistic scenario, countries like Australia, Germany, Japan, the UK, France, and China are gravitating towards solar energy, with China and Australia expected to reach the LCOH target by 2024, respectively, due to significant recent declines in LCOE. Meanwhile, nations such as Spain and the U.S. predominantly lean on onshore wind energy to achieve their LCOH targets. Conversely, the pessimistic scenario, assuming steady LCOE and electrolyzer cost reductions driven only by R&D, forecasts only China and Spain hitting the LCOH target before 2050, with China projected to do so by 2044 and the latter by 2030 utilizing wind power. Under this scenario, other nations might miss the 2050 target despite efforts to slash electrolyzer costs, underscoring the vital role of reducing renewable energy costs and leveraging the scaling effect and technological advancements alongside R&D to foster the green hydrogen economy.



This analysis indicates significant implications for the global energy and hydrogen markets, with early target achievers like Spain and China potentially becoming green hydrogen exporters, while latecomers like Japan might emerge as key importers. This trajectory aligns with individual country roadmaps [59] and is shaped by various factors, including renewable energy deployment pace, electrolyzer technology advancements, and policy support for the green hydrogen sector, collectively sculpting the evolving global green hydrogen market. However, the current study prioritized solar and onshore wind energy due to their widespread adoption, potentially overlooking more cost-effective options available to certain nations, such as nuclear power in France, thus highlighting an area for further analysis.






5. Discussion


5.1. Strategies for Establishing Green Hydrogen as a Competitive Alternative to Grey Hydrogen


The current global cost of green hydrogen ranges between 3 and 6 USD/kgH2, which is deemed acceptable for certain applications, particularly in the power-to-liquids (PtL) industry and transportation sector. Hydrogen is appealing to the transportation industry, which is dominated by heavy-duty trucks and fuel-cell forklifts, due to its zero tailpipe emissions and swift refueling capabilities. In addition, the aviation industry may accept high-priced hydrogen, particularly for jet fuel applications. In these niche applications, renewable hydrogen is already economically viable, according to the research conducted by [31]. Even at higher prices, it is anticipated that long-distance transport, followed by rail, shipping, and aviation, will be the first sector to implement green hydrogen in the future [16]. When the price falls below 5 USD/kg; however, it becomes economically feasible to decarbonize steel production, engage in power-to-methane (PtM) processes, and use hydrogen as a gas for heat production, either via boilers in industrial settings or combined heat and power (CHP) systems for district heating. However, for renewable hydrogen to be economically viable for commercial and residential use, the price per kilogram would need to be below approximately 2 USD [60].



In the current situation, the cost of green hydrogen (2.5 USD2021/kW for onshore wind and 3.8 USD2021/kW for solar) continues to exceed that of its fossil-based counterpart. Hence, it is imperative to establish appropriate incentives that would not only offset the demand for grey hydrogen but also stimulate its application in new areas as alternative fuels. This is vital to achieving net-zero carbon emissions. Nevertheless, policy measures are likely to vary from one nation to the next based on factors such as a country’s priorities and constraints, the availability of resources, and the existing infrastructure. A country with abundant resources and underground storage, such as Australia, could, for example, consider a strategy incorporating CCUS/CCS. In countries such as Spain, where the cost of natural gas is exceptionally high, it may be preferable to forego blue hydrogen altogether and instead progress directly to green hydrogen. In other nations with limited renewable energy potential, such as Japan, strategic emphasis could be placed on drafting policies that encourage the import of hydrogen with minimal carbon emissions. Regardless of the specific policy options that various governments may choose, their impact will be significantly amplified if there is broad alignment in terms of ambition and timing across multiple government levels and internationally. It is essential to recognize that these strategies do not exist in isolation; rather, advancements in one area can potentially complement advancements in others, reducing LCOH. By leveraging the synergies between various strategies, each successful policy implementation could pave the way for success in other domains. In the sections that follow, we will discuss a variety of strategies that could make green hydrogen economically competitive with grey hydrogen at present.



