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Big challenges ahead
Tackling climate change requires not only

a massive scale-up of available energy

technologies like wind, solar, and batte-

ries, but also an accelerated research,

development, demonstration, and wide-

spread deployment of advanced technol-

ogies that are not yet commercialized

at scale.1,2 Among them are clean firm

generation technologies, such as next-

generation geothermal power, advanced

nuclear generators, Allam-cycle gas gen-

erators with carbon capture and storage

(CCS), as well as long-duration energy

storage (LDES) technologies, which can

bridgemulti-day gaps in clean power sup-

ply that cannot be filled by wind, solar

photovoltaics (PV), or batteries.

Barriers to commercialization
Bringing new technologies to market on a

large scale and in time, however, is

fraught with challenges. New technolo-

gies often face a ‘‘valley of death’’ on the

path to successful commercial deploy-

ment. Early-stage investments typically

comprise governmental research and

development (R&D) grants and venture

capital, insufficient in both magnitude

and duration to support new energy tech-

nologies.3 On the other hand, mature

technologies such as wind and solar

attract steady, de-risked capital from

institutional investors. Achieving com-

mercial viability requires companies to

construct larger plants at scale and

reduce manufacturing costs, which in-

volves overcoming financial, engineering,

and supply-chain issues unique to first-

of-a-kind (FOAK) projects. Technology in-

novators often lack the resources to scale

from demonstration plants to commer-

cial-scale projects, frequently requiring

a consortium of stakeholders that

adds complexity and risk, complicating

financing.3 Even after FOAK projects suc-

ceed, scaling further remains challenging,

as repeated deployments are essential for

achieving economies of scale. However,

investors often hesitate until proven suc-

cess is seen across multiple projects.

Government support can be critical here,

though it can also be temporary and

even unpredictable, as when Germany

ended subsidies for electric cars abruptly

in 2023, or in Spain, where the with-

drawal of renewable energy support led

numerous investors to initiate success-
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ful international arbitration proceedings

against the state.4 Tight public budgets

can also be a limiting factor. For example,

in the EU, new fiscal rules may limit mem-

ber states’ capacity to invest in green

technologies.5

Overall, the road from the first demon-

stration plant to commercial uptake can

be complicated, risky, and expensive—

and it is challenging to secure the capital

to fund it.

Bridging the valley of death
Consider how solar became a global in-

dustry and a truly disruptive technology.

Bell Labs developed the first silicon PV

cell in 1954, which made modern solar

power possible. After more than 20

years of further development, in 1975,

the levelized cost of electricity for solar

PV was above $10,000/MWh in today’s

money. A historical trajectory for solar

development involved Japan’s niche

markets for consumer electronics in the

1980s and Germany’s feed-in tariff in

2004, which created a ‘‘demand pull’’

leading to massive industrialization of

solar PV manufacturing in China and

rapid cost reduction through technolog-

ical learning.6 If we fast-forward to the

2020s, for projects with low-cost

financing that tap high-quality re-

sources, solar PV has now the cheapest

levelized cost of electricity in history,

with new utility-scale solar projects

costing $30–$55/MWh in Europe, the

US, and China.7

However, it took six decades for solar

to become economically viable. The ur-

gency of climate change mitigation de-

mands that we accelerate this process

for advanced clean energy technologies.

A crucial question here: who will invest in

these technologies when they are expen-

sive at the beginning? These investments

can bring wider social benefits. New tech-

nologies, such as Allam-cycle generators

and iron-air battery storage, are also likely

to experience cost reductions through

evolving R&D processes, learning by do-

ing, and iterative upscaling. In this way,

even though initial investments come

with a price premium and certain risks,

they can result in cost reductions and an

earlier rollout of advanced clean energy

technologies. This produces indirect

effects that result in greenhouse gas

savings beyond the direct reductions
associated with initial investments. The

key is initial investments to start this

process.

