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SUMMARY
Introducing electricity purchase conditions in renewable fuel regulations and carbon accounting is a contro-
versial issue in the US and Europe. We argue that their impact must be assessed considering demand flex-
ibility, local grid conditions, and overlapping policy instruments such as emissions trading schemes and
renewable portfolio standards. The introduction of more stringent requirements has a significant impact
on companies’ reported progress in reducing indirect emissions. In addition, we currently lack reliable carbon
intensity datawith sufficient temporal and spatial granularity outside the US and Europe. Assessing hydrogen
imports should consider strategic behavior. In summary, a broader systems perspective is needed to analyze
the impact of electricity purchase conditions onmarkets, prices, and emissions, integrating voluntary actions
to decarbonize hard-to-abate sectors under increasing renewable energy shares. This will have implications
not only for the (re)design and integration of certificate markets for renewable electricity but also for renew-
able fuels and carbon.
INTRODUCTION

Electricity demand is expected to grow significantly, driven by

decarbonization in the heating, industrial, and transportation

sectors, as well as a growing demand from data centers and

hydrogen production via electrolysis. Large amounts of renew-

able/clean hydrogen and its derivatives are being discussed to

decarbonize hard-to-abate sectors such as heavy industry, avia-

tion, and shipping. However, producing these fuels requires sig-

nificant amounts of renewable/clean electricity, which is also

needed to decarbonize other sectors.

Several studies have shown that the electrification of road

transport and heating results in lower emissions than their con-

ventional alternatives,1–3 the case for increased electricity de-

mand for electrolysis and data centers is more complex. Without

clear standards, the additional electricity demand in these sec-

tors could increase greenhouse gas emissions.

Previous studies of 24/7 renewable/clean electricity purchas-

ing for data centers and renewable hydrogen production have

shown that demand-side flexibility plays a critical role in reducing

both costs and emissions while also contributing to increased
iScience 28, 112349, M
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overall social welfare.4–7 To capture these benefits, policy inter-

ventions such as support schemes should be designed carefully,

considering their impact on renewable hydrogen production pro-

files. For example, subsidies that consist of production tax

credits, such as the US IRA,8 may inadvertently encourage the

continuous baseload operation of electrolysis and increase sys-

tem emissions.

The European Commission has defined three pillars9 for the

production of renewable hydrogen to achieve at least 70%

reduction in emissions compared to conventional production

via steam methane reforming using unabated natural gas.10

These conditions for the purchase of electricity to produce

renewable fuels of non-biological origin (RFNBOs) include: 1)

an additionality proxy that aims to ensure that the renewable

electricity used to produce the hydrogen would not have

been produced otherwise (from 2028), 2) geographic deliver-

ability of the renewable electricity to the hydrogen production

site, and 3) hourly temporal matching of the renewable elec-

tricity and the hydrogen production (from 2030). In the US,

similar rules and strict emission thresholds have been imple-

mented for the maximum (uncapped) production tax credit of
ay 16, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Challenges of low-emissions

electricity purchasing in the broader sys-

tems perspective
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$3 per kg of hydrogen produced under the IRA 45V rules.8,11,12

In February 2024, the EU-wide pilot auction for RFNBO

hydrogen resulted in six successful projects receiving V694

million, with bids ranging from V0.37–0.48 per kg of hydrogen.

The second auction closed in February 2025 with 61 bids to be

evaluated by the end of May.13

In addition, similar rules for corporate electricity purchases

are being discussed in the ongoing revision of the Greenhouse

Gas Protocol.14–16 The GHG Protocol defines the carbon ac-

counting rules that underpin companies’ emission reduction

and science-based targets.17 The original GHG Protocol for

the accounting of emissions from purchased and consumed

electricity, heat, and cooling (known as ‘‘scope 2’’) dates to

the 1990s and was last amended in 2015. The current mar-

ket-based accounting rules allow companies to ‘‘neutralize’’