5.1.1. Revenue beyond Hydrogen


To enhance the commercial viability of green hydrogen production, it is essential to consider additional revenue streams in addition to hydrogen sales. The study by [61] proposed the framework of a hydrogen credit system to stimulate the hydrogen economy. The hydrogen credit system begins with a life cycle assessment, evaluating the environmental impact of hydrogen production and transportation. Based on the calculated carbon emissions, a hydrogen tax is imposed on higher emission methods, while carbon-saving methods earn hydrogen credits (H.C.s). These H.C.s, symbolizing the environmental benefits of green hydrogen, can be traded in specialized markets governed by international regulations. Overall, the system incentivizes green hydrogen production by monetizing its environmental benefits and discouraging carbon-intensive production methods. This system is quite similar to the carbon credit system, where entities earn credits by reducing carbon dioxide emissions below certain benchmarks, and these credits can then be traded or sold to entities exceeding those benchmarks. Therefore, the direct use of the carbon credit system can also be effectively leveraged to create financial incentives for green hydrogen companies. Businesses could receive carbon credits, creating a valuable revenue stream for green hydrogen companies. The implementation of these credit systems may accelerate the transition towards a more sustainable hydrogen economy by making green hydrogen production more economically attractive.



Oxygen, which has industrial significance, can also generate additional revenue, as it is produced as a byproduct of the production of green hydrogen [62,63,64,65]. Oxygen is utilized extensively in a variety of industries, such as blast furnaces, electric furnaces, and glass processing. Consequently, the surplus oxygen obtained as a byproduct can be sold to these industries, thereby reducing the overall cost of electrolysis-produced hydrogen. In addition, the considerable amount of oxygen produced by electrolysis has the potential for use in medical and specialized applications [63,66]. Therefore, selling the byproduct oxygen, as well as the heat produced by the electrolyzer system in cases of high-temperature electrolysis, provides an additional incentive. However, in this study, the oxygen revenue stream will be discussed briefly. The basic stoichiometric balance indicates that approximately 8 kg of oxygen, with a purity level exceeding 99%, is produced for every kg of hydrogen [58,64]. Electrolysis-obtained oxygen’s quality suggests that it may charge a higher selling price comparable to medical-grade oxygen without further purification. Compressed oxygen of high purity (grade 4.5) can cost up to 4.4 USD/kgO2, and prices for medical use are even higher due to stringent quality control measures to ensure minimal impurities [63,67]. Notably, certain nations, such as Finland, experience considerably inflated prices for bottled oxygen intended for medical applications, ranging from 3.2 to 7.4 USD/kgO2, excluding bottle and bottle rack rental costs. Consequently, pricing the byproduct oxygen below 3.2 USD/kgO2 could make it competitive on the market [63,68].



To evaluate the potential revenue stream generated by oxygen in green hydrogen production, three scenarios were developed to obtain a comprehensive understanding of the economic implications and viability of incorporating oxygen as a revenue stream into the hydrogen production process by examining various approaches to cost allocation and pricing assumptions.



For the first scenario, as in Figure 12 the impact of selling oxygen as a secondary revenue stream on the levelized cost of hydrogen is examined under a 50% capacity factor and electricity price of 50 USD/MWh. A 50% decrease in LCOH, from 3.3 to 1.7 USD/kgH2, is achieved at the minimum oxygen selling price of 1.4 USD/kg O2 [62]. This demonstrates the potential financial advantages of adding an additional oxygen revenue stream to the operational model. For capacity factors of 50% and above, the oxygen selling price can begin at approximately 1 USD/kg O2. However, for lower-capacity factors of 20%, a higher starting price of approximately 1.3 USD/kgO2 is required to be competitive with grey hydrogen, assuming a gas price of 31.5 USD/MWh. This disparity between the 50% to 80% and 20% capacity factor ranges highlights the significance of maintaining high-capacity factors in order to optimize LCOH. Moreover, the figure indicates that for an oxygen selling price of approximately 2 USD/kgO2, the cost of producing hydrogen could be lower than the cost of producing hydrogen from SMR. It also suggests that electrolysis could become a cost-effective method for hydrogen production if oxygen market conditions are favorable. Moreover, according to [63], the identified selling price for oxygen (roughly 2 USD/kgO2) is still within the lower range for high-purity oxygen. It highlights that electrolysis could become a cost-effective method for hydrogen production if oxygen market conditions are favorable.