In this commentary, we illustrate in the

following sections how initial commit-

ments to 24/7 carbon-free energy (CFE)

matching can unlock these effects.
The significance of 24/7 CFE
matching
Many public and private energy buyers

support the global effort to decarbonize

electricity systems by purchasing clean

energy. Traditionally, this support has

consisted of buying certificates or signing

power purchase agreements for renew-

able energy that is matched to consump-

tion on an annual basis. 24/7 CFE is a new

approach that aims to eliminate all carbon

emissions by aligning electricity demand

with CFE supply on an hourly basis and

on the same local grid where demand oc-

curs. 24/7 CFE commitments were

announced by large technology com-

panies such as Google, Microsoft, and

Iron Mountain, as well as by utilities, and

the US federal government.8 The Climate

Group has recently launched the 24/7 car-

bon-free coalition to encourage com-

panies to move toward 24/7 CFE, initially

comprising six companies from diverse

industries—including information tech-

nology, pharmaceuticals, telecommuni-

cations, and cement—and spanning mul-

tiple geographic regions.9

Motivated by these commitments,

several quantitative studies have been

conducted on the means, costs, and sys-

tem-level impacts of hourly CFE match-

ing.10,11 There are three key findings that

emerge from these studies.

(1) 24/7 CFE commitments reduce

participating buyers’ emissions as

well as emissions from the elec-

tricity grids where they operate.

(2) 24/7 CFE comes at a cost premium

for participating consumers if only

mature technologies, such as solar

PV, wind, and battery storage, are

used for CFE sourcing.

(3) The cost premium can be substan-

tially reduced if participating

buyers incorporate a broad range

of advanced energy technologies

into their procurement strategies,

such as long-duration energy stor-

age and clean firm generators.
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An illustrative example

We demonstrate the three findings above

in an example depicted in Figure 1. Here,

we display a situation in which a fraction

of electricity demand in Germany volun-

tarily commits to matching their electricity

demand with carbon-free electricity

around the clock. Figure 1A illustrates

how, as the CFE target is tightened,

participating consumers reduce the emis-

sion rate (gCO2/kWh�1) attributed to their

electricity consumption. Once demand

and supply are perfectly aligned on an

hourly basis, i.e., 100% 24/7 CFE match-

ing is achieved, participating consumers

reach an emission rate of zero. This goal

requires a large portfolio of wind, solar

PV, and batteries, as shown in

Figure 1B. It is indeed difficult to match

every kWh of electricity consumption

with renewable electricity during times of

dark wind lulls. As a result, achieving 24/

7 CFE matching, including the most diffi-

cult 2% of times, adds a high cost pre-

mium for consumers in part due to the

need to build large capacities relative to

the demand of participating buyers

(‘‘Tech-1, CFE 100%’’). Finding (3) above

is also clearly visible in Figure 1C: the po-

wer capacity required for 24/7 CFE

matching and associated costs are sub-

stantially reduced when LDES technology

or clean firm generation technologies are

added.

The main takeaway from this illustrative

example is that 24/7 CFE matching cre-

ates an economic incentive to incorporate

advanced energy technologies into pro-

curement strategies and reduce the cost

premium associated with 24/7 CFE

matching. This, in turn, creates an early

market for new technologies. For

example, if 5% of commercial and indus-

trial (C&I) consumers in Germany—repre-

senting approximately 1,900 MW of

load—adopt a 24/7 CFE matching strat-

egy, this would create a market for

approximately 1,500 MW of advanced

clean firm generators and about 23 GWh

of LDES (assuming all technology options

are deployed, Tech-3, CFE 100%). In a

similar vein to how feed-in tariffs and

renewable portfolio standards created a

demand pull for wind and solar technolo-

gies in the past, 24/7 CFE commitments

can drive the deployment and accelerate

innovation of advanced clean energy

technologies.
Technology learning
The early deployment of advanced energy

technologies can help them drive down

along the ‘‘experience curve’’—a concept

encapsulating a set of mechanisms by

which technology costs decline as cumu-

lative capacity is deployed: evolving R&D

process, learning-by-doing, incremental

upscaling, economies of scale, financial

innovation, and experience, for example.

In this section, we analyze the expected

technological learning for the two energy

technologies selected as stand-ins for

advanced clean firm generators and

LDES: the Allam-cycle generator with

CCS and iron-air battery storage, respec-

tively. The Allam-cycle generator is a

novel Allam-Fetvedt cycle that uses the

oxy-combustion of carbonaceous fuels

and a high-pressure supercritical CO2

working fluid in a recuperated cycle that,

by design, captures nearly all emissions.

The iron-air battery is a multi-day en-

ergy-storage technology that uses a prin-

ciple of reversible rusting to store and

release energy. In practice, a wider range

of long-duration storage and clean firm

generation are being commercialized

and are candidates for procurement un-

der 24/7 CFE matching, including

advanced nuclear fission, enhanced and

closed loop geothermal energy, bio-

energy with CCS, and combustion of car-

bon-free fuels like hydrogen, and a range

of potentially low-cost electrochemical,

chemical, thermal, and mechanical stor-

age technologies.