corporate emissions by purchasing ‘‘unbundled’’ renewable en-

ergy certificates (RECs), i.e., not in combination with electricity,

matched with consumption over the whole year, from the same

market, such as all of the US or Europe. For example, they

allow a Polish data center running 24/7 in a carbon-intensive

grid such as Poland to offset emissions by buying RECs from

a 30-year-old hydropower plant in Iceland (an island 2600 km

away) or from a solar PV plant in Spain (mainly producing in

summer and during the day). Studies have warned that this ac-

counting method may not result in additional renewable gener-

ation and lower system emissions and may allow companies to

understate their emissions.18–21
2 iScience 28, 112349, May 16, 2025
Several studies using techno-eco-

nomic energy system models have

analyzed the system impacts of the pro-

posed electricity purchase regulations

for hydrogen production in the EU4,22

and the US5,6 and for corporate elec-

tricity procurement,7,23 focusing primar-

ily on the temporal matching aspects of

the proposed rules and their impacts on

system costs and emissions.24

RESULTS

We argue that a broader systems

perspective is required to analyze the

impact of electricity purchase conditions

on markets, prices, and emissions, to

decarbonize hard-to-abate sectors, and

to integrate voluntary corporate action

in an energy system with increasing

shares of renewable energy sources.

Our analysis focuses on the European

market, but we also offer policy recom-

mendations for other regions. In the

following, we identify and discuss four
key challenges to fully understand and mitigate system impacts

(Figure 1).

(1) REC market designs need to evolve to better align elec-

tricity and hydrogen regulations, reflecting their interde-

pendence. A measurable and enforceable definition of

what constitutes additional renewable generation is

needed.

(2) Carbon accounting standards must ensure that com-

panies’ reported progress toward their emissions reduc-

tion targets is genuine. More granular data on emission in-

tensities is critical, as current limitations prevent

comprehensive global analysis.

(3) The interaction of regulations with the cap-and-trade

mechanisms, such as the EU ETS, and the need for emis-

sions and carbon pricing safeguards should be further

explored.

(4) The role of hydrogen imports, their certification under the

carbon border adjustment mechanism (CBAM), and their

impact on prices should be investigated.

Challenge 1. Clean energy certification and additionality
Current market-based accounting rules allow companies to pur-

chase unbundled renewable energy certificates (RECs) from a

wide geographic area and match them within the same year to

offset their emissions. The EU’s hydrogen regulation applies

stricter rules, requiring certificates to be purchased through a



Figure 2. Guarantees of Origin (GOs) canceled in Germany 2013–201763
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PPA (‘‘bundled’’ with electricity), from the same bidding zone

(national or sub-national) and within the same hour (from 2030).

Exceptions are foreseen for low carbon (<18 g CO2/MJ) or high

renewable (>90%) power systems.9

Currently, utilities must purchase RECs (also known as ‘Gua-

rantees of Origin’ (GOs) in Europe) for their renewable energy

products. As an example, Figure 2 shows the RECs canceled

inGermany from 2013 to 2017.Most of the RECs are from a) Nor-

way (47% in 2017), b) hydropower (90% in 2017), and c) gener-

ators older than 20 years (83% in 2017). This suggests that exist-

ing plants capture windfall profits and demonstrates the limited

impact of RECs on renewable energy investments. These ac-

counting practices make it difficult for customers to distinguish

between companies that have invested in their own local renew-

able generation and those that have purchased certificates from

generators regardless of physical deliverability.

In addition, annually matched RECs have historically resulted

in low certificate prices (<V3 per MWh) compared to the average

wholesale electricity price in Germany in 2024 of aroundV70 per

MWh25 (Figure 3). This supplementary revenue is unlikely to be

sufficient to incentivize additional investment in renewable en-

ergy.26,27 However, hourly matching and conditions to increase

additionality could lead to higher prices with increased diurnal

and seasonal variability.28 So far, however, one must rely on

interview data as the Association of Issuing Bodies (AIB) in Eu-

rope only provides monthly trade values and no prices.