The second scenario examines a mass-based allocation method for the production of hydrogen and oxygen, where more capital cost is allocated for oxygen production. This method produces a Levelized Cost of Oxygen (LCOO) of 0.363 USD/kgO2, in contrast to the LCOH of 0.567 USD/kgH2. This disparity in cost suggests that this model may offer economic advantages for the production of hydrogen, whereas that for oxygen production is less apparent due to the relatively elevated LCOO when compared to the standard derived from cryogenic air separation units at 0.1 USD/kgO2 [69]. The third scenario employs an economic allocation model for the simultaneous synthesis of hydrogen and oxygen. The cost structure of this model is predicated on average production costs of 2 USD/kg for hydrogen and 0.1 USD/kg for oxygen [69]. Consequently, this model results in an increased LCOH of 3.1 USD/kg and a decreased LCOO of 0.014 USD/kg. The LCOO in this model is competitive with the standard; however, the LCOH exceeds the cost levels achieved by the first scenario, leading to questions about the economic viability of this hydrogen production scenario.



Following an analysis of these scenarios, it can be concluded that the first scenario of mass allocation is the cost-effective option, followed by the second scenario; although the LCOO is higher than the norm, it is still within the reasonable range considering the retail price. Therefore, considering the retail price and the oxygen purity level, both scenarios can be a viable pathway to reduce the overall LCOH. However, the validity of this conclusion is contingent on a number of influencing factors, such as market demands, price volatility for oxygen and hydrogen, and other operational parameters endemic to the production process.




5.1.2. Bridging the Cost Gap: Carbon Tax and Contract for Difference as Catalysts for Green–Grey Hydrogen Parity


Figure 13 demonstrates that the competitiveness of hydrogen production is significantly dependent on the price of electricity, using the current prices of electrolyzers. For example, if natural gas prices are approximately 20 USD/MWh, electricity prices would need to drop below 22 USD/MWh for hydrogen production to be competitive with grey hydrogen. The minimum production costs could fall below 1 USD/kgH2 if electricity costs fall to less than 12 USD/MWh. In addition, taking into account an additional carbon tax of 100 USD/tCO2—established by the International Energy Agency (IEA) as a benchmark for a net-zero emissions scenario [2]—the price of electricity would have to fall below USD40/MWh in order to maintain competitiveness. The implementation of such a carbon tax remains a distant objective for the majority of nations, let alone to satisfy the significantly higher Paris Agreement baseline tax of 350 USD/tCO2 [70].



There is a promising potential for green hydrogen to reach cost parity with conventional methods in the long run. Countries with CO2 storage facilities will likely acquire a cost advantage for hydrogen production via natural gas with CCS/CCUS, making it a viable option for the medium-term transition to a low-carbon hydrogen market [16,31,57,60,71]. Blue hydrogen remains the most cost-effective option in the landscape, even with the highest proposed carbon taxes, unless extremely optimistic electricity prices are achieved.



In addition, the Contract for Difference (CfD) scheme arises as a potential strategy to level the landscape and boost the viability of green hydrogen. The CfD can be an agreement that ensures the grey hydrogen consumer’s financial interests by guaranteeing a specific price level, also known as the “strike price”. Implementing a CfD agreement in the context of green hydrogen production would provide a financial guarantee equivalent to the price of grey hydrogen. This strategy can be made possible by government subsidies that cover the price difference between green and grey hydrogen production techniques. This price guarantee serves as a powerful incentive, encouraging consumers of hydrogen to shift their production from traditional grey hydrogen to green hydrogen while maintaining price consistency for consumers. The CfD strategy establishes an economically feasible path by mitigating price volatility for consumers and ensuring consistent pricing comparable to grey hydrogen. This shift also eliminates the susceptibility of consumers to fluctuations in petrol prices endemic to the production of grey hydrogen, thereby making the transition to green hydrogen more appealing. In this context, the CfD can facilitate a widespread transition from grey to green hydrogen utilization, backed by the substantial existing global hydrogen demand.