The mathematical model of learning is

based on empirical evidence in which

the specific investment costs C of a tech-

nology decrease by a constant factor with

each doubling of experience E. The func-

tional dependency is given by:

CðEÞ = C0 $

�
E

E0

��a

where a

= log2

�
1

1 � LR

�
(Equation 1)

where the constants C0 (V/kW) and E0

(MW) are fixed starting points represent-

ing the initial costs and experience levels,

respectively. The learning rate LR (%) is a

parameter that determines the rate at

which costs decrease with experience. If

LR = 20%, the costs are reduced by
20% for each doubling of cumulative

experience. The observed learning rates

for energy technologies range from near

zero (nuclear, hydropower) to 21%

(lithium-ion batteries)12; it has been

shown that small, modular energy tech-

nologies have higher learning rates.13

Here, we use cumulative capacity E

(MW) of a technology as a proxy for expe-

rience, which is calculated as the sum of

the installed capacities of all projects

that have been completed by a certain

point in time. We collect information on

existing and planned projects for each

technology and use this as a starting point

for the experience of the technology. 24/7

CFE matching contributes to the technol-

ogy’s experience, the additional capacity

procured by participating consumers,

which is proportional to the participation

rate (i.e., the share of C&I electricity de-

mand that is matched with carbon-free

electricity on an hourly basis).

The resulting investment costs CðEÞ
(V/kW) are shown in Figure 2 for Allam-cy-

cle technology (top panel) and iron-air

battery storage (bottom panel). The first

1% of participation (around 380 MW

load in the German market) reduces costs

for Allam-cycle generators by 12% and

iron-air storage by 16%. The technology

learning scales significantly from there:

at 10% participation, Allam-cycle genera-

tors and iron-air storage costs are

reduced by 38% and 44%, respectively.

The learning effect has a diminishing re-

turn, due to the logarithmic term a in

Equation 1. In other words, the first pro-

jects have the most significant impact on

technology learning, and the effect dimin-

ishes as technology experience grows.

The learning model is subject to uncer-

tainty in the initial costs and experience

levels, as well as the learning rate. Our

Monte Carlo simulation captures this un-

certainty by sampling the initial costs

and experience levels based on probabil-

ity distributions derived from public infor-

mation about planned projects. Figure 2

displays the Monte Carlo simulation re-

sults as violin plots. Even though both

technologies have a wide range of cost

outcomes, the main observation is robust

to uncertainty: the early deployment of

advanced clean energy technologies due

to 24/7 CFE commitments substantially

reduces technology costs, making them

more attractive for other actors and
Joule 9, 101808, February 19, 2025 3
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Figure 1. Illustrative modeling of 24/7 CFE matching
(A) Average emissions rate of participating consumers.
(B) Portfolio capacity procured by participating consumers.
(C) Procurement cost by scenario.
Here, we assume Germany in 2025 as an example location and a participation rate of C&I consumers in 24/7 CFE matching strategy at 5% (ca. 1,900 MW load).
CFE scores of 90%, 98%, and 100% correspond to the share of time when the electricity consumed by the participating consumers is carbon free. Technology
palette 1 (‘‘Tech-1’’) comprises technologies commercially available today: onshore wind, utility scale solar PV, and battery storage; ‘‘Tech-2’’ includes all above
plus long-duration energy storage (here: the iron-air battery as a stand-in technology); and ‘‘Tech-3’’ includes all above plus a clean firm generator (here: the
Allam-cycle generator with CCS as a stand-in technology). The 24/7 CFE procurement framework is based on a methodologies paper by Google LLC.18 Sim-
ulations were carried out using the 24/7 CFE model by Riepin and Brown.11 Technology assumptions are provided in the supplemental information.
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Figure 2. Technology learning curves for the NG-Allam cycle and iron-air battery storage
The learning curves are based on the experience model with the technology investments based on 24/7 CFEmodel with varying C&I participation level ½0%::10%�
and learning rates of 15 ± 5% resembling a wide range of possible outcomes for modular energy technologies.12 For the Monte Carlo analysis calibration, the
initial costs (C0) are sampled from a normal distribution with amean based on technology cost assumptions for 2025 and a standard deviation of 100V/kW. Initial
experience levels (E0) are sampled from a uniform distribution, with bounds derived from public information about planned projects. For the NG-Allam case (top
panel), initial experience lies between cases when one of two projects planned by 2025 is completed and when both projects are completed; for the iron-air case
(bottom panel), the distribution bounds are formed by assuming that 50%–100% of the projects announced to operate by 2025 are realized on time (more in-
formation about these projects is provided in supplemental information).
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accelerating the point where the technol-

ogies become cost-competitive in the

rest of the electricity system.