In recent years, Norway has continued to dominate the Euro-

pean REC market, while Germany remains the largest net

importer of RECs (Figure 4C). Hydropower remains Germany’s

and Europe’s largest source of RECs (Figures 4A and 4B). Unfor-

tunately, the current statistics of the AIB do not include the

origin-destination of REC transfers, the age of generators, or

any REC prices.29 Although recent price data is not publicly

available, a report from the UK based on interviews suggests

that REC prices may have risen from around £0.20 per MWh

before £2019 to £4�7 per MWh.30
Energy system models can help to determine the impact on

REC prices, additional renewable energy, and system emissions

of different market designs compared to a counterfactual

without a REC market.24 These analyses could also consider

the combined effects of REC purchases for hydrogen produc-

tion, carbon accounting, and national renewable energy

penetration targets. However, to quantify the impact on system

emissions, it is necessary to carefully specify the technical, pol-

icy, and modeling assumptions that define the counterfactual.24

In practice, standards must be developed for the integration of

certificate markets for renewable electricity, fuels, gases, and

carbon.31

In addition, a clear definition of additionality is needed to

ensure that renewable generation is truly additional compared

to a counterfactual scenario without the policy interventions

and does not simply cannibalize the decarbonization of other

sectors. While some modeling studies enforce additionality to

derive low-cost, low-emission cases,4,24 in practice, additional-

ity is more difficult to verify because it is impossible to compare

against a counterfactual scenario. However, so-called ‘‘addition-

ality tests’’ have been proposed to ensure the integrity of market

mechanisms for projects and policies.16,32 Four types have pre-

viously been used in the context of scope 2 guidance33: 1) legal,

regulatory, or institutional tests, which check that the outcome is

not required anyway, 2) investment tests, which check the finan-

cial specifics of the project, the duration of the contract, or that

the project has not received government subsidies, 3) timing

tests, which require that the project is ‘new’, and 4) positive lists,

which explicitly define project types that are considered addi-

tional. They could be enforced on long-term contracts for

RECs34 or power purchase agreements (PPA).35 Energy system

studies could be extended to include these tests, also assessing

risks and bankability for representative projects.

In addition, RECs could be established as statutory instru-

ments with purchase obligations not only for renewable fuel pro-

ducers and voluntary actors but also for EU countries to meet
iScience 28, 112349, May 16, 2025 3



Figure 3. Price range of GOs in Europe in

EUR/MWh based on interviews conducted

in 201863
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their renewable energy penetration targets in final energy con-

sumption defined in their National Energy and Climate Plans

(NECPs). These GOs, sometimes discussed as ‘‘GO+,’’ would

thereby integrate the voluntary and compliance market and pre-

vent double-counting.31

Challenge 2. GHG accounting standards and data
availability
Over the past two years, regulatory climate disclosure instru-

ments have emerged around the world (see Table 1), incorpo-

rating to a significant extent the scope 2 standards and guide-

lines of the GHG Protocol.36 Companies are increasingly

required to report on the environmental risks they face and

how their actions affect the environment.37

However, Current GHG Protocol rules do not ensure accurate

scope 2 emissions accounting.38 Bjørn et al. (2024)39 find that

stricter accounting rules, closer to the ‘‘three pillars’’ of the EU

RFNBO regulation, would render large fractions of the RECs pur-

chased by companies today non-compliant, thereby increasing

companies’ reported scope 2 emissions and worsening their

performance against GHG reduction targets. Using company-

level data on electricity consumption, REC purchases, and re-

ported scope 2 emissions, the study analyzes the impact of three

proposed accounting rules: 1) requiring geographic deliver-

ability, 2) limiting the age of generators, and 3) requiring PPAs.

Results show that the 206 sample companies have increased

their purchases of RECs over time, including RECs that would

be invalid under stricter accounting rules. In 2022, about 56%

of their REC purchases did not meet all three restrictions.

Therefore, introducing stricter rules would reduce the apparent

combined decarbonization achieved by the sample companies

between their target base years and 2022 from 21% to 17%.