5.2. Limitation of the Present Study and Future Work


The first limitation of this study pertains to the approach toward projecting hydrogen production facilities. Specifically, this projection does not incorporate the inherent competition among various hydrogen production alternatives. For example, industrial large-scale processes using natural gas and coal currently constitute the most important routes, but increasing prices for natural gas are likely to render coal gasification more competitive. Furthermore, biomass gasification could become crucial if current technological barriers are overcome [71]. However, the study does not adequately address these potential shifts in the competitive landscape of hydrogen production—which can affect the installed capacity projection.



The second significant limitation of this study concerns its approach to analyzing the interplay between hydrogen production and the larger energy ecosystem. In this study, hydrogen production is treated as a closed system, a necessary simplification employed to provide cost estimates across a wide array of countries. However, this approach is somewhat far from reality, as it overlooks the interconnected nature of hydrogen production within the broader energy market. Factors such as gas demand and prices may not be solely dependent on hydrogen production, and conversely, renewable energy facilities are not exclusively dedicated to electrolysis for hydrogen production. The decision to produce hydrogen is often influenced by the opportunity costs associated with alternative uses of gas and electricity, and in reality, an investment would only be pursued if the expected profit, inclusive of opportunity costs, is positive.



The third limitation is the assumption of constant capacity factors throughout the calculations. In reality, capacity factors—the ratio of a power plant’s actual output over a period of time to its potential output if it were possible for it to operate at full capacity continuously—may fluctuate optimistically to a higher ratio in the future. A more nuanced analysis would involve a detailed assessment of capacity factors that accommodate potential future changes due to climate change and technological advancements. However, such an analysis would significantly broaden the scope of this study and necessitate access to additional data and modeling capabilities. Consequently, the present analysis recommends this assessment as a potential area for future research, acknowledging its limitation in fully accounting for the variability in capacity factors.



The fourth limitation of this study is rooted in the fact that electrolyzer cost projection does not account for potential material shortages, which could lead to an increase in the cost of components. The current cost estimation model presupposes an uninterrupted and ample supply of necessary materials, and it does not contemplate the possibility of supply chain constraints or limitations to the scale-up of production.





6. Conclusions


This study analyzes the economic and competitive dynamics of alkaline and PEM electrolyzers in the evolving hydrogen economy, with an emphasis on their cost reduction potentials, sensitivity analyses, global LCOH trajectory, country-specific timelines, and the importance of incentives in promoting green hydrogen. By critically examining the interplay of key variables such as the LCOE, electrolyzer efficiency, capacity factor, and electrolyzer costs, the following conclusion can be made.








	
The economic viability and competitive advantage of alkaline and PEM electrolyzers rest largely on their potential cost reductions, which stem from the synergy of research and development (R&D) initiatives, economies of scale, and technological learning over time. The analysis reveals that the cost reduction potential for alkaline electrolyzers is 77%, and for PEM electrolyzers, it is 79% when both economies of scale and technological learning are considered over R&D activities. Despite these promising figures, the precise trajectory of cost reduction is contingent on several factors, including the rates of increase in system size and installed capacity. However, the cost reduction of both alkaline and PEM electrolyzers is predicted to be substantial, and PEM will take over alkaline electrolyzers if the conditions are met.



	
The sensitivity analysis indicates that LCOH is most sensitive to variations in electrolyzer efficiency and LCOE. However, increasing efficiency and optimizing capacity factors emerge as key areas to focus on for reducing LCOH, with asymmetries in these relationships underscoring the need to prioritize efforts that prevent decreases.



	
The comparative analysis of the global LCOH trajectory from 1992 to 2050 using alkaline and PEM electrolyzers, in combination with offshore wind, solar, and onshore wind energy sources, reveals a consistent decline in LCOH across all scenarios, suggesting improved cost-effectiveness in hydrogen production. However, despite the optimistic reduction in electrolyzer costs, achieving targeted LCOH still requires a significant decline in the LCOE, particularly for solar and onshore wind energy to fully exploit the potential of green hydrogen in the envisioned hydrogen economy, and electrolyzer cost reduction alone may not be sufficient to meet the targeted LCOH.



	
Under optimistic scenarios, Spain is projected to reach the LCOH target of 2 USD/kg by 2021, largely due to cheap electricity from onshore wind energy. In a pessimistic scenario, where LCOE and electrolyzer costs remain constant, only China and Spain are expected to reach the LCOH target before 2050, underscoring the necessity of reducing renewable energy costs. These developments have significant implications for the global energy and hydrogen markets, positioning early achievers as potential exporters of green hydrogen, while those achieving targets later are likely to become importers.