Beyond directly reduced emissions
An illustration of the broader system

impact is shown in Figure 3, where we

model the German electricity system in

2030 from a system planner’s perspec-

tive. Here, we minimize the total system

costs, including investment costs and

operational costs of power generation

and storage assets, while adhering to a

set of operational constraints. For this

case, we assume no voluntary commit-

ments to CFE matching, meaning that
power capacity investments are made

solely on the basis of economic consid-

erations. The four scenarios represent

different levels of CAPEX for iron-air bat-

tery storage, starting from the baseline

scenario with 2,034 V/kW, and reducing

the cost by 25% in each step. While

we use a toy model representation

of the German electricity system as

an example, the system dynamics

observed in simulations are generaliz-

able to other markets and technologies.

The same principles applied in multiple

markets would indeed allow a wider pal-

ette of advanced technologies to be

supported.
The results indicate that iron-air batte-

ries need to cost around 1,525 V/kW to

become economically competitive in the

broader electricity system, which repre-

sents a 25% reduction from the baseline.

The learning model for iron-air storage

shows that this level would require a

quadrupling of iron-air capacity expected

by 2025 (with a conservative assumption

of LR � 12%, see Figure 2). In other

words, assuming that the first movers do

not benefit from the learning effect, an in-

vestment of approx. V340 million (168

[MW] $ 2034 [V/kW] $ 13 [MW/kW]) can

bring iron-air battery storage to the

point of economic break-even by 2030,
Joule 9, 101808, February 19, 2025 5



Figure 3. Power capacity investments and emissions in a toy model representation of

German 2030 electricity system as a function of CAPEX for iron-air storage
Technology assumptions are provided in supplemental information. Price for EU ETS allowances is
assumed to be 100 V/tCO2. The configuration file in a public GitHub repository lists other background
system assumptions.17
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unlocking a wide range of societal bene-

fits. To put this number into perspective,

Germany paid approximately V1 billion

for redispatch measures in 2023; the

costs of the Nord Stream 2 project is esti-

mated atV9.5 billion. The unlocked bene-

fits include reduced system emissions—

as shown in Figure 3, iron-air storage sub-

stitutes fossil peakers (gas open-cycle

generators) reducing emissions in the

electricity system by 3 MtCO2 annually,

already for a 25% reduction in iron-air

storage costs. There are other advan-

tages of long-duration storage technology

deployment beyond the focus of this anal-

ysis, such as reduced curtailment of wind

and solar generation, reduced need for

additional transmission infrastructure,

and increased energy security.

Such learning effects can be achieved

if a handful of companies and govern-

ments (an aggregate electricity demand

of approximately 1,200 MW—only 3% of

German C&I electricity demand) target

24/7 CFE procurement and include

advanced energy technologies in their

portfolios (see Figure 2). The required in-

vestment can be distributed among a

wide range of actors since companies

from various sectors and regions can

join the movement and contribute to

technology learning. Early adoption of

advanced technologies will also lead to

technology learning and cost reductions
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for other actors. It spins a ‘‘virtuous circle

of innovation,’’ as we describe next.

Note that this section presented a toy

model exercise in the spirit of ‘‘modeling

for insight’’ instead of ‘‘modeling for

numbers.’’14 The back-of-the-envelope

nature of this calculation does not aim

at quantifying the learning effects of

advanced energy technologies and their

economical break-even points precisely.

It is rather a model experiment to illustrate

that a relatively small number of electricity

buyerswhocommit to24/7CFEcancreate

a demand pull for advanced technologies

sufficient for kickstarting learning effects

andmakingnewtechnologiesmoreacces-

sible and affordable for everyone.