This reduces the share of sample companies on track to

meet their climate targets under all three accounting restric-

tions. However, a few companies have been moving to RECs

that comply with all accounting restrictions, resulting in

improved target performance for these companies. These re-

sults highlight the real-world implications of potential account-

ing restrictions in revising the GHG Protocol and various renew-

able fuel standards.
4 iScience 28, 112349, May 16, 2025
In addition, companies rely on emis-

sion factors to report their scope 2 emis-

sions or calculate the carbon intensity

of renewable hydrogen. These emission

factors represent the local electricity

grid mix or the residual grid mix without

the RECs that companies have ac-

counted for.

However, the current reporting meth-

odology only suggests the use of time-

delayed, annual average emission factors

per country.10 This is likely because regu-
larly updated emission factors specific to production modes,

fuels, and electricity grids are difficult to obtain. This lack of avail-

ability affects the accuracy of emission calculations for hydrogen

producedwith grid electricity. Real-time electricity data is readily

available in the US and Europe through EIA40 and ENTSO-E.41

However, outside of these regions, real-time data for hourly elec-

tricity generation and exchange is rarely available, and when it is

available, it is scattered across multiple data sources. Com-

panies such as Electricity Maps (https://www.electricitymaps.

com/) but also the IEA (https://www.iea.org/data-and-statistics/

data-tools/real-time-electricity-tracker) are collecting available

data worldwide and developing estimation models to fill the

gap with hourly granular data. Data availability (free of charge)

is being discussed in the revision of the GHG Protocol. Possible

solutions include transitional exemptions for some regions and

a central repository of data sources for carbon accounting

professionals.42

In addition, research is underway in Europe and the US to

combine production and emissions data at the plant level to

calculate more granular emission factors. However, these meth-

odologies rely on data that are only available in some regions and

face challenges such as electricity trading and the heat/elec-

tricity allocation for combined heat and power plants.43

Initiatives to increase the availability of open data in all regions

of the world for electricity generation, exchanges, and emission

factors should be encouraged and incentivized. These will be

needed to ensure the comparability of emissions for clean

hydrogen imports and corporate scope 2 accounting under

more granular accounting rules.

Challenge 3. Policy portfolios and distributional effects
In the public debate, the strict rules on electricity procurement

for electrolytic hydrogen production (additionality, deliverability,

and temporal matching) have been motivated primarily by fears

of increasing CO2 emissions. However, the interaction of these

rules with other policy instruments, such as the European Emis-

sion Trading System (EU ETS), is often not considered.

In Europe, EU ETS imposes a binding, annually decreasing

cap on emissions from the electricity sector, energy-intensive in-

dustry, intra-EU aviation, and now also large ships sailing from or

https://www.electricitymaps.com/
https://www.electricitymaps.com/
https://www.iea.org/data-and-statistics/data-tools/real-time-electricity-tracker
https://www.iea.org/data-and-statistics/data-tools/real-time-electricity-tracker
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Figure 4. European GO cancellations and trade using AIB statistics 2019–2023

(A) Top 5 fuels used in RECs canceled in Germany, (B) Overall, and (C) Top 5 net importers and exporters.29
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to European ports.44 It is enforced through tradeable emission

allowances and prioritizes abatement in the sectors where it

can be done at the lowest cost. Since the EU ETS covers the

emissions from both fossil fuel and electricity-based hydrogen

production, the strict requirements on renewable hydrogen do

not seem well motivated as cumulative emissions remain unaf-

fected, regardless of the hydrogen production route.45 The

USA’s IRA 45V regulation acknowledges this interaction with

cap-and-trade systems, exempting hydrogen producers from

the additionality requirement in US states with ‘‘robust GHG

emissions caps paired with clean electricity standards or renew-

able portfolio standards.’’12 Currently, Washington’s and Califor-

nia’s emission trading systems and complementary renewable

energy policies meet the criteria. In the US, however, the volun-

tary and compliance markets compete for RECs, unlike the EU,

where the National Energy and Climate Plans (NECPs) account

for all national renewable energy production (not consumption,

so exports are included) without requiring the purchase of RECs.