	
A hydrogen credit, similar to a carbon credit market, can serve as a significant financial incentive for companies transitioning to green hydrogen production. The byproduct of oxygen, a valuable resource for various industries, can also be sold to supplement revenue and reduce production costs. The most cost-effective scenario under the provided conditions is the byproduct production, depending on factors such as market demand. Nevertheless, the minimum oxygen selling price of only 2 USD/kgO2 is necessary to be competitive with grey hydrogen production cost at a low gas price of (10 USD/MWh).



	
The economic viability of hydrogen production is highly dependent on electricity pricing and carbon taxes. With the current electrolyzer costs, electricity prices need to drop below 22 USD/MWh for green hydrogen production to compete with grey hydrogen produced from natural gas priced at around 20 USD/MWh. Nevertheless, SMR with CCS/CCUS appears to be the most cost-effective production route with or without carbon tax, which is the most suitable option in the short-medium term. Moreover, strategies such as the Contract for Difference (CfD) scheme could promote the transition to green hydrogen by ensuring price stability for consumers.
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Appendix A. Data Acquisition


In order to conduct a comprehensive analysis, data were collected on three important parameters—cost, efficiency, and system size—with a focus on the cost parameter and the installed capacity data, which is retrieved from the IEA hydrogen production database [32]. Due to their well-established technology and abundance of readily available data, alkaline and PEM electrolyzers are frequently mentioned in the scientific literature as methods for producing hydrogen. However, the lack of country- or region-specific cost data for electrolyzers substantially hinders the ability to comprehensively analyze the most economically viable pathways for hydrogen production. According to [72], costs vary depending on the employed technology and the manufacturer country (US/EU or China). Notably, an interesting observation is that the price per capacity of electrolyzers decreases exponentially with size, regardless of technology or country of origin. Moreover, it is reported that Chinese suppliers typically offer products that are one magnitude cheaper than their Western counterparts. However, there are concerns regarding the reliability and quality of these low-cost alternatives. Although there is a price gap between China and the rest of the world [72], it is expected that global costs will converge with China in the near future. Consequently, the study assumes a globally uniform cost for electrolyzers in accordance with the prevalent practice in prior research due to a lack of reported data for electrolyzers of equivalent quality.



The interpretation and alignment of data from various sources relative to the defined system boundary, which encompasses the entire electrolysis system, represents an additional significant challenge in this study. The designated data collection pertains specifically to the electrolyzer systems as a whole and not to individual cell stacks within the system. This distinction is essential to comprehending the scope of the cost estimates considered in the present study. By considering the entire system, factors such as auxiliary equipment and system integration can be properly accounted for, hopefully resulting in a more realistic estimate of the total cost implications. Different studies have used different interpretations for system boundaries—including the compressor in the electrolyzer cost—and have not consistently provided efficiency and cost data that correspond precisely to the same system boundaries. The considered system boundary for the analysis can be seen in Figure A1.
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Figure A1. System boundary-considered electrolyzer systems. 
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To collect scientific articles related to the term “electrolyzer cost”, a comprehensive search was conducted across databases such as Web of Science and Google Scholar. The evaluation included the top 100 search results from both platforms. In addition, the grey literature was examined using the same query on Google’s search engine to collect pricing estimates and specific information from companies and government organizations. In addition, a citation chain approach was implemented. This procedure identified three databases, as in Table A1, and self-collected values from the previous literature. The obtained data estimates were examined and cross-verified, with their origins traced back to their primary sources. This validation process was implemented to ensure the accuracy, dependability, and precision of the collected data. Any sources that could not be successfully traced back to their sources, or references lacking a clear description of the analyzed system, were excluded from the analysis (e.g., merely classifying it as a low- or high-temperature electrolyzer without specifying the precise type). By adhering to these criteria, the study establishes a base of exhaustive and verifiable data sources, thereby enhancing the robustness and credibility of the subsequent data estimates.