A virtuous circle of innovation
24/7 CFE matching accelerates electricity

system decarbonization through three

channels: (1) directly reducing emissions

during hours when procured CFE is

matched with electricity consumption,

(2) inducing learning effects that make

24/7 matching more attractive for other

companies, and (3) enabling advanced

energy technologies to become cost-

competitive and widely adopted across

the broader electricity system.

(1) The first channel comprises two

mechanisms for directly reduced

emissions. First, ‘‘profile’’ mecha-
nism refers to participating buyers

procuring CFE resources that

match their demand patterns.

When some consumers align their

demand with CFE supply on an

hourly basis, the rest of the elec-

tricity system requires less dis-

patchable generation to firm inter-

mittent renewable supply. The

utilization of fossil-based genera-

tors, such as gas-fired power

plants, is therefore reduced since

participating consumers rely on

procured CFE resources to cover

their demand at all times. This

reduces emissions associated

with electricity consumption of

participating buyers, as shown in

Figure 1. Second, a ‘‘volume’’

mechanism relates to the impact

of excess CFE, i.e., clean elec-

tricity generated by 24/7 CFE port-

folio that exceeds demand in a

given hour can be sold to the grid

to replace emitting grid generators.

Both mechanisms are explained in

detail by Xu et al.10 and Riepin and

Brown.11

(2) A second, indirect channel is the

learning caused by early commit-

ments to 24/7 CFE that facilitate

innovation and create the early

market for advanced technologies,

as shown in Figure 2. This reduces

the price premium for 24/7 CFE

procurement goals, encouraging

more companies to work toward

them. This in turn further lowers

system emissions via the two

mechanisms in (1).

(3) Finally, as advanced technologies

are deployed repeatedly, they

become economically competitive

and are adopted more rapidly

across the broader electricity sys-

tem, thereby unlocking green-

house gas savings beyond the

directly reduced emissions associ-

ated the corporate portfolios in (1)

and (2), as shown in Figure 3. This

channel is significant as the bene-

fits extend beyond voluntary com-

mitments to clean energy match-

ing, affecting numerous actors in

various regions and jurisdictions.

A graphical abstract illustrates the na-

ture of the system dynamics that result
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from initial commitments to 24/7 CFE.

It is a self-reinforcing cycle where

early commitments create a market for

advanced clean energy technologies,

thereby reducing the costs of hourly

CFE matching and making it more attrac-

tive for other companies to join themove-

ment. A second self-reinforcing cycle

emerges when new technologies are

adopted early in the electricity system,

which further reduces system-level

emissions and drives down costs for all

actors in the system. The result is a

‘‘virtuous circle’’ that spurs innovation,

financeability, and widespread availabil-

ity of advanced energy technologies,

thereby accelerating decarbonization of

electricity systems.

This virtuous circle of innovation can

be activated by a handful of companies

and governments committed to timely

action. The early movers might be moti-

vated to participate in 24/7 CFE through

several incentives. First, corporate lead-

ership campaigns can create strong in-

centives for action. Just as the RE100

campaign focused companies on 100%

annual matching and celebrated them

for working toward it,15 the 24/7 Car-

bon-Free Coalition can increase commit-

ments in the 24/7 CFE space. Addition-

ally, companies may be motivated by

the research-based evidence of the pos-

itive impacts of 24/7 CFE procurement

on electricity decarbonization, including

through spillover effects of advanced

technology commercialization. Finally,

increasing public and regulatory scrutiny

on corporate sustainability claims and a

trend toward greater accuracy in elec-

tricity carbon accounting—such as

potential updates of the Greenhouse

Gas Protocol Scope 2 Guidance to

require more granular accounting—may

encourage companies to move toward

24/7 CFE matching.

Takeaways
Early markets for advanced clean energy

technologies can spur substantial techno-

logical learning, leading to cost reductions

and unlocking greenhouse gas savings far

beyond the reduction of emissions directly

associated with initial investments. Simi-

larly to the feed-in tariffs and renewable

portfolio standards that created a demand

pull for wind and solar PV in the past, com-

mitments to 24/7 CFE matching and other
advanced market commitments16 by pri-

vate sector stakeholders can accelerate

the development of FOAK and early com-

mercial projects of innovative energy

technologies. A proactive private sector

contribution can complement govern-

mental support and reduce pressure on

tight fiscal budgets. The virtuous system

dynamics we describe can be activated

by a handful of companies and govern-

ments committed to timely action, thereby

fostering rapid innovation and making

climate solutions more accessible and

affordable for everyone.
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