Without strict electricity procurement rules for hydrogen pro-

duction, the added pressure of a significant increase in electricity

demand driven by ambitious hydrogen targets and electrifica-

tion, combined with a declining emissions cap, could lead to a

rise in EuropeanCO2 prices. This could threaten the competitive-

ness of the European industry, undermine the stability of the EU

ETS as a whole, and cause unintended distributional effects.46,47

In addition, since 2019, the market stability reserve (MSR) has

adjusted the effective emissions cap based on the cumulative

difference between the supply of and demand for emission al-

lowances. Therefore, any overlapping policy, such as intro-

ducing more wind or solar energy into the electricity system or

enforcing hydrogen targets, that affects the demand for emission

allowances may lead to changes in cumulative emissions from

sectors covered by EU ETS.48 As a result, emissions may

decrease due to stricter electricity purchase conditions, but

these policies may, in theory, also backfire and increase emis-

sions under the EU ETS.
However, as Europe must rapidly expand its renewable

electricity supply to meet its stringent emission reduction tar-

gets for the sectors covered by the ETS (�62% w.r.t. 2005 by

2030, net-zero by 2050), the impact of (the absence of) strict

electricity procurement rules on consequential emissions can

be expected to be limited. This follows from the assumption

that 1) the majority of electrolyzers will come online near

and after 2030,49 2) the European electricity system will be

sufficiently decarbonized by then, and 3) flexible hydrogen

production will avoid hours of high carbon intensity and elec-

tricity prices. Under these conditions, the consequential emis-

sions associated with electrolytic hydrogen production will be

limited, regardless of the stringency of electricity purchase re-

quirements. Similarly, the impact on carbon prices would be

limited.

This reasoning assumes electrolyzers are exposed to elec-

tricity prices, resulting in efficient siting, sizing, and dispatch de-

cisions. Electrolyzers would be located in low-price, high-RES

market zones and would not be dispatched during high-price,

low-RES periods.4 Poorly designed support mechanisms or

overly large market zones can distort this price signal,50 thereby

increasing consequential emissions and having unpredictable

impacts on cumulative emissions and carbon prices under the

EU ETS.48 In other parts of the world with a lower expected

renewable energy penetration and/or without a cap-and-trade

system, the impact on cumulative emissions and/or carbon pri-

ces may be more pronounced.

Challenge 4. International hydrogen trade and carbon
leakage
The REPowerEU plan targets 10 Mt of domestic hydrogen pro-

duction and 10 Mt of imports in 2030,51 reflecting the limited

renewable resources available for hydrogen production. Also,

at the national level, Germany’s Hydrogen Strategy targets

50�70% of demand to be imported by 2030.52,53 This corre-

sponds to 45�90 TWh of imports or about 10% of the country’s
iScience 28, 112349, May 16, 2025 5



Table 1. A selection of regulatory climate-related disclosure rules globally36

Program

International

Sustainability

Standards

Board (ISSB)

EU Corporate

Sustainability

Reporting

Directive (CSRD)

United States

Securities and

Exchange

Commission (SEC)

California Air

Resources

Board (CARB)

Standard name IFRS S2 Climate-

Related Disclosures

European Sustainability

Reporting Standards

The Enhancement and

Standardization of

Climate-Related

Disclosures for Investors

Climate Corporate

Data Accountability Act

Disclosure type Voluntary; Mandatory

when implemented

at jurisdictional level

(Australia,

Canada, Japan)

Mandatory for

companies in the

EU with >1000

employees or

turnover >50

MEUR or balance

sheet >25 MEUR64

Mandatory for

companies publicly

traded in the US

Companies operating

in California with

over $1 billion in

annual revenue

Differences to

GHG Protocol’s

scope 2

Requires only a

location-based

method

None (dual

reporting required)

Dual reporting not

required (method

choice)

TBD

Uptake �100,000–130,000

companies globally

�10,000 companies in

EU and EU subsidiaries

�4,000 companies �5,400 companies

Effective date January 1, 2024 January 1, 2024

(or later, depending

on company size)

January 1, 2025 January 1, 2025
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current natural gas consumption. Other fossil fuel-importing

countries outside the EU have similar ambitions, such as Japan.