 





Table A1. Summary of 3 databases for electrolyzer cost and year of estimate.
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	Timeline
	Data Points
	Research Gap





	2001–2020
	123
	[38]



	2000–2030
	160
	[31]



	1992–2013
	68
	[37]








In certain scholarly works, there is a substantial discrepancy between the reported cost estimates and the corresponding year’s market valuations. This discrepancy can be attributed to a number of factors, including the omission of a processing phase and overly optimistic estimates. These extreme estimates for electrolyzers were excluded from the study to ensure data integrity. To acquire accurate cost estimates, cost ranges were transformed into the arithmetic mean of the highest and lowest values within the range for all observations, if available. This method ensures a proportionate representation of the cost spectrum and eliminates any bias towards either end of the range. When dealing with cost projections denominated in currencies other than the United States Dollar (USD), the World Bank’s average exchange rate for the corresponding year was used to convert to USD [73]. This conversion was required to eliminate the potential effect of cross-country currency fluctuations and ensure analysis consistency. In order to account for the impact of inflation on historical cost estimates, the World Bank’s harmonized index of consumer prices was used to make adjustments [74]. This inflation adjustment factor facilitates equitable comparisons by reducing the impact of inflationary effects on estimated costs over time.



This study collected a total of 332 data points that were categorized according to the methodology employed in the corresponding articles to derive cost estimates. In particular, 203 data points were related to ALK, 120 to PEM, 7 to SOEC, and others. While most of the literature on hydrogen production has focused on alkaline and PEM electrolyzers due to their well-established technological maturity, there is limited information on the investment costs of SOEC. This knowledge gap is because SOEC installations have not yet attained the level of technological maturity required for accurate techno-economic projections and cost estimates. Consequently, the present study’s analysis, such as determining the cost reduction potential of each technology, which approximates an individual decline rate, scaling effect, and learning rate based on observations of production cost development, is not applicable to emerging technologies with a low Technology Readiness Level (TRL) such as SOEC. These technologies have not yet attained significant market penetration, making accurate cost projections difficult. Therefore, the assumption was made that SOECs are unlikely to play an important role in the mid-term low-carbon hydrogen market, and they were, therefore, excluded from further analysis. Given the extensive discussion surrounding these two electrolyzers in the literature, the scope of this analysis was restricted to these two technologies. This ensured a more concentrated examination of the cost dynamics and associated factors pertinent to alkaline and PEM electrolyzers, which are currently at the forefront of discussions regarding hydrogen production and exhibit greater availability of comprehensive data for analysis.



To assure the quality and consistency of the data, a winsorization procedure was applied, with the exception of the efficiency dataset, because the spread of the data was acceptable. It was applied at the 5% level, which entails removing extreme values outside the 5th and 95th percentiles, thereby minimizing the effect of outliers. All in all, despite significant advances in PEM technology and the emergence of numerous manufacturers on the market over the past few decades, the availability of reported data for alkaline electrolyzers was relatively greater. Obtaining greater data would help to improve our understanding of PEM electrolyzers and their associated cost and performance parameters.




Appendix B. Levelized Cost of Hydrogen Calculation




 





Table A2. The assumption on the total capital cost of green hydrogen production.






Table A2. The assumption on the total capital cost of green hydrogen production.





	
Direct Capital Cost






	
Stack capital cost 1 [75]

	
=        50 %   o f   e l e c t r o l y z e r   c o s t   f o r   a l k a l i n e       60 %   o f   e l e c t r o l y z e r   c o s t   f o r   P E M        




	
Mechanical capital cost [75]

	
=        20 %   o f   e l e c t r o l y z e r   c o s t   f o r   a l k a l i n e       20 %   o f   e l e c t r o l y z e r   c o s t   f o r   P E M        




	
Electrical capital cost [75]

	
=        30 %   o f   e l e c t r o l y z e r   c o s t   f o r   a l k a l i n e       20 %   o f   e l e c t r o l y z e r   c o s t   f o r   P E M        




	
Installation factor [43]

	
=        1   f o r   m e c h a n i c a l       1.12   f o r   e l e c t r i c a l        




	
Indirect Capital Cost




	
Stack capital cost

	
=2% of direct capital cost




	
Mechanical capital cost

	
=1% of direct capital cost




	
Electrical capital cost

	
=15% of direct capital cost




	
Installation factor

	
=15% of direct capital cost




	
Total Capital Cost




	
Depreciable cost

	
=direct cost + indirect cost




	
Land cost

	
=  l a n d   c o s t × l a n d   r e q u i r e d  




	
Planned replacement cost 2

	
=        50 %   o f   d i r e c t   c a p i t a l   c o s t   f o r   a l k a l i n e       60 %   o f   d i r e c t   c a p i t a l   c o s t   f o r   P E M        




	
Unplanned replacement cost

	
=0.5% of depreciable cost








1 It is assumed that large-scale electrolyzer facilities will employ multiple MW-sized units as opposed to a single stack unit. The electrolyzer is based on a per-unit-capacity basis, rendering the actual system capacity arbitrary and making the model applicable to a variety of capacity scales. 2 The stack’s expected durability is 7 years.













 





Table A3. The assumption on the operational costs and others of green hydrogen production.
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Fixed Operational Cost 1






	
Labor cost

	
=total plant staff × labor cost per hour × work hour




	
Overhead GA cost

	
=2% of labor cost




	
Property tax insurance cost

	
=2% of total capital cost




	
Material cost

	
=3% of the direct cap




	
Variable Operational Cost




	
Water cost

	
=water required × water cost




	
Electricity cost

	
=LCOE [56]




	
Others




	
Decommissioning cost

	
=1% of depreciable cost




	
Salvage value

	
=1% of depreciable cost




	
Depreciation cost

	
MACRS–15 years








1 In the first year of operational life, only 75% of the fixed operational cost will be accounted for.













 





Table A4. Cost breakdown of alkaline and PEM electrolyzers [75].
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	Electrolyzer Type
	Current Density (A/cm2)
	Stack
	Power Conditioning
	Gas Conditioning
	Others





	Alkaline
	0.2–0.6
	50%
	15%
	15%
	20%



	PEM
	1–2
	60%
	15%
	10%
	15%









Appendix C. Temporal Projection of Electrolyzer System Sizes and Installed Capacity
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Figure A2. LHV efficiency projection of alkaline and PEM electrolyzers. 
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Table A5. LHV efficiency projection of alkaline and PEM electrolyzers.
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	Electrolyzer Type
	Incline Rate
	R2 Score





	Alkaline
	0.1%
	0.01



	PEM
	0.47%
	0.14
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Figure A3. System size projection of alkaline and PEM electrolyzers. 
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Table A6. System size projection of alkaline and PEM electrolyzers.
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	Electrolyzer Type
	Incline Rate
	R2 Score





	Alkaline
	6%
	0.24



	PEM
	3%
	0.04
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Figure A4. Installed capacity projection of alkaline and PEM electrolyzers. 
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Table A7. Installed capacity projection of alkaline and PEM electrolyzers.
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	Electrolyzer Type
	Incline Rate
	R2 Score





	Alkaline
	10%
	0.19



	PEM
	20%
	0.34










 





Table A8. Cumulative installed capacity projection comparison with other studies.
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	The Literature
	Electrolyzer Type
	2030
	2050





	Current study
	Alkaline

PEM
	10.8 GW

5.4 GW
	79 GW

320 GW



	[4]
	Total
	180 GW (APS 1)