If hydrogen becomes an internationally traded commodity,

these markets will likely behave similarly to other energy com-

modities, such as oil and natural gas today. They are dominated

by a few large firms with the ability to influence prices strategi-

cally,54,55 typically modeled as Nash-Cournot equilibria and

other games.56–58

To date, policy-relevant studies have focused on the techno-

economic costs of hydrogen production or individual trade

routes rather than on market-based prices that might

emerge.59–61 This observation includes energy system models

used to investigate hydrogen procurement in various studies,

which implicitly neglect the possibility of markups from strategic

behavior. The first results from modeling imperfectly competitive

global hydrogen markets indicate that Central Western Europe

and some Asian countries, such as Japan or South Korea, would

be most affected by the strategic behavior of hydrogen

exporters.62

However, distortions from such behavior of exporters and do-

mestic producers have not been adequately considered in the

context of studies for the procurement of renewable/clean

hydrogen. In particular, the effects of market power under vary-

ing electricity purchase conditions, such as those required to

avoid carbon taxes on imported hydrogen under the carbon

border adjustment mechanisms (CBAM) and the associated

phase-out of the allocation of free allowances under the EU

ETS, are poorly understood.

Given the uncertainty involved, understanding the effects of

stochasticity, risk aversion, and strategic deterrence in the wider

context of electricity purchasing will be of further interest to

future research.
6 iScience 28, 112349, May 16, 2025
DISCUSSION

Electricity purchase conditions are currently being implemented,

proposed, and discussed to support the decarbonization of

renewable hydrogen production in the US and Europe and to

ensure accurate corporate scope 2 emissions accounting. The

common denominators show that the regulation, accounting,

and certification of renewable electricity, fuels, gases, and car-

bon must increasingly be analyzed in an integrated manner

from a broader systems perspective to understand and mitigate

cumulative system impacts.

First, the impact of the three pillars – additionality, deliver-

ability, and temporal matching - must be analyzed, taking into

account demand flexibility and local grid characteristics. This

must include the full policy portfolio, including emissions trading

schemes, renewable portfolio standards, and national renew-

able energy penetration targets. In addition, all emerging certifi-

cate markets for renewable electricity, fuels, gases, and carbon

must be integrated.

Second, the analysis must integrate compliance and voluntary

markets, such as companies’ carbon emission reductions and

progress toward their science-based targets. However, outside

the US and Europe, the lack of reliable emission factors could

significantly affect the accuracy of calculated emissions, sug-

gesting the need for global open data initiatives and new

methodologies.

Finally, hydrogen imports and the global hydrogen market

need further study, given some players’ potential market power

and the resulting effects on cumulative system emissions.

Overall, the impact of electricity purchase conditions on mar-

kets, prices, and emissions seems to offer interesting insights for

decarbonizing hard-to-abate sectors in an electricity system

https://www.ifrs.org/issued-standards/ifrs-sustainability-standards-navigator/ifrs-s2-climate-related-disclosures/
https://www.ifrs.org/issued-standards/ifrs-sustainability-standards-navigator/ifrs-s2-climate-related-disclosures/
https://finance.ec.europa.eu/regulation-and-supervision/financial-services-legislation/implementing-and-delegated-acts/corporate-sustainability-reporting-directive_en
https://finance.ec.europa.eu/regulation-and-supervision/financial-services-legislation/implementing-and-delegated-acts/corporate-sustainability-reporting-directive_en
https://www.sec.gov/rules/2022/03/enhancement-and-standardization-climate-related-disclosures-investors#33-11275
https://www.sec.gov/rules/2022/03/enhancement-and-standardization-climate-related-disclosures-investors#33-11275
https://www.sec.gov/rules/2022/03/enhancement-and-standardization-climate-related-disclosures-investors#33-11275
https://www.sec.gov/rules/2022/03/enhancement-and-standardization-climate-related-disclosures-investors#33-11275
https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=202320240SB253
https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=202320240SB253
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with higher shares of renewables. Certificatemarkets not only for

renewable electricity but also for renewable fuels, gases, and

carbon need to be further integrated to ensure the environmental

integrity of the overall system.
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