850 GW (NZE 2)
	-



	[15]
	Total
	
	1350–4530 GW







1 APS: announced pledge scenario; 2 NZE: net zero energy scenario.












Appendix D. Sensitivity Analysis of Alkaline Electrolyzer
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Figure A5. Sensitivity analysis LCOH using an alkaline electrolyzer. 
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Figure 1. Current and potential flow from hydrogen production to application (drawn by authors on the basis of data from [32]) (CH4: methane, LOHC: liquid organic hydrogen carrier, MeOH: methanol, NG w CCUS: natural gas with carbon capture, utilization, and storage, ALK: alkaline, PEM, polymer electrolyte membrane, SOEC: solid oxide electrolytic cell, H2: hydrogen). 
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Figure 2. Flow diagram: (a) single curve fitting; (b) double curve fitting. 
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Figure 4. Cost projection of alkaline and PEM Electrolyzer: (a) single curve fitting (b) double curve fitting). 
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Figure 5. Scaling effect of alkaline and PEM electrolyzer (cost vs. system size). 
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Figure 6. The technological learning rate of alkaline and PEM electrolyzers using double curve fitting. 
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Figure 7. Combined cost reduction potential of alkaline and PEM electrolyzers. 
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Figure 8. Global levelized cost of green hydrogen from different renewable energy sources using (a) alkaline electrolyzer and (b) PEM electrolyzer. 
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Figure 9. Cost breakdown of LCOH for the baseline scenario. 
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Figure 10. Sensitivity analysis LCOH using PEM electrolyzer: (a) capacity factor = 0.39; (b) capacity factor = 0.2. 
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Figure 11. Timeline plot of case study countries to achieve LCOH lower than 2 USD/kg. Optimistic (red circle and square); Pessimistic (bule square). (If a country’s data are not provided and ‘No Data’ is not specified, it indicates that the country will not achieve the target LCOH in either the optimistic or pessimistic scenario.). 
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Figure 12. Impact of additional oxygen revenue stream to LCOH. 
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Figure 13. LCOH comparison: green, grey, and blue hydrogen. 
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Table 1. Summary of the previous literature on the cost reduction potential of electrolyzers and highlighted research gap.
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References

	
Electrolyzer Type

	
Learning Rate

	
Research Gap






	
[4]

	
-

	
15%

	

	-

	
derived from the literature review without explicit specification of the type of electrolyzer.










	
[15,34]

	
Alkaline

	
18.8%

	

	-

	
computed the stack-level learning rate by employing pre-determined learning rates for individual components.




	-

	
derived the system learning rate based on the assumption that SOEC will have a share of 40% in total electrolyzer production.










	
PEM

	
18%




	
SOEC

	
28%




	
[35]

	
Alkaline

	
18%

	

	-

	
derived the learning rate solely based on the expert’s opinions.










	
PEM

	
18%




	
SOEC

	
28%




	
[36]

	
-

	
18%

	

	-

	
derived the learning rate without explicit specification of the type of electrolyzer.










	
[38]

	
Alkaline

	
25.1%

	

	-

	
derived the learning rate based on the average cost per year of electrolyzers.










	
PEM

	
36.4%




	
[18]

	
-

	
16–21%

	

	-

	
based on the assumption that the potential learning rate of fuel cells and electrolyzers is similar to solar PV.

















 





Table 2. Summary of calculation steps.
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	Function
	Input
	Output





	Exponential

  f   x , a , b   = a ×   e   b x    
	year, cost
	Rate of change, parameter projection



	
	year, system size
	



	
	year, installed capacity
	



	Power

  f   x , a , b   = a ×   x   b    
	cost, system size
	Scaling effect



	
	cost, installed capacity
	Learning rate










 





Table 3. Combined cost reduction potential of alkaline and PEM electrolyzers using double curve fitting (additional decline based on the reference of cost achieved by R&D activities in 2050).
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	Technology
	Alkaline
	PEM





	Time (R&D activities)–2050 Value
	388 USD/kW
	286 USD/kW



	Time + Scaling Effect
	−54%
	−44%



	Time + Technological Learning
	−47%
	−76%



	Time + Scaling Effect + Technological Learning
	−77%
	−79%










 





Table 4. Comparison of electrolyzer costs with those in the previous literature for 2030 in USD2021/kW.
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	Source
	Alkaline
	PEM





	Current study
	270–712
	243–679



	[51]
	<126
	<126



	[3]
	252
	412



	[31]
	230–322
	230–414



	[37]
	276–417
	311



	[52]
	72–85
	268–630










 





Table 5. Values used in sensitivity analysis (±30%).
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	Parameters
	Decrease in LCOH
	Baseline

(2021 Values)
	Increase in LCOH





	Electrolyzer efficiency (%)
	83.2
	64

(Appendix C: efficiency projection)
	44.8



	Capacity factor (%)
	50.7
	39

(offshore wind)
	27.3



	Electrolyzer cost (USD/kW)
	701.4
	1002

(cost projection: R&D)
	1302.6



	Electricity price (USD/kWh)
	0.056
	0.08

(offshore wind [56])
	0.104



	Water cost (USD/gal)
	0.00161
	0.0023

(The United States [39])
	0.00299